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Abstract 

Ice accretion over critical engineering structures could lead to costly hazards, and ice 

prevention is an energy-intensive activity, thus making the applications complicated and 

inefficient. A more promising and specific strategy is to deploy passive ice protection 

approaches such as durable coatings that allow the super-cooled droplets to slide off 

before icing (anti-icing), or that detaches the developed ice completely (de-icing). The 

main aim of this project was to research and develop new types of polyurethane-based 

icephobic coatings for potential applications in the aerospace and wind energy industries. 

The experimental work was planned to offer balanced research outputs on the 

fundamental aspects of icephobicity studies and to impart the acquired knowledge for the 

fabrication and investigation of novel durable icephobic materials/surfaces. 

At first, fundamental studies relating to surface icephobicity and icephobicity were 

carried out. A systematic reduction of ice adhesion with the decrease in surface roughness 

was demonstrated across all the studied material types, i.e. metallic surfaces and 

polymeric coatings with different surface wettability. If the surface bears a similar 

surface roughness, then wettability plays a deciding role in reducing the ice adhesion. A 

surface with higher roughness provides an increased number of possible ice anchoring 

points and the ice anchoring mechanism was further validated under in-situ icing 

observation. Furthermore, the variation in response to surface characteristics in 

icephobicity evaluation methods was also investigated. Centrifugal and horizontal push 

(shear) methods suggested a linear relationship of ice adhesion strength with surface 

roughness, whereas the tensile (normal) method indicated an inverse curvilinear 

relationship with contact angle hysteresis. Apart from the de-icing evaluation, water 
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droplet freezing delay suggested a direct correlation with surface roughness and the 

visual examination of frost accumulated samples suggested a reduction in ice 

densification on the smoothened surfaces, indicating a weakened bond between the 

ice/solid interfaces. The results offer crucial information on the pre-selection of testing 

regimes to accurately measure the performance of icephobic materials. 

In the second part, several polyurethane-based nanocomposite, fibre-reinforced, and 

liquid-infused coatings were developed and investigated to understand the deteriorating 

behaviour of the coatings under impinging erosion tests and the subsequent impact on ice 

adhesion. The durability analysis on polyurethane composite coatings indicated that the 

incorporation of fillers was effective in reducing the number of possible ice anchoring 

points, and after the impingement, the icephobic performance was retained by either 

lowering surface roughness or by minimising surface deterioration. The reinforcement 

was effective such that the change in surface roughness was reduced by a factor of 4, 

compared to the pure polyurethane coatings under erosion impact. To provide an 

exceptional icephobic response, glycerol-infused fibre-reinforced polyurethane (GIFRP) 

coatings was proposed by mimicking the fibrous structure of cetacean skin. Instead of 

hosting the lipid proteins, the coatings were infused with glycerol, a known 

cryoprotectant to induce the supercooling of water, a strategy inspired by chionophiles, to 

prevent freezing. The inclusion of glycerol delayed water droplet freezing duration by 

659%, while negligible frost accumulated on the fabricated coatings in the anti-icing 

tests. In addition to the promising anti-icing performance, the incorporation of fibrous 

structure has proven to be beneficial for infused-liquid replenishment and the slow-

releasing capabilities of GIFRP coatings. Minimised surface deterioration and the 
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continued presence of glycerol on GIFRP coatings demonstrated a small increase in ice 

adhesion from 0.22 kPa to 0.77 kPa after the erosion tests, one of the lowest values 

reported in literature after substantial surface damage. The concept inspired by cetacean 

skin and the cryoprotective features of chionophiles was instrumental in keeping the ice 

adhesion under 1 kPa after erosion impact.  
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Chapter 1  

Introduction 

1.1 Project background 

Ice accretion is a major and potentially life-threatening multibillion-dollar problem [1]. 

From 1981 to 2009, there were 750 reported accidents with more than 800 fatalities in 

aviation history, primarily due to ice accretion over aircraft skin, as summarised in figure 

1 [2]. The reduced number of accidents over the years suggests improvements in 

technology, however, icing has been a costly inconvenience to engineering applications 

and normally requires a great deal of energy resources to de-ice, which makes the 

applications complicated and inefficient. Ice protection systems have attracted increasing 

interest since 1950 [3] owing to their crucial applications in aerospace, marine and 

offshore installations, power transmission lines, wind turbines, photovoltaic devices, 

motor vehicles, communication towers and so on [4-6]. But well correlated icephobic 

evaluation methods and their relations to ice protection are yet to be devised and remain 

elusive. Icephobic studies are particularly important for the safety of aircraft as the ice 

accretion on the aircraft wings disrupt the aerodynamic shape of the airframe i.e. high 

variation in lift controls, which was the case in the unfortunate incident which occurred 

during Flight 3407 in Buffalo [7]. In-flight icing occurs primarily: just after take-off; just 

before landing; during climbing/descent, for example between 2800-6100 metres [8], 

where small water droplets with diameters ranging up to 500 μm collide with the cold 

skin of aircraft and form ice, thus compromising flight safety [9]. The build-up of ice 
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over the wings under harsh conditions is currently controlled by de-icing systems such as 

hot bleed air or electro-thermal heating methods. Technologies currently in use or at the 

laboratory scale for aircraft de-icing and anti-icing include: electro-impulse system; 

electrical heating; shape memory alloys based de-icing technology; weeping wing 

technology based on de-icing fluids. These technologies are being evaluated qualitatively 

and parameters such as environmental issues, electromagnetic interference, and power 

consumption (percentage of bleed air usage) are being investigated.  These systems have 

limited applicability over the leading edges as these are (1) intensive power consumption, 

and (2) the ice melted by heating re-attaches to other parts of wing i.e. runback ice [10], 

which again is crucial to the aerodynamic structure and to lift controls. 

 

Figure 1.1: Airplane icing accidents 1981 – 2009 (Adapted from reference [2]). 

A more promising and specific strategy is to deploy passive ice protection approaches 

such as durable coatings with/without auxiliary support that allow the super-cooled 

droplets to slide off before icing (nucleation and crystallisation), or that detaches the 
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developed ice completely with the help of light vibrational forces created by either the 

surrounding air or by operative machines. The passive ice protection approach will also 

significantly mitigate the cost issues that are currently present when spraying chemicals 

(i.e. sacrificial coatings) periodically to de-ice the aircraft before take-off. Many materials 

have been introduced to induce passive icephobicity based on hydrophobicity [11], 

roughness asperities [12], elastic modulus [13], chemical modification of the surface [14], 

bionic coatings [15], the use of anti-freezing proteins (AFPs) [16], and the incorporation 

of nanoparticles. However, most of the attempts are experimental in nature and no clear 

correlations related to icephobicity were identified. Additionally, polymeric surfaces and 

coatings have been a popular choice of researchers for passive ice protection and many 

reports have indicated low ice adhesion strength on polymeric coatings and surfaces [17]. 

Polydimethylsiloxane (PDMS) and polyurethane (PU) based coatings also played a role 

in the development of hydrophobic surfaces and these surfaces were instrumental for 

hydrophobicity-induced icephobicity. Thus, it is essential to study and define the key 

factors affecting icephobicity, and to review the related studies to interpret the true 

definition of icephobic materials and surfaces. 

1.2 Problem statement 

Two main strategies were identified to induce icephobicity and were investigated in this 

thesis. At first, fundamental studies relating to surface icephobicity and icephobicity 

evaluation methods were carried out, then, the two strategies, which were empirical in 

nature, were realised to ascertain the fundamental studies and to induce enhanced 

icephobic performance needed to produce durable icephobic surfaces. The strategies 
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included the inception of new design ideas and the development of new materials and 

surfaces.  

The idea of deploying superhydrophobic surfaces for icephobic performance was studied 

and widely experimented [18, 19]. Surface superhydrophobicity would minimise the 

water contact area to prevent the ice from forming a stronger bond (also referred to as 

hydrophobicity-induced icephobicity) [20]. This phenomenon favours diversion to 

homogeneous nucleation or results in a loosely formed (unanchored) ice. It is reported 

that superhydrophobic surfaces have promising icephobic performance down to -20  -30 

o
C [7]. However, under high humidity conditions, the icephobicity of superhydrophobic 

surfaces is deteriorated due to the capillary action of surface asperities and micro 

condensation which leads to ice build-up or to the changes of the wetting model from 

Cassie-Baxter configuration to Wenzel configuration. For example, high-speed 

impingement of water droplets would wet the rough asperities of the surface and form 

micro condensation of water [21]. Under sub-zero temperature, the micro condensation 

forms a thin layer of ice which effectively nullifies the superhydrophobicity of surfaces. 

Thus, the hypothesis of hydrophobicity-induced icephobicity has limited applications and 

is not utilizable in the cases of (a) the micro-frost formation under high humidity 

conditions [22], (b) maintaining high receding angles at sub-zero temperatures [23], (c) 

mechanical interlocking between ice and high complex surface roughness asperities of 

the superhydrophobic surface [24], and (d) increased hydrogen bonding (-OH) with 

interfacial molecules [25]. All these factors become the main hurdles in the deployment 

of the superhydrophobic surface in icephobic applications and these ideas were put to the 
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test in this thesis, in order to understand their intrinsic relationship between wettability 

and ice adhesion.  

Surface roughness plays a crucial role in imparting icephobicity and superhydrophobicity 

onto a solid surface. Superhydrophobicity is also the synergetic result of low surface 

energy and rough asperities [26]. Surface texturing or patterning has been long debated to 

achieve icephobicity [27, 28] and some promising results were reported in anti-icing 

applications (e.g. droplet freezing delays, etc.) [8]. It is reported that ice nucleation can be 

prevented or significantly delayed by deploying surface roughness patterning close to or 

smaller than the critical ice nuclei size (1.2 nm – 2 nm) [29]. The rate of ice nucleation 

over a surface is governed by the interfacial correlation factor [30] and the factor depends 

on homogenous and heterogeneous nucleation barriers. It is important to control or 

minimise the heterogeneous nucleation rate, which is mainly influenced by foreign 

particles present in the water and on the surface, by the interfacial energies between the 

surface and interacting liquids/solids, and by surface geometries. By favouring the 

homogenous nucleation on the surface, the need to control the effective contact area as 

required by superhydrophobicity-induced icephobicity methods could be eliminated. 

Surfaces with different surface roughness and wettability conditions were investigated to 

understand the influence of surface roughness on ice adhesion. The microstructural 

mechanism of ice formation and retraction was also studied using newly-adapted in-situ 

icing studies.  

The icephobic performance and other attributes of icephobic coatings have been 

investigated. Limited studies have been conducted on the durability of the coatings and 

their ability to maintain icephobic performance after erosion impact. On the other hand, 
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liquid infused coatings in general pose performance challenges such as coating durability 

and liquid retention inside the material matrix. Most studies have either conducted 

icing/de-icing cycles, chemical stability and/or durability evaluation using mechanical 

methods (such as abrasion resistance, indentations, scratch tests, and sandblasting etc.). 

The key application areas of icephobic coatings are in aerospace and wind energy, both 

of which involve severe water droplet erosion (average rainfall rate 25 mm/h, ~2 mm 

droplets, and at ~200 m/s speed). The icephobic materials need to resist the surface 

damage (morphological and/or topographical) that can deteriorate the icephobic 

performance. In this work, the incorporation of micro-fibres and nanoparticles was driven 

by the need to enhance durability in surface icephobicity under erosion impact even after 

non-ignorable material damage, and a new coating design was proposed which is inspired 

by the anatomy of cetacean skin. The purpose of these new coatings was to mimic the 

elastic and mechanical response of the skin and to provide a liquid-like flexible surface 

(infused with a cryoprotectant) to induce extraordinary icephobicity. 

Despite the research area’s long history, there is no standardised method to measure ice 

adhesion. The lack of a standardised method means that each research group publishes 

their own measured data and the comparison of data is difficult due to variation in icing 

sample preparation, measured magnitudes, applied forces and interfacial contact areas. 

For example, ice adhesion measured on established de-icing methods varies by several 

orders of magnitude [1] and stress distributions across the interface area are not uniform 

[31]. Variation in ice formation also leads to uneven ice layers which may result in non-

uniform loads during the de-icing tests. From a fracture mechanics point of view, 

different shear and peel stresses are exerted on crack tips, and the crack formation and 
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propagation entirely depends on the load case and orientation for a particular 

measurement technique [32]. Thus, there is a need to compare the de-icing evaluation 

methods and to understand their fracture mechanics and dependencies. In this thesis, a 

comparative study of de-icing and anti-icing methods is provided. Firstly, the ice 

adhesion strength was measured using three established de-icing methods using the same 

ice contact area to study the variations of response with surface characteristics of the 

samples, such as surface roughness and wettability. Secondly, the preliminary results 

were conducted to observe if the surface characteristics have a similar quantifiable impact 

on the de-icing and anti-icing evaluation methods. The conclusions could be applied to 

define an appropriate testing method for the evaluation of icephobic surfaces and 

coatings. 

In conclusion, the emphasis of this thesis was centred on the ice-solid interface 

mechanisms, the establishment of effective correlations, proposing novel surface and 

material designs, and the development and investigation of durable icephobic coatings to 

reduce the substrate/ice adhesion.  

To provide detailed rationales behind the problems stated above, the thesis includes seven 

chapters, together with the supplementary information to support the main investigation 

and discussion. Chapter 2 covers an extensive literature review of factors defining 

icephobicity, mechanisms at ice/solid interfaces, design strategies of icephobic coatings, 

icephobicity evaluation methods, and an overview of associated challenges within the 

icephobic coatings. Chapter 3 includes the materials and preparation methods, followed 

by the surface characterisation techniques and icephobicity and durability evaluation 

methods used in this thesis. Chapter 4 is dedicated to providing a comparative study of 
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de-icing and anti-icing methods. The variations in ice adhesion response with the surface 

characteristics offer the crucial information on the pre-selection of testing mechanisms. 

The results obtained in chapter 4 are the result of a collaboration between the University 

of Nottingham and the University of British Columbia, Canada. The intrinsic dependence 

of ice adhesion on surface roughness and variable surface wettability is discussed in 

chapter 5. Chapter 6 discusses the durability enhancement method to improve the 

mechanical response of the developed coatings to rigorous impinging impacts. Similar 

methods were also used in chapter 7, to evaluate a new concept of durable liquid-infused 

coatings, inspired by cetacean skin and chionophiles. Finally, the conclusions of the 

thesis are summarised and further recommendations are proposed in chapter 8.  

1.3 The definition of icephobic materials and surfaces 

Based on the information reviewed, icephobic materials and surfaces could be defined as: 

1) Materials with low surface energies i.e. having high water contact angles and low 

contact angle hysteresis. The contact angle hysteresis of droplets is important to 

understand the sliding of the super-cooled droplets and avoid ice nucleation of super-

cooled droplets on the surface. 

2) Materials with smoother morphology i.e. having fewer possible ice anchoring points 

on the surface. This may lead to a weaker interaction at the ice-surface interfaces. Smooth 

morphology will also be beneficial for the durability of coatings and may provide 

consistent hydrophobic performance, as currently higher roughness (peak-void valley) is 

used for superhydrophobicity. Thus, the roughness of peaks (air trapping technique) is 

damaged by the shear removal of ice and affects the performance of coatings. 
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3) Materials with low elastic modulus i.e. the elastic modulus of the material should be 

lower than that of the ice itself. It is shown in the literature that a softer elastic material 

loosens the grip of the comparably hard ice and paves way for the ice to slides off easily. 

The process is called interfacial cavitation and works by introducing cavities or cracks in 

the ice structure. 

4) Materials with good durability to sustain the severe water impingement conditions and 

mitigate and/or resist microstructural damages. The coatings may generate fewer cracks 

on the surface by distributing the stress waves generated by the impinging droplets better 

in a polymeric matrix.  The fewer cracks means the reduction of possible ice anchoring 

points, the reduction of stress concentrations that accelerate the surface deterioration, and 

a lowering of the probability of mechanical interlocking of ice, thus, paving an easy 

removal of ice.  

5) Materials with anti-icing performance to delay the freezing of water droplets and to 

minimise the formation of ice/frost on the surface. It should take a longer time for a water 

droplet to freeze, and less frost should form on the surface in high humidity conditions. 

1.4 Aims and objectives 

The PhD project aims to research and develop new types of polyurethane icephobic 

materials and composite coatings for potential applications in the aerospace and wind 

energy industries. In addition to the development of icephobic materials, there was also a 

need to compare the established icephobicity evaluations methods to better articulate the 

obtained anti-icing and de-icing results. 
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The selection of PU as the matrix material for the coatings was made in connection to its 

wide availability as well as the promising properties, such as smoothness and flexibility, 

which are desired to impart icephobicity. PU is also a relatively durable material, as 

compared to other studied icephobic candidate materials, and could be further reinforced 

to meet the surface durability requirements of high erosion conditions for icephobic 

applications. However, PU is a hydrophilic material and mainly possesses a rigid surface 

which could hinder the induction of interfacial cavitation and may produce a stiffer ice 

anchor in the case of surface damage. Therefore, an extensive selection of PU variants is 

required that can induce interfacial cavitation without compromising the material 

durability and be adaptable to surface/filler functionalisation.   

The objectives of the PhD project are proposed as follows, 

 The selection of PU candidate matrices that demonstrates key performance as per 

specified criteria for icephobic materials, the fabrication of PU coatings, and the 

surface modification of the coatings that could aid in enhancing icephobicity: 

o Mixing techniques to ensure required blending and curing of polymers, 

dispersions of nanoparticles, and solvent evaporation etc.; 

o The functionalisation of fillers to further aid icephobicity of the coatings; 

 To characterise the developed coatings to ascertain surface morphologies and the 

evaluation of icephobicity and hydrophobicity including conducting the in-situ 

microstructural water condensation and icing studies of the condensation/icing 

formation and of ice retraction behaviour; 
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 To conduct a comparative study of anti-icing and de-icing methods, quantifying 

the material-dependent response of these methods, and identifying appropriate 

methods for de-icing and anti-icing evaluation; 

 To constitute a fundamental study to quantify the influence of surface 

characteristics on ice adhesion and ice anchoring; 

 To devise strategies for durable icephobic coating designs that offer promising 

anti-icing and de-icing performance by incorporating nano-and micro-particles, 

fibres, and the infusion of anti-icing liquids to impart icephobic performance and 

enhance the overall durability;  

 To perform durability tests, including a repeat icephobicity evaluation after the 

material damage, to ascertain durability of the reinforced coatings. 



Chapter 2 – Literature review 

12 
 

Chapter 2 

Literature review 

2.1 Background 

In-flight icing compromises flight safety by building up ice layers that are formed due to 

the continued impinging of water droplets on cold aircraft skin [33]. These ice layers 

distort the aerodynamic characteristics, such as lift, drag and moment, thus severely 

jeopardising flight safety and efficiency [34]. In the case of wind turbines, the slight 

formation of ice over the blades changes the aerodynamic profile, whereas a significant 

accumulation of ice brings down the power generation capacity of the turbines as the lift 

would be significantly reduced over the blades [35]. On top of that, the current de-

icing/anti-icing methods are significantly energy-intensive [36]. Furthermore, the existing 

de-icing methods, in the aircraft, for example, employ an internal piping network which 

severely complicates the aircraft architecture, and limited/crucial areas are covered, such 

as leading edges [37]. Continued ice accumulation or runback ice, i.e. ice that reforms 

after melting from the covered area, in the uncovered areas may also pose a dangerous 

situation as it drastically disturbs the aerodynamic loading conditions. Thus, there is a 

need for a specific passive ice protection system, such as durable coatings with/without 

auxiliary support that slides the super-cooled droplets before icing 

(nucleation/crystallization) or detaches the developed ice easily, such as with the help of 

low-intensity vibrations created by either surrounding air or operative machines.  

One such attempt could be the deployment of icephobic coatings, and icephobicity had 

been induced on these coatings based on the modification of surface characteristics and 
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inherent material properties. Different strategies can also be employed to induce 

icephobic performance: such as delaying droplet freezing time; introducing freezing point 

depressants; lubricating the surface; resisting the formation of frost; reducing the ice 

adhesion force or work of adhesion [38-40]. The most widely debated approach is 

reducing the ice adhesion by minimising the anchoring of water on the surface and 

increasing contact angles of water. Furthermore, the ice nucleation on the surface also 

depends on a variety of other external factors, including atmospheric conditions [41]. For 

example, under high-humidity or supersaturation conditions, the bouncing effect of 

super-cooled droplets is ineffective due to saturation, which promotes enhanced contact 

time and non-bouncing Wenzel droplets.   

Most of the attempts made to address the icephobic challenge or to induce icephobic 

performance are empirical in nature and no clear correlations related to icephobicity with 

respect to surface characteristics have been clearly identified. Therefore, it is essential to 

understand and define the key factors affecting icephobicity and review the relevant 

studies to interpret the true definition of icephobic materials and surfaces. In this chapter, 

an attempt was made to evaluate the current progress on the key factors and mechanisms 

affecting icephobicity. A comprehensive literature review was conducted to understand 

the influence of: hydrophobicity; surface roughness; interfacial bonding mechanisms; 

environmental conditions on icephobic performance. These key characteristics could be 

further exploited to understand their degree of influence on icephobicity, which could be 

used to impart lasting icephobic performance in the development of icephobic 

nanocomposite coatings. The nanocomposite coatings offer a unique combination of 

providing a softer matrix, which could aid for easy release of ice and the surface 
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characteristics and mechanical properties can be fine-tuned by the incorporation of 

nanoparticles. Furthermore, the evaluation methods of ice adhesion strength are also 

reviewed in detail in this chapter. An in-depth assessment of these methods gives an idea 

about the existence and limitations of different equipment used for the ice adhesion 

measurements, considering there is no standardised method to measure ice adhesion 

strength yet.  

2.2 Defining key factors affecting icephobicity 

A significant portion of icephobic material development studies involved the use of 

surface wettability and roughness to induce icephobic performance, mainly due to a 

minimised interfacial contact between the water/ice and the surface. However, the use of 

these materials has its limitations and may not retain the icephobic performance under 

certain environmental conditions or a change in the wettability model if the surface 

roughness is altered. Additionally, the influence of surface roughness is also pivotal, as it 

plays an important role in ice nucleation and possible ice anchoring during the ice 

formation. Furthermore, in an event of anchored ice on a softer interface, the surface 

could also pave an easy path for ice to detach due to mismatch in strain under stress due 

to a large moduli difference in soft elastomers and ice surfaces. Thus, in this section, the 

theory of hydrophobicity and the application of hydrophobicity in icephobicity are 

debated at length. Furthermore, the influence of surface roughness on icephobicity and 

the mechanism of ice slippage on elastomeric surfaces are discussed.  
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2.2.1 Hydrophobicity-induced icephobicity 

Theory of hydrophobicity 

Wettability of the substrate or the interaction of water with the substrate is defined by two 

distinctive methods: (a) Cassie-Baxter Model and (b) Wenzel model. In other words, a 

fully wetted substrate is defined by the Wenzel Model: i.e. water molecules are in direct 

contact with the substrate and completely wets the surface. On the other hand, when a 

water droplet is partially suspended on air, for example, trapped between the water 

droplet and substrate asperities, and substrate asperities (direct contact), then the wetting 

conditions are defined by the Cassie-Baxter Model, and the probability of water 

molecules anchoring is low. The visual explanation of these models can be found in 

figure 2.1 [42]. 

 

Figure 2.1: Wettability models in (a) Cassie-Baxter state, and (b) fully wetted Wenzel 

state [42]. 

Water droplets in their transition composite state resist wetting on a surface having low 

surface energy [21]. Substrates that show high water contact angles (either static, 

advancing or receding angles above 150
o
) are considered superhydrophobic and 

hypothetically suspended water droplets in the transition composite state [43, 44]. The 

rolling off of water droplets from these surfaces is likely to happen due to the weak 



Chapter 2 – Literature review 

16 
 

interaction of water droplets with the substrate surface. The small voids on the surface are 

often defined as surface roughness or texture, and certain surface roughness leads to 

increased water repellency due to increased trapping of air in the surface void valley. 

However, the surface roughness may not be always effective for higher water repellency 

as the interaction of liquid droplets also relies on the interfacial energies of solid-liquid 

interfacial phases [45, 46].  If the topography and energy are unfavourable, then liquid 

droplets will completely wet the specific surface and follow the Wenzel state [21] as 

shown in figure 2.1(b). The droplet in the Wenzel configuration has a stronger adhesion, 

characterised to have low receding contact angles, and an enhanced area coverage for 

liquid-solid interaction [21]. Thus, in order to reduce ice adhesion, it is favourable to 

initiate the ice nucleation in the Cassie-Baxter state and the anchoring of water could be 

reduced by the use of micro/nano textures or smoother surfaces/morphologies [21]. 

To achieve icephobicity, water droplets must resist the transformation into the Wenzel 

state that could be induced by either the condensation of moisture [47, 48] or by the 

relative motion of incoming water droplets (i.e. kinetic energy) [49]. To assert this claim, 

Weber number, a dimensionless parameter, is employed to report the dynamics of the 

impact of impinging water droplets. The Weber number    is the ratio of impinging 

kinetic energy of a water droplet per unit volume (    ⁄ ) to the capillary pressure 

(    ⁄ ) [50]. Weber number is defined as: 

            ⁄                                                        

Where   is impact velocity,   is drop radius,     and   are surface tension and density of 

water, respectively.  Owning to the controlled boundary conditions, the experiments to 

calculate the Weber number could only be performed in a laboratory. Thus, equation 2.1 



Chapter 2 – Literature review 

17 
 

can be rewritten concerning potential energy (i.e. gravitational force)   at a height   [51] 

as: 

          ⁄                                                               

Water contact angles are often associated with surface wettability i.e. hydrophobicity of 

the surface and are often coupled for a comparison with the measured ice adhesion 

strength in the tabular listing or plot pictorials as a function of the water contact angles 

[52-54]. However, these comparisons did not always follow a correlated trend [55]. With 

the comparable water contact angles for a few selected samples, the results of measured 

ice adhesion strength varied by a factor of 10. Typically, the water contact angles are 

inversely proportional to ice adhesion strength [55]. 

A solid surface contact with the water droplets inherently possesses unique properties for 

the different types of interactions. For example, to induce sliding of the sessile liquid 

droplet, an angle at which a water droplet slides does not correlate with the static water 

contact angle. Notably, the sliding of water droplets off a surface at a certain angle is a 

shearing process and behave differently as compared to that of the static water contact 

angles [56]. Furmidge proposed an equation (equation 2.3) using the spontaneous 

movement of a sessile droplet to predict the minimum angle of the title ( ) [57]: 

                                ⁄                                    

Where      and      are the receding and advancing water contact angles, respectively. 

  is the width of the droplet (in 90
o
 direction to the droplet sliding) and   is the mass of 

the droplet. From equation 2.3, it is clear that the tilt angle is directly proportional to a 

dimensionless liquid-solid interaction parameter in the form of                  , 
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categorised as contact angle hysteresis (CAH), rather than a single value of water contact 

angle [55]. 

Hydrophobic surfaces in icephobic applications 

The water repellency (or wettability) of a substrate can alternatively be considered from a 

thermodynamic scenario that accounts for free energies connected with the elimination 

and formation of interfacial areas [55]. Thus, the reversible free energy of the creation 

and destruction of interfaces can be narrated as the equilibrium work of adhesion (  ) of 

liquid droplets on the material surface and it can be quantified using Young-Dupré 

Equation (equation 2.4) [58, 59]: 

                                                                          

Here, it is clear that the dimensionless factor           , where    is Young’s 

equilibrium water contact angle and the angle directly correlates with equilibrium work 

of adhesion,    [55]. However, in literature, there are many terms that describe   , such 

as the thermodynamic work of adhesion, the basic work of adhesion, or the fundamental 

work of adhesion [60] etc. 

Typical processes may not be described using the idealised Young-Dupré equation 

having the equilibrium contact angle but instead, the adhesion work could be calculated 

as suggested by Gao and McCarthy [56, 61] and defined as: 

                                                                    

Where      is the receding contact angle and the dimensionless factor             

directly correlates with practical work of adhesion,    . Mittal [62] coined the term 

practical or physical work of adhesion as it is the genuine work required to annihilate the 
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bond between solid and liquid. Quantitatively,           is always smaller than    

        , thus    is always smaller than   . To further study the impact of     , an 

approximately linear correlation between contact angle hysteresis (CAH) in the form of 

(           and the measured ice adhesion strength was reported by Kulinich and 

Farzaneh [52].  It was found that most of the differences in CAH were noted due to      

and the water droplets were in either the partially wetted composite Cassie-Baxter model 

(high     ) [63] or the fully wetted Wenzel model (low     ) [64]. 

 

Figure 2.2: Ice adhesion strengths as a function of (a)  ̅    and (b)  ̅  (adapted from 

reference [55]). 

The measured ice adhesion strength (kPa) were plotted as a function of      i.e. 

advancing contact angle and used as a near approximation of the static water contact 

angle [65] (figure 2.2a). In order to reflect the effect of equilibrium static contact angle    

on ice adhesion, the equilibrium-like static contact angle  ̅  was measured by the 

vibrating droplets, regardless of their initial positions. The droplets gave a unique and 

instantaneous contact angle somewhere in between the measured        and       [66]. 
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The reason for using equilibrium-like static contact angles is that the droplets can 

maintain long-lived metastable conditions and this makes it difficult to measure the static 

equilibrium contact angle [45]. Theoretically, the static equilibrium-like contact angle,  ̅  

can be measured [45]: 

    ̅                                                             

Given this equation, the ice adhesion against the static equilibrium-like contact angles  ̅  

was studied and shown in figure 2.2b. From the figure, it is clear that both of the plotted 

graphs indicate a negative slope (i.e. inverse relationship) [27] and the data gives some 

correlation with ice adhesion strength.  

 

Figure 2.3: Ice adhesion strength as a function of Contact angle hysteresis (CAH) 

(adapted from reference [55]). 

To identify links among the parameters, the CAH parameter                   was 

plotted with ice adhesion strength and a linear relationship with the ice adhesion was 

observed (figure 2.3) [55]. However, many samples having high       (i.e.          ) 
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showed a higher ice adhesion than anticipated, thus, it was sufficient enough to assume 

that the adhesion of ice does not always correlate with CAH [55]. 

Another plausible assumption made from figure 2.3 is that the linear correlation slope 

does not pass through the origin, which means that even if CAH is close to zero, ice will 

still adhere to the surface and this gives the idea that the reduction of the CAH model is 

not a valid approach to induce low ice adhesion strength [67]. 

 

Figure 2.4: Ice adhesion strength as a function of (a)       ̅  (b)           (adapted 

from reference [55]). 

In order to find a better correlation, ice adhesion strength was plotted as a function of 

liquid tensile phenomena and practical work of adhesion as shown in figure 2.4 [55]. It 

was concluded that           provided a better correlation and is a near-perfect fit to 

the measured data. It was also assumed that when          , ice adhesion strength 

tended to be minimal [68] and ice adhesion can be further reduced by the introduction of 

surface textures in micro-and nanoscale to successfully repel/maintain the ice in the 
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composite Cassie-Baxter ice state [55], mitigating the possibility of ice anchoring on the 

surface. 

It is clear from figure 2.5 that one superhydrophobic coating (i.e. Sol-Gel fluorinated + 

aerosil 1d with the textured surface) is significantly different in comparison with other 

results. Susoff et al. [69] claimed that the CAH has more promising utilization in terms of 

texture surfaces (i.e. showing a high static angle and the relatively small receding angle 

simultaneously). They analysed and plotted six types of coatings with regard to ice 

adhesion strengths and against receding water contact angles of the tested samples. They 

indicated some linear correlations, notably in the case of smoother surfaces [70]. 

However, the slope of the correlations did not pass through the origin as observed by 

Mueler’s assumption as shown in figure 2.5.  Erbil et al. [27] also used similar plots and 

found a linear relationship among all the tested samples.  

 

Figure 2.5: Ice adhesion strength as a function of           [70]. 

Janjua et al. [10] plotted the measured ice adhesion strength as a function of receding 

contact angles and CAH as shown in figure 2.6a and 2.6b, and indicated that two 
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different surfaces can have similar ice adhesion strengths with different receding angles 

(105
o
 and 55

o
, respectively). Although the relation between the practical work of 

adhesion and the ice adhesion strengths was not given, they corroborated the data with 

respect to CAH and found CAH to be the dominant parameter in determining ice 

adhesion strength as shown in figure 2.6b. They further claimed that the receding contact 

angle, which indicated the intricate dependence on time, would be more effective than 

advancing and static water contact angle since it is a measurement of de-wetting [10].    

Kim et al. [24] noted that the surface retention force is a strong function of the water 

contact angle hysteresis. They further suggested that the minimisation of the CAH will 

result in minimising the critical size of water droplets retained on the surface. This 

phenomenon will enable the condensed water droplets to slide off the surface and ensure 

efficient removal before freezing [24]. They further interpreted that by reducing the 

CAH, the ice adhesion could be reduced and the frost formation could be delayed by 

creating an extremely smooth surface, especially in the case of high humidity conditions 

[24]. 

Apart from these comparisons, Golovin et al [71] coined another dimensionless 

parameter   , which is the ratio of ice adhesion strength with interfacial slippage (    
    

) to 

the value  without the interface slippage (    
       

) as shown in equation 2.7.  

   
    
       

    
    

 
 

√   
                                                            

Where C is a constant and     is the cross-linked density of the elastomer. The method of 

elastomers with interfacial slippage is discussed in more detail in the latter part of this 
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chapter. The value of C was calculated by precise sample preparation to control the cross-

linked density, and the measured    was in good agreement with equation 2.7 [71].  

 

Figure 2.6: Ice adhesion strength as a function of (a)       (b) CAH [10]. 

Golovin et al. plotted the ice adhesion strength as a function of           in figure 

2.7a. The plotting narrates: (1) in contradiction with Mueler assumption, the measured ice 

adhesion strength did not closely correlate with the theoretical            , and the 

specific Vytaflex 40 coating consisting of 15 wt% cod liver oil showed         , 

whereas ice adhesion was             (2) that the theoretical             only 

worked on high shear modulus elastomers (              , as shown in figure 2.7b and 

the elastomers without interfacial slippage (without the inclusion of lubricating oil) [71].  

A mixed-mode failure of the ice cubes has been reported, i.e. when the shear force is 

applied to remove the ice cubes, the ice does not move away completely and up to 25% 

of the ice still adheres to the substrate area [55]. It is assumed that the reduction of 

receding contact angles increases the probability of the mixed-mode failures: either the 

coatings are distorted after multiple tests or the coatings initially have low receding 

contact angles [55]. 
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Figure 2.7: Ice adhesion strength as a function of (a)           and (b)    [71]. 

Limitations of hydrophobic surfaces in icephobic applications 

For decades, since the inception of icephobicity studies, the idea behind the use of 

superhydrophobic materials as icephobic materials are widely debated as the 

superhydrophobic surface offers a minimized contact with the water droplet and a weak 

ice bond may be formed [72]. This hypothesis is critically questioned in certain cases: (1) 

water condenses on surfaces and forms a layer of small fine ice particles i.e. micro frost 

formation [21], (2) when the temperature is lowered, the receding water contact angles 

are dramatically decreased [47], and (3) the challenge of retaining superhydrophobic 

performance under persistent harsh applications [7, 24, 73-75]. Under low humidity 

conditions, the superhydrophobic materials show excellent icephobic behaviours, even at 

a temperature of -20 
o
C~-30 

o
C [7, 74, 76]. However, under high humidity conditions, the 

capillary condensation of water may attach to the surface texture/asperity and the wetting 

model may change to the Wenzel configuration from the Cassie-Baxter configuration [77, 

78]. Thus, the direct deployment of superhydrophobic materials/surfaces for icephobic 

purposes is not a perfect solution [69, 79-82]. 

(a) (b) 
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A superhydrophobic surface is characterised by its spatially uniform intrinsic interfacial 

energies, and the frost may be formed on the surface indiscriminately. Due to the 

substantial contact with the surface, the formed ice is likely to create a stronger bond than 

that on smoother surfaces, which could potentially compromise the hydrophobic 

capabilities [83, 84] and an increased amount of energy may be required to break the 

adhesion between the highly complex topographical features [19, 24, 83]. Such kinds of 

frost formation can be delayed by controlling the nucleation rate of the condensing 

droplets and restricting the anchoring of the water droplets on the top surface or in a void 

valley i.e. a weak or Cassie Ice [48]. 

2.2.2 Influence of surface roughness on icephobicity 

Surface roughness or asperities plays a detrimental role in icephobicity studies and the 

roughness can be categorized into three types: (i) superhydrophobic roughness range of 

50 nm - 100 μm [7, 74, 75, 85] (referred as rough surface or higher roughness), (ii) 

surfaces to avoid ice anchoring of roughness range <100 nm [76, 86, 87] (referred as 

smooth surfaces or lower roughness), and (iii) surfaces to annihilate the ice nucleation of 

roughness range <10 nm [8, 29, 86] (referred as ultra-smooth or ultra-fine surfaces). The 

annihilation of ice nucleation over surfaces is further explained in the latter part of this 

chapter. Saito et al. [88] found that the reduction in ice adhesion strength is possible with 

the high levels of roughness as it increases the number of air pockets presented between 

the interfacial ice-substrate contacts. However, surface roughness also increases the 

number of possible anchoring sites, which may lead to higher adhesion strengths in some 

instances [10]. Thus, this indicates that the surface roughness plays a crucial role in ice 
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adhesion and changing the surface topography or the restructuring of surfaces may be key 

in reducing the ice adhesion strength [70, 89]. 

Susoff et al. [70] studied superhydrophobic plates by immersing the plates in a vessel full 

of water and found that the force required to peel off the ice was multiple times higher 

than that of the pristine plate tipped in the water vessel following a similar procedure. 

Thus, they concluded that even if the surface behaves superhydrophobic, the ice adhesion 

significantly depends on surface roughness or the structure of the surface. Additionally, 

surface roughness along with other parameters strongly depends on the effective surface 

area of the sample (i.e. the mean interfacial area) [70].  

Zou et al. [90] in their experimental results showed that water contact angles from as-

received aluminium (AR Al) to sandblasted aluminium (SB Al) changed from 83
o
 to 37

o
, 

respectively. The results predicted the Wenzel Model and indicated that the hydrophilic 

properties of a surface can be enhanced by the change in surface roughness. Interestingly, 

higher water contact angles were determined on fluorinated-carbon (FC) film-coated 

samples due to the enhanced high surface energy imparted by the fluorine molecules and 

could be predicted by a Cassie-Baxter model.  A slight improvement in water contact 

angles was also noticed in the case of silicone-doped hydrocarbon coated samples. 

Generally, the fluorination of samples results in higher water contact angles, but the 

results did not show a reduction in ice shear strengths, shown in figure 2.8a [90]. The 

results also suggested that the ice adhesion strength on the sandblasted samples jumped 

1.5-1.9 times as that of the as-received samples due to the increased surface roughness 

(root-mean-square), shown in figure 2.8b. In comparison to the non-fluorinated 

substrates, the ice adhesion is lowered by 1.4 and 1.9 times for the FC film deposited SB 
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and AR samples, respectively [90]. Furthermore, Janjua et al. [10] concluded that with an 

increase in contact angle hysteresis, ice adhesion decreases and this trend is valid when 

the CAH is higher than that of 92
o
 and the higher CAH is coupled with a high surface 

roughness. 

 

Figure 2.8: Ice adhesion strength vs. (a) water contact angles and (b) root-mean-square 

(adapted from reference [90]). 

Hao et al. [27] showed that by controlled nucleation and effective heat transfer, the 

freezing process on the rough surfaces can be delayed and such results require the surface 

roughness to be in a controlled pattern, and the void or the interval of a pattern should be 
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smaller in size than the critical ice nuclei. Following the procedure, a pre-

superhydrophobic surface with controlled surface textures can have superhydrophobic 

capabilities, together with efficient ice removal and anti-icing capabilities [91]. 

Poulikakos and co-workers [8, 79] prepared nanometre-scale roughness grooves on 

hydrophilic surfaces and interestingly showed a longer droplet freezing delay. The 

magnitude of the freezing delays was at least one order higher than a traditional 

superhydrophobic surface with low wettability and larger surface roughness. 

Chen et al. [28] reported that a liquid-fused coating surface showed rough morphology 

with Ra of 0.536 nm when in the air and when the coating was submerged in the water, 

the surface became smoother with Ra of 0.264 nm. The results indicate that a liquid-like 

layer was formed when the coating was submerged, and this thin layer would induce 

icephobicity by minimising the interfacial contact area of the formed ice. For smoother 

surfaces, the results indicated one order of magnitude reduction in ice adhesion and for 

rougher surfaces, a three-fold increase in the magnitude of ice adhesion strength was 

reported in comparison to the pristine substrates at similar conditions [28]. To further 

understand the role of surface roughness, the type of formed ice also matters when 

considering the icephobicity. For example, the impact ice forms a hard bond with the 

textured surfaces, while the bulk-formed glaze ice demonstrated a lower ice adhesion 

strength [92, 93]. The impact ice are normally formed by the fast incoming supercooled 

droplets, like during icing fog or rain conditions and these micro-droplets penetrate into 

the void valley or textures of the rough surfaces or pores and anchor with the solid 

surface [83, 94]. According to another study, a layer of PTFE was applied on rough 
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coatings and the ice adhesion on bulk-formed ice was reduced. However, no significant 

reduction of ice adhesion was observed on impact glaze ice [95]. 

Interfacial mechanisms such as electrostatic interaction, hydrogen bonding, and van der 

Waals forces could also be responsible for the ice adhesion and mechanical interlocking 

of ice on the surface [79, 96, 97].  Ice adhesion is significantly reduced on 

materials/surfaces with a lower surface energy surface [69, 98]. The science behind their 

impressive icephobic performance is the weaker molecular interaction between the 

coating surface and the water/ice interfaces [99, 100]. Another factor influenced by the 

surface energy is droplet freezing delay, and it is reported that the droplet freezing delay 

can be altered or controlled by a pre-defined surface roughness. The ice nucleation starts 

with the formation of crystallites, which can be achieved in either homogeneous or 

heterogeneous ice nucleation. In homogenous nucleation, the crystallites are formed by 

thermal fluctuations and larger nuclei are only formed after overcoming the free energy 

barriers among the surrounding liquid. Whereas, in heterogeneous nucleation, crystallites 

are formed with the help of heterogeneous ice seeds, such as on a solid surface 

(roughness asperities) [101, 102], dust, impurities or other ice crystals as they reduce the 

activation energy [27]. 

Jung et al. [8, 103, 104] reported that one order of magnitude longer freezing delay was 

observed with a surface having higher wettability and nano-scale roughness. The results 

suggested that the surface roughness had a strong influence on ice nucleation and its 

growth. In the experiments, they used samples having different surface roughness values, 

e.g. from a few nanometers to several micrometres. Smoother samples showed a 

remarkable freezing delay and the droplets were in an unfreeze condition for a 150 times 



Chapter 2 – Literature review 

31 
 

longer than the other samples [8]. This significant delay in freezing can be attributed to 

the low roughness values or roughness values comparable to the radius/size of the critical 

ice nucleus [76]. The samples having similar surface roughness but variable surface 

energies showed a strong dependence on surface energy and the surface having lower 

surface energy demonstrated a longer freezing delay. The theory of classical 

heterogeneous ice nucleation states that surface roughness and wettability 

(hydrophobicity) are two main factors that decide the freezing probability, i.e. the rate of 

critical nuclei generation in the droplet [87]. They further studied the dependence of 

freezing delay on surface roughness and assumed that the freezing delay rose with lower 

surface roughness and a longer freezing delay was expected on surfaces with lower 

surface energy [76]. 

In terms of thermodynamics for homogeneous ice nucleation of a supercooled water 

droplet on a solid surface, the free energy barrier ΔG is higher than that of heterogeneous 

nucleation [87]. The theory suggests that the critical size    must be reached for the 

formation of stable ice nuclei at a given temperature and can be calculated using equation 

2.8 [87]. 

   
     

     
⁄                                                         

Where       is volumetric free energies between water-ice interfaces per unit volume and 

    is interfacial water-ice energy. At the temperature of -25 
o
C, the critical size of ice 

nuclei was determined experimentally at     1.7 nm. These results suggest that the 

radius of curvature of roughness should be close to the critical size of ice nuclei to 

suppress the icing effects and prevent the formation of stable ice nuclei as the critical size 
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favours homogenous ice nucleation. Thus, the classical theory identifies a strong bearing 

of roughness radius of curvature on the freezing delay mechanism [29]. 

Therefore, it is reasonable to assume that the maximisation of the free energy barrier for 

the development of ice embryo (lower surface energy) and the minimisation of effective 

interfacial contact area (smoother or lower surface roughness) of the super-cooled droplet 

will significantly increase the icing/freezing delay. However, the formation of ice nuclei 

is not a simple function of surface roughness [29]. Thus, effective strategies need to be 

identified and deployed. One such strategy could be the application of nano-structuring 

and the idea had been debated in anti-icing coatings. It was reported that the 

nanostructured substrates with 0.17 nm – 173 nm RMS roughness demonstrated a 

remarkable freezing delay, i.e. three-order increase in magnitude and suggested that the 

values of curvature should be less than ten times the critical radius to mitigate the icing 

nucleation/formation [29].  

The interface between the ice/water and the superhydrophobic surfaces with low ice 

adhesion strength is dominated by van der Waal’s forces [105] and the mechanical 

adhesion decreases with the increase of water contact angles [106-108]. The adhesion 

strength, in this case, can be calculated using equation 2.9 [105],  

   
 

    
                                                               

Where the thickness of depletion layers is denoted by D (normally in the range of 0.1-1 

nm) and Hamaker constant, U, bearing value 1019 J. Typically, the adhesion strength of 

ice reduces and D increases with the increase of water contact angles. The fluoro based 

POSS/PEMA surface will have a depletion layer thickness in the order of 1 nm and the 

highest intrinsic hydrophobicity values are measured on these surfaces [40]. 
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2.2.3 Mechanism of ice breakage on elastomers 

For a “soft” or rubbery coating, the shear stress piles up at the interface, instead of 

building evenly across the coating. This mismatch in strain under stress due to a large 

moduli difference in soft elastomers and ice surfaces result in a path for easy release of 

ice [96]. According to the mechanism of hydrodynamic lubrication, the viscosity to the 

thickness ratio of the aqueous film is directly proportional to ice adhesion strength [109]. 

The mechanism of ice slippage also includes the contribution of the relative stiffness of 

the coating materials to the ice adhesion, while also considering the effect of surface 

energy and roughness to minimise the adhesion. In these rubbery coatings, the thickness 

plays an important role as larger vertical displacements on thicker coatings lead to 

concentrated stress at the line or frontier plane, instead of a plane [3], as shown in figure 

2.9. 

 

Figure 2.9: Interfacial cavitation process [3]. 

Golovin et al. [71] showed that the interfacial slippage can be achieved in different 

elastomeric coatings by altering the crosslink density, irrespective of their material 

chemistry. They also concluded that the work of adhesion is also not valid in the case of 
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elastomeric coatings as the ice slips before achieving the required work to break the 

adhesion. 

Viscoelastic nature can demonstrate both liquid- and solid-like properties, and these 

properties are found in elastomers. Viscoelastic attributes of the elastomeric coatings can 

be tuned in distinct ways [71]. Firstly, it could be achieved by modifying the physical 

stiffness of elastomers via the alteration of polymeric crosslink density. Secondly, by 

changing the non-slip boundary condition through the addition of polymeric uncross-

linked chain [110]. The first condition can be achieved by inducing a process called 

interfacial cavitation [111]. This process develops macroscopic cavities to cleave the 

ice/surface interface apart and predict the required shear stress. To shear a hard solid 

formation from a soft surface such as an ice-coating interface, then the stress is given by: 

        ⁄    ⁄                                                           

Where Wp is the practical work of adhesion, Y is an experimental constant, t is the 

thickness of the coating, and G is the shear modulus [112].  To alter the physical 

stiffness, equation 2.11 can be used. 

                                                                      

Assuming isotropy, R is the universal gas constant and     is cross-link density. The 

conservation of momentum in solid-solid contact articulates that at the interface, there is 

no slip and the velocity is zero. However, in the cases of soft or elastomeric surfaces, the 

polymeric chains are considerably mobile and produce slip conditions or non-zero 

velocity at the interface, and these kinds of behaviours are reported for rubbers [111], 

adhesives [110], and polymer melts [113].  The behaviour is coined by the term, 
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interfacial cavitation or slippage and this slippage can be achieved via shear stress   at the 

surface as mentioned in equation 2.12: 

                                                                     

Where k is the Boltzmann’s constant, T is the temperature, a is the segmental length to 

detach the single chain and f is the force needed [114, 115]. It is clear from the equation 

that the interfacial slippage can be enabled in polymeric chains by systematically 

designing the coatings to enhance icephobic performance for different elastomeric 

coatings by tailoring     and embedding miscibility [71]. 

 

Figure 2.10: Cross-link density vs. ice adhesion strength [71]. 

According to the Griffith fracture criterion at the coating-ice interface, the square root of 

the composite modulus      is directly proportional to fracture stress (    [116] and it can 

be expressed as, 

        
 

 ⁄                                                               

To demonstrate the practicality of the concept, Golovin et al. [71] fabricated samples 

with controlled properties: lower cross-link density, the addition of oil (to induce 
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slippage), and deployed PDMS and PU as polymer matrices as they can firmly lock 

lubricants inside the matrices and have shown thermodynamic stability over the period of 

9 months under harsh conditions [78, 117].  These lubricant/liquid infused polymer 

coatings reduce the contact angle hysteresis as water and liquid minimize the impinging 

contact area and reduce the anchoring of ice i.e. induce icephobicity [118]. In the 

experiments, the lower unaltered PDMS coating has ice adhesion of 150 kPa, whereby 

altering to lower cross-link density results in 5 fold decrease in ice adhesion to 33 kPa i.e. 

without the use of any texture, fluorination or lubricating layers [71]. Their experimental 

results are plotted in figure 2.10. 

The results are in good correlation with the cross-link density and the measured strength 

of ice adhesion. Two important concepts could also be drawn: (1) extremely low ice 

adhesion strength can be obtained by using low cross-link density polymers and (2) the 

interfacial slippage can be deployed on low cross-link density surface to further lower 

down the ice adhesion strength [71]. 

 

Figure 2.11: PDMS+PDMS-PEG coatings practical work of adhesion [40]. 
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Chen et al. [40] formulated similar coatings having low cross-link density and enabling 

the interfacial slippage capability. The coatings were PDMS+PDMS-PEG (ethylene 

glycol) based and the PDMS-PEG contents varied from 1 to 5 wt%. The coatings showed 

a remarkable icephobic performance as shown in figure 2.11 [40], but it did not correlate 

with the work of adhesion as indicated by Mueler et al. [55]. 

2.3 Effects of environmental conditions on ice nucleation and hydrophobicity 

Ice nucleation depends on a variety of factors, including atmospheric conditions and the 

ice may form differently in certain environments. The nature of ice nucleation or the 

precipitation process in natural environments includes frost formation, fog icing, in-cloud 

icing, snow, and freezing rain (wintry mix) [119, 120] etc. and this diversity of icing 

phenomenon results in unique ice accretion formations, which could be dependent on a 

range of temperatures, wind conditions and the level of humidity [121].   

The lower temperatures increase the viscosity of super-cooled droplets and the 

probability of a droplet bouncing is shrunk due to the increased contact time [122]. 

Furthermore, during supersaturation or high-humidity conditions, the bouncing effect of 

super-cooled droplets is ineffective or minimised due to saturation and enhanced contact 

time, and this promotes non-bouncing Wenzel droplets [80, 86, 123, 124]. Yeong et al. 

[125] demonstrated the humidity effects on rolling and WCAs measured on 

polyurethane/organoclay nanocomposites, which were exposed to thermally homogenous 

cycles. They concluded that the rolling off angles increased by a factor of 2 when the 

humidity (RH) levels were changed from 20% to 80%. A sudden loss of WCAs was 

reported during warming and cooling cycles and they concluded that the condensation is 

the primary factor in the loss of superhydrophobicity as shown in figure 2.12 [125]. 
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Momen et al. [12] reported similar results and confirmed that the condensation and/or 

micro-frost formation nullify the superhydrophobic effect under high humidity 

conditions, and the transformation from Cassie-Baxter to Wenzel configuration takes 

place.  In terms of de-icing, the formed saturated ice is more complicated and difficult to 

de-ice [12, 126] and may have formed in the localised microstructure during unsaturated 

conditions, owing to the changes in latent heat of crystallization [127]. 

 

Figure 2.12: A comparison of WCAs in terms of ambient temperatures and humidity 

[125]. 

Although the majority of work is focused on the effect of humidity on superhydrophobic 

surfaces, few researchers adopted new techniques to combat the humidity. Sun et al. 

[123] embedded a hydrophilic membrane together with freezing ice depressants in a 

superhydrophobic material matrix to prevent micro-condensation under saturated 

conditions. The use of freezing ice depressants prevented the ice accumulation on the 

surface and overall, the surface behaved in a superhydrophobic manner. However, the use 

of freezing ice depressants may preclude a wide range of icephobic applications [123]. 
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Another approach is infusing a lubricant in a polymeric matrix, or better known as 

SLIPS. Kim et al. [24] demonstrated a 60% reduction in ice accumulation over the 

lubricant-infused polypyrrole-coated aluminium coatings as compared to that of the 

superhydrophobic aluminium and hierarchical polypyrrole-coated aluminium coatings. 

Ozbay et al. [78] incorporated hydrophobic and hydrophilic lubricants into the 

polypropylene matrix and reported the hydrophilic lubricant filled surfaces to be more 

effective at −2 °C and 56−83% relative humidity. Introducing a stable lubricant interface 

on superhydrophobic surfaces makes the droplet motion slower due to viscous dissipation 

[128]. However, the physical infusion of liquid raises the questions of the lubricant 

retention or stability in the long run under high-speed droplet impact and/or under varied 

atmospheric conditions [24, 129].  

2.4 Design strategies of icephobic surfaces/coatings 

Various fabrication methods of icephobic surfaces have been reported and they can be 

categorised into three types, involving coating development, surface treatment, and 

surface modification. 

2.4.1 Superhydrophobicity 

The application of nanocomposite coatings is a practical way to achieve 

superhydrophobicity via the incorporation of nanostructured fillers into various coating 

matrices. The incorporation satisfies the desirable material properties required to render 

the surface superhydrophobic such as roughness asperities and altering the surface energy 

etc. An important aspect of using nanocomposites is to retain the pristine properties of the 

matrix materials and to enhance a specific material performance with the involvement of 

nano-fillers.  Seyfi et al. [130] demonstrated water contact angles of 161
o
 and a sliding 
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angle of 3
o
 by depositing 0.6 wt% of hydrophobic nanoparticles in a polyurethane matrix. 

In terms of icephobic properties, Cao et al. [21] synthesised acrylic polymer by free 

radical polymerization of glycidyl methacrylate, butyl methacrylate, and polystyrene in 

toluene under the initiation of azobisisobutyronitrile (AIBN), followed by the 

precipitation of resulting acrylic polymer in hexane. The results indicated no ice accretion 

occurred on the material surface after repetitive tests in similar conditions [21] as 

specified by Mishchenko et al. [7]. 

 

Figure 2.13: Droplets sliding on pristine polymer (left sample) and nanoparticles mixed 

polymer (right sample) [131]. 

Liu et al. [132] demonstrated icephobicity as well as superhydrophobic performance on 

fluoroalkyl silane lubricated nano silicon oxide deposited surfaces. An icing delay of 289 

seconds was demonstrated after the deposition of fluoroalkyl silane-based self-assembled 

monolayers (SAMs). A two-fold decrease in ice adhesion strength was also observed in 

comparison to that of pristine substrates. Hancer et al. [131] mixed the polysilicon 

(silsesquioxane) matrix with 12 nm SiO2 nanoparticles, and the nanoparticles were 

rendered hydrophobic by the chemical modification using a self-assembled monolayer of 

perfluoro-decyl trichlorosilane (PFCS). They reported near theoretical 
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superhydrophobicity of 178
o
 at 3 wt% nanoparticle content and surface roughness value 

of 43 nm [131]. These coatings demonstrated promising anti-icing performance and 

droplet sliding angle was measured at 30
o
 degrees tilted at -20 

o
C, and the droplets slide 

off without undergoing the freezing process as shown in figure 2.13. Similar results were 

observed even after the coating underwent 500 abrasion cycles [131]. 

2.4.2 Infusion of lubricating liquids 

A number of studies used polyurethane and polydimethylsiloxane as matrix materials and 

introduced various elasticity conditions i.e. altering the cross-link density of polymers by 

varying the composition of binder and the polymer contents. Golovin et al. [71] mainly 

studied the use of polyurethane coatings and altered the cross-link density and infused the 

polymers with natural oils. They also conducted icephobic tests on all the coatings, 

including lubricated polymers and found the coatings were extremely durable. The 

coatings demonstrated promising icephobicity even after 100 icing and heating cycles 

and 5000 abrasion cycles. They reported sustained icephobicity under sub-zero 

temperatures at -30 
o
C as well [71]. Kim et al. [24] fabricated nanostructured Slippery 

Liquid-Infused Porous Surfaces (SLIPS) using aluminium as a base substrate. They 

deposited highly textured polypyrrole layers on as-received aluminium substrates 

utilizing electrodeposition. The coatings were then fluorinated and a lubricant was 

infiltrated into the pores of the coatings using a heat treatment method [24]. They 

reported the ice adhesion reduction factor of 87 and a reduced ice adhesion to 15.6 kPa. 

Interestingly, they demonstrated similar results even under high humidity conditions and 

at the temperature of -10 
o
C, which was very impressive considering the high humidity 
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environments. The results may suggest a reduction in micro-condensation due to 

smoother morphology [24]. 

Wang et al. [133] mixed polyurethane with a varying amount of hydrophilic pendant 

group i.e. dimethylolpropionic acid (DMPA). They tested the coatings with/without the 

inclusion of DMPA and demonstrated that the ice adhesion reduced with the increase of 

DMPA content in the polymer matrix. A 30-fold reduction in ice adhesion strength was 

observed as compared to that of the pristine substrate. The coatings demonstrated the 

capability to maintain the icephobic properties even after 30 de-icing cycles down to -55 

o
C and could also be applied to a variety of substrate materials [133]. Liu et al. [134] 

developed sandwich-like multilayers of polyurethane sponges with a layer-by-layer 

deposition of silver nanoparticles and polydopamine (PDA) films. They demonstrated 

promising anti-icing properties down to -15 
o
C and a remarkable droplet freezing delay of 

10,000 seconds as compared to just 117 seconds on the pristine substrates. 

 

Figure 2.14: Comparison of ice adhesion strength in terms of (a) materials and (b) sub-

zero temperatures [135]. 

Wang et al. [135] reported organogel (OG) infused polymers coatings and OG was added 

by swelling the LP (liquid paraffin) in cross-linked polymer networks. The polymer 

(a) (b) 
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networks used were polydimethylsiloxane, phenyl silicone, and butyl rubber. The ice 

adhesion strength on the OG-polymer coatings was reduced remarkably by 85 times as 

compared to that of the dry polymeric coatings. The coatings also retained their icephobic 

performance down to -70 
o
C, shown in Figure 2.14. Interestingly, no considerable change 

in the microstructure of coatings was reported, i.e. before and after the addition of OG 

and a similar result was obtained in terms of roughness asperities [135]. 

2.4.3 Lower surface roughness 

Controlling roughness asperities to a level of nano-level to annihilate the ice nucleation 

before it grows heterogeneously is a sensible strategy for icephobic materials. To control 

the roughness asperities, samples with nano-size structures such as honey-comb, 

pillars, and brick pattern etc. had been produced to study surface 

superhydrophobicity and ice freezing delay. Mishchenko et al. [7] used highly 

ordered and nano-sized structures bearing high aspect-ratio on various substrates 

by the Bosch process (reactive ion etching) to create hydrophilic, hydrophobic and 

superhydrophobic surfaces. The hydrophilic surface was as-received aluminium 

plates, the hydrophobic surfaces were silane-functionalised smooth silicon wafers, 

and the superhydrophobic surfaces were nano-structured and silane-functionalised 

silicon wafers. Ice formed on the hydrophilic surfaces in few seconds, while the 

hydrophobic surfaces showed an approximate 1-minute delay in icing at -10 
o
C. 

Furthermore, the nanostructured superhydrophobic surfaces showed no ice 

accretion over a period of approximately 30 minutes, and similar results were 

obtained at the temperature range of -25 
o
C to -35 

o
C as shown in figure 2.15 [7]. 
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Figure 2.15: Behaviour of water droplet impingement on (a) hydrophilic, (b) 

hydrophobic, and (c) super-hydrophobic surfaces (adapted from reference [7]). 

Eberle et al. [29] fabricated various hydrophilic and hydrophobic surfaces with 

different nano-scaled roughness from 0.17 nm ~ 176 nm (RMS), while some 

surfaces were in plain grain structure and some were in hierarchical type. Various 

nano-scaled roughness was achieved by polishing aluminium with silicon oxide 

nanoparticles, followed by an etching process, using cryogenic ICP (inductively 

coupled plasma). Furthermore, the hierarchical structure was achieved using 

photolithography [29]. The surfaces were rendered hydrophobic by depositing a 

PFCS monolayer on top of the etched or lithographed surfaces. It was 

demonstrated that the nano-pits in surfaces greatly reduced the ice nucleation rate 

and resisted a heterogonous ice growth. The samples also exhibited high freezing 
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delays and a remarkable icing delay of approximately 25 hours was observed on 

ultrafine (Ra ≈ 0.17 nm) hydrophobic surface with hierarchical structures. These 

freezing delays are one of the longest reported in anti-icing research to date [29]. 

2.4.4 Passive coatings for hybrid ice protection 

Developing an anti-icing passive system that perfectly repels the ice is currently not 

sufficient for long-term protection against ice. It seems to be more practical if ice 

protection is combined with both active and passive ice protection solutions [23], which 

may require active energy supplies [136, 137]. For example, the incorporation of 

functionalised and pristine graphene have been utilised to heat the surface for ice 

protection [45, 65, 66]. Wang et al. [23] developed a new superhydrophobic coating by 

spraying dispersion consisting of graphene nanoribbons that were functionalised by a 

perfluoro-dodecylate agent as shown in figure 2.16.  

 

Figure 2.16: Fabrication method of (a) functionalised graphene and (b) anti-icing coating 

(adapted from reference [23]). 
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The sheet resistance of the coating was measured at ~320 Ω·sq
−1

 and a water contact 

angle of 161°. The coating had the capability to provide both passive ice protection and 

active ice protection (auxiliary heating) in severe environmental conditions. The coating 

demonstrated anti-icing performance down to -14 
o
C and the capability of active ice 

protection was tested by applying 12 V potential at -32 
o
C. The coating took 40 seconds 

to de-ice the formed ice blocks [23]. Similar tests are also conducted on coatings without 

the lubricating liquid at -32 
o
C and the coating took 90 seconds to de-ice the attached ice 

block at a higher voltage of ∼40 volts [23]. Thus, the tests demonstrate the significance 

of lubricating liquid in icephobic coatings. 

2.5 Evaluation methods of ice adhesion strength 

A fundamental initiation based on fracture mechanics to determine ice adhesion strength 

and its characteristics were developed by Lockington and Andrews [138, 139]. Ice 

adhesion strength can be calculated based on the interfacial interaction and mode of ice 

detachment from the surface. Since then, many new custom methods have been 

introduced and the fundamental attributes affecting ice adhesion have been studied. 

However, significant inconsistency exists in the reported values measured by different 

methodologies.  

The majority of the de-icing tests consists of mechanical tests (such as push method) 

[140-142], shear method (such as shear lap joint test) [143-145], centrifuge rotating test 

[10, 146, 147], and tensile method [148-150]. One of the most widely used methods to 

measure ice adhesion strength is the horizontal/vertical push (HPM) method owing to its 

simplistic and economical design. The ice adhesion strength measured on the push 

method is greatly affected by the contact location of a force probe and the stress 
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distribution may not be completely uniform [1, 151]. The centrifugal method (CAT) on 

the other hand is the most repeated ice adhesion test and is ideal for larger facilities. 

However, the method is complicated to set and unable to produce stress-strain curves [1, 

151].  In comparison, the strain rates obtained using tensile tests are in the range of 10
−5

–

10
−3

 s
−1

, whereas, strain rates obtained using centrifuge methods are in order of 10
−6

 s
−1

. 

This gives the idea that the centrifuge method has good accuracy over ice adhesion tests 

[152]. 

 

Figure 2.17: Typical setup of ice adhesion centrifuge setup (adapted from reference [10]). 

Some approaches use moulds to grow the ice over the substrate using gravity and 

some methods are based on the spray of super-cooled water inside the centrifugal 

apparatus to mimic atmospheric conditions such as freezing rain (applicable on 

power lines) or super-cooled droplet impinging (applicable on aeroplanes) [55]. In 

actuality, the sample attached with a block of glaze ice was mounted on a rotor and spun 
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at increasing velocity. When the adhesion strength of ice on the surface was overcome by 

the centrifugal force originated by the rotation, the ice detached at a certain speed of 

rotation. These variables were recorded and the shear strength to detach the ice was 

calculated as the adhesion strength between the ice and the specific surface [10]. A 

typical setup of a centrifuge apparatus is shown in figure 2.17. 

The ice adhesion strength measured using the force transducer method was reported by 

Jellinek et al. around three decades ago [153] and now this method is widely used by 

many researchers [54, 154-160].  It consists of a simple arrangement i.e. water columns 

freeze on the test substrates and force is applied via a force transducer to detach the 

formed ice. A typical arrangement is shown in figure 2.18. 

 

 

Figure 2.18: Force transducer ice removal method [55]. 

Firstly, the empty columns are placed on the sample holder and the calculated volume of 

water is poured in the columns. Then the test substrate is mounted on the base plate and 

the arrangement is put upside-down on a Peltier plate to freeze the water on the test 

substrates. The test substrate is measured by attaching a thermocouple near to sample 

area on the base plate [55].  
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The ice adhesion strength is calculated by dividing the cross-sectional area of solid-water 

interaction with the maximum force measured at the time of ice detachment.  Apart from 

custom-built equipment, commercially available equipment named dynamic mechanical 

analyzer can also be deployed to measure ice adhesion strength as shown in figure 2.19. 

This process is relatively similar to the one specified above and it uses a probe to remove 

the ice cylinder grown at -15 
o
C in an environmental chamber and calculated the peak 

removal force [3]. This system is also capable of rapidly changing the temperatures. 

 

Figure 2.19: Typical arrangement of DMA probe ice adhesion test [3]. 

The zero cone method (a variant of shear lap joint tests) is one of the least used methods 

in literature owing to its complex bulky setup and the need for a sophisticated mould. The 

apparatus consists of an outer cylindrical mould and an inner pin to hold the sample as 

shown in figure 2.20. The pin is fixed via a bottom notch to the cylindrical mould and an 

annular gap is kept within the mould. The coating is applied to the pin. The gap is filled 
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with deionized water and the test block is kept in the icing chamber or freezer overnight 

at -25 
o
C [70]. A thermocouple is also attached at bottom of the pin to measure any 

temperature gradient across the sample. The test temperature is -14 
o
C and the cylindrical 

mould is mounted on a tensile test machine.  

The non-existence of a standardised icephobicity evaluation method means that each 

research group publishes their own measured data and comparability of data is difficult 

due to variation in icing sample preparation, measured magnitude, applied force and the 

interfacial contact areas. For example in de-icing tests, the ice adhesion measured on 

existing de-icing methods varies by several orders of magnitude [1] and stress 

distributions across the interface area are not uniform and are uneven [31]. Additionally, 

from a fracture mechanics point of view, different shear and peel stresses are exerted on 

crack tips and the crack formation and propagation entirely depends on the load case and 

orientation [32]. 

 

Figure 2.20: Shear lap joint method: (a) test conditions, (b) 3D representation, and (c) 

section view of the ice mould [70]. 
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As shear stress is strain rate dependent, the comparison of results just by their ice 

adhesion strength is not appropriate and it is more reasonable to compare or put forward a 

factor with respect to the reference of pristine materials. It will give an idea of how many 

times the formulated material reduced the ice adhesion strength in comparison to as-

received or bare materials and this factor is called as Adhesion Reduction Factor (ARF) 

[70]. For example, if an icephobic coating on aluminium [10, 51, 67, 90] is to be tested in 

terms of ice adhesion strength then the ratio of ice adhesion strength of pristine 

aluminium (      to ice adhesion strength of coatings-based aluminium (          gives 

the ARF [70] as: 

     
    

        
                                                           

Thus, from equation 2.14, a higher factor of ARF means the coated surface has low 

adhesion strength [152]. Janjua et al. [10] in their paper, showed a correlation of contact 

angle hysteresis (CAH) with ARF. After successive cycles of their testing, they indicated 

that CAH increases with the decrease of ARF.  In order to evaluate the post-experiment 

performance of the coatings, Zaid et al. fitted ARF as an exponential decay after N cycles 

as, 

                                                                   

Where C represents the retained icephobic performance after N cycles and   is the 

coating deterioration rate. Thus, if N tends to infinity, then the targeted coating’s 

adhesion reduction factor is           and this emphasizes the long term surface and/or 

chemical finish damages to the substrate icephobicity on which the coating is deposited 

[10]. 
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2.6 Challenges 

From the review in this chapter, there are a few key challenges for the R&D of icephobic 

coatings. Firstly, the use of hydrophobicity to achieve icephobicity is a highly contested 

strategy and it is widely studied. A certain surface roughness leads to enhanced water 

repellency due to increased trapping of air in the surface void valley, helping the water 

droplets in their transition composite state to resist wetting on a surface and encouraging 

an early roll-off (reduced roll-off water contact angles) [161]. It is favourable to initiate 

the ice nucleation in a hypothetically Cassie-Baxter state and a weaker bond may be 

formed due to the reduced possibility of ice anchoring and a minimised contact with the 

surface which discourages the rapid heat transfer [162]. However, under certain 

environmental conditions, the water droplets could transform into the Wenzel state by 

either the condensation of moisture (i.e. high humidity or supersaturated conditions) 

[163] or by the relative motion of incoming water droplets (i.e. kinetic energy) [164]. 

These conditions may result in a substantial contact with the surface and an increased 

amount of energy may be required to break a mechanically interlocked ice formed around 

the surface asperities [165]. Additionally, the inability to retain high water contact angles 

in sub-zero temperature also poses a performance challenge for hydrophobicity-induced 

icephobicity applications [47]. These performance challenges could reduce the effect of 

hydrophobicity on icephobicity and if a layer of ice is formed on a hydrophobic surface, 

then the surface-induced icephobicity could be made redundant. 

Secondly, there is a broader consensus on the role of surface roughness in delaying the 

ice formation and ice nucleation can be annihilated or immensely delayed by deploying 

surface roughness patterned close to or smaller than the critical ice nuclei size [166, 167]. 
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Another advantage of these smoother surfaces is that the surfaces are durable as 

compared to that of rougher surfaces and a reliable icephobic performance could be 

expected as the surface is not reliant on certain surface roughness to induce 

hydrophobicity which could be damaged during ice shearing processes [168]. However, 

with lower surface roughness, the interfacial contact of ice is significantly enhanced as 

compared to hydrophobic surfaces, and the material chemistry and properties play an 

important part [169]. In other words, the ice adhesion could be sufficiently reduced by 

minimising the ice anchoring points but a synergetic effect of either low surface energy 

or a softer interface is required to induce a low ice adhesion. For example, remarkable 

freezing delays are expected on smoother, functionalised surfaces as it lowers the free 

energy barrier and favours a homogeneous ice nucleation [170]. On the other hand, the 

ice adhesion could be considerably enhanced if a surface has high surface energy or 

unfavourable conditions (surface impurities) that may promote the ice/surface interface 

bonding mechanisms [38]. Additionally, there is a challenge to retain a smoother 

morphology under harsh environmental conditions, such as during water impinging, 

which can significantly distort the microstructural structure and impart possible ice 

anchoring points (surface anomalies).  

Thirdly, polymeric surfaces and coatings, including the use of liquid infused surfaces 

(SLIPS), have been a popular choice of researchers for passive ice protection and many 

reports have indicated a lower ice adhesion strength on polymeric coatings and surfaces 

[171, 172]. Lower modulus polymer coatings pave way for the easy release of developed 

ice (de-icing), due to mismatch in strain under stress due to a large moduli difference and 

the infusion of lubricating liquids or functionalisation with low surface energy chemicals 
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reduces the probability of heterogeneous ice nucleation (anti-icing). However, limited 

studies have been conducted on the durability of these coatings and surfaces, liquid 

replenishment within the material matrix, and the material ability to maintain icephobic 

performance after significant microstructural damage. Furthermore, most studies 

conducted icing/de-icing cycles or mechanical tests such as abrasion resistance or 

indentations etc. [173, 174] which may not meet the requirements of key application 

areas for icephobic coatings in aerospace and wind energy. Wind turbine blades and 

leading-edge undergo severe water/ice crystals droplet impingement/erosion and the 

resilience of icephobic coatings could be better evaluated using water/particles 

suspension erosion tests [175]. The idea of durability enhancement or the mechanical 

reinforcement of polymeric coatings is rarely examined, which could aid in the 

development of erosion-resistant icephobic coatings. The reinforcements could also 

provide the necessary durability required to maintain the liquid replenishment within the 

polymeric matrix.  

Furthermore, the requirements to induce anti-icing and de-icing performance are not 

coherent and require balanced tradeoffs to develop a complete icephobic material. For 

example, the anti-icing capability is mainly imparted either by a minimised interfacial 

contact to mitigate the heat transfer and encourage a droplet slide-off or by 

introducing/incorporating freezing depressants to discourage/resist the ice nucleation. 

First of all, the mitigated heat transfer and early droplet slide-off work on a reduced 

interfacial contact, whereas, the reduction of super-cooling point by the freezing 

depressants requires an enhanced liquid/solid interaction. Another reason is the reduced 

interfacial contact for anti-icing performance is mainly materialised by a combination of 
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hieratical/lower surface roughness and/or low surface energy surface, which in turn, 

could encourage the micro-water condensation conditions and may result in enhanced ice 

anchoring on the surface (increased shearing force to de-ice).  

Lastly, the meaningful strategies for the R&D of icephobic coatings may include the 

investigation of smoother morphology, lubricating liquid/hydrophobic functionalisation, 

incorporation of nano- and micro-particles, and the utilization of polymeric coatings with 

lower elastic modulus. Once a low adhesion polymer or composite is pre-selected, further 

examinations may be carried to enhance the durability and resilience of the coatings 

against the erosion impact, ensuring the continued icephobic performance. Apart from the 

material research and development challenges, the non-existence of a standardised 

icephobic evaluation method also poses another complication, especially in terms of 

comparability of relevant data. The ice adhesion data may vary with the change of icing 

sample preparation, measured magnitude, applied force, and interfacial contact areas 

[151], however, the data could be simplified, by adopting a uniform approach in multiple 

test setups [31]. For example, if interfacial contact areas and icing sample preparation are 

kept the same, then the preliminary comparative results could be used to colligate 

different icephobicity evaluation methods.  

In summary, a comparative study of different established de-icing and anti-icing was 

conducted to understand the material-dependent responses and to quantify the effect of 

surface characteristics in de-icing and anti-icing evaluation. The comparative study will 

be instrumental to identify appropriate methods for de-icing and anti-icing evaluation. 

The fundamental studies were further extended to understand the systematic 
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influence/intrinsic dependence of ice anchoring and ice adhesion on surface 

characteristics. The PU matrices were selected based on the fundamental studies and their 

icephobic performance, and the fillers were incorporated to improve the mechanical 

response to rigorous impinging impacts. Lastly, a biomimetic coating design was 

proposed to promote promising icephobicity even after a substantial surface damage.   
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Chapter 3  

Methodologies 

A total of six different variants of polyurethane (PU) coatings, including a thermoplastic 

PU, were examined in this work. A polydimethylsiloxane (PDMS) coating and two 

metallic substrates were also investigated along with the PU coatings. The metallic 

substrates were prepared using grinding and chemically-induced polishing methods, and 

all the polymeric coatings were coated on the aluminium substrates. The polymeric 

coatings were formulated using a series of preceding steps including magnetic stirring 

and ultrasonic dispersion, and the coatings were deposited either using spin coating, dip 

coating, or brush method, followed by the oven drying/curing/post-heat treatment 

processes. The surface/particle functionalisation was carried using a chemical vapour 

deposition method. The developed metallic substrates and polymeric coatings were 

characterised using scanning electron microscopy (SEM), optical 2D and 3D profile 

measurement, thickness evaluation, and shore hardness measurement for the polymeric 

coatings. The developed samples were also subjected to static and dynamic surface 

wettability measurement on a goniometer, and the wetting behaviour was observed via 

the in-situ water condensation technique using an environmental SEM. The icephobic 

performance of the developed samples was evaluated using both anti-icing and de-icing 

methods. The anti-icing capability of the developed samples was evaluated using water 

droplet freezing delay, static and dynamic anti-icing performance, in-situ icing 

observation, and icing wind tunnel tests. The de-icing methods include centrifugal, 

normal tensile, horizontal push, and electro-thermal methods. A majority of these 
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icephobicity tests were conducted on custom-built equipment setups and in-house in the 

university, with the exception of icing wind tunnel evaluation, normal tensile and 

horizontal push de-icing methods. The durability of developed coatings was investigated 

using water (+SiC particles) impinging erosion tests and a further evaluation of the liquid 

retention capability of liquid-infused coatings via an overnight water immersion 

technique. Finally, the icephobic performance was reevaluated on the 

impinged/immersed coatings to ascertain the continued icephobic capabilities of the 

developed coatings. The material types and coatings are summarised in table 3.1. Error 

bars were calculated based on a standard deviation of three measured values. 

3.1 Substrates and raw materials 

Two-part thermoset polyurethanes namely: Vytaflex 40A (PU-1); Smooth-Cast Semi-

Rigid Series 61D (PU-2); Smooth-Cast 320 70D (PU-3); Smooth-Cast ONYX 80D (PU-

4); PMC-790 (PU-5) were procured from Smooth-on (USA), and thermoplastic 

polyurethane matrix Estane 54610 (TPU) in form of pellets was provided by Lubrizol 

(USA). Polydimethylsiloxane (PDMS) R-2180 was purchased from NuSil Technology, 

USA. Hexagonal Boron Nitride nanoparticles with a size of 70 nm (hBN NPs) were 

obtained from Lower Friction (Canada). Hydrophobic functionalized silicon dioxide 

nanoparticles AEROSIL R 9200 (nSiO2) were purchased from Evonik UK. 

Kevlar Aramid pulp, Twaron ® 5011 (Kevlar fibres, 125 µm average length), was kindly 

provided by Teijin Aramid GmBH (Germany). Carbiso Mil 100µ (milled carbon fibres, 

80-100 µm average length) was obtained from Easy composites (UK). Reduced graphene 

nanoplatelets, CamGraph G3 (GR, lateral size of ~400 nm and flake thickness of ~3 nm), 

were purchased from FGV Cambridge Nanosystems (UK). Nanodiamonds powder (ND, 
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spherical size ≤100 nm) was procured from Jichang Metal processing Ltd. (China). 

Silicon carbide particles (SC224 600 mesh) for the water impinging erosion test were 

supplied by Simba Materials (UK). Triton X-100 was purchased from Sigma-Aldrich.  

1H,1H,2H,2H-Perfluorooctyltriethoxysilane (POTS) was procured from Fluorochem Ltd 

UK. Micro-polishing cloth and colloidal silica suspension were procured from Struers 

and MetPrep respectively.  N, N-Dimethylformamide (DMF), ethanol, and xylene were 

supplied by Sigma-Aldrich UK. The metallic plates, SS 303 and aluminium 2024, were 

procured from Smith Metal Centres Ltd, UK. All materials were used as received. 

3.2 Preparation of metallic surfaces 

Stainless steel 303 (SS 303) and aluminium 2024 (Al 2024) plates measuring 50 mm x 20 

mm x 3 mm and 50 mm x 20 mm x 1 mm respectively were used. All aluminium and 

stainless steel plates were washed with ethanol and deionized water three times and then 

dried using compressed air, prior to testing and further treatment.  

 

Figure 3.1: (a) Guyson F1200 Sandblaster and (b) Chemat spin-coater KW-4A. 
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Table 3.1: List of the prepared metallic samples and their surface treatments. 

Sample 

types 

Sample 

codes 
Surfaces Surface treatment  Description 

Aluminium 

substrates 

(Al) 

Al-AR 

Al2024 

- As-received 

Al-SB Sandblasted 
With 180-220 µm 

alumina particles 

Al-fSB Sandblasted POTS Functionalised 

Al-S1 Grinded 
Grinded (with 320 

grit) 

Al-S2 Polished 
With 1 µm polishing 

cloth 

Al-S3 Polished 
With 0.25 µm Silica 

particles 

Stainless 

steel 

substrates 

(SS) 

SS-AR 

SS 303 

- As-received 

SS-SB Sandblasted 
With 180-220 µm 

alumina particles 

SS-fSB Sandblasted POTS Functionalised 

SS-S1 Grinded 
Grinded (with 320 

grit) 

SS-S2 Polished 
With 1 µm polishing 

cloth 

SS-S3 Polished 
With 0.25 µm Silica 

particles 

The metallic plates were smoothened using grinding and polishing with a series of steps 

employing sandpapers having grits sizes of (i) 220 and 320, (ii) 400, 600 and 1 µm 

polishing cloths, and (iii) 0.25 µm (chemically induced) polishing cloths using Metprep 

colloidal silica suspension particles for samples (i) Al-S1/SS-S1, (ii) Al-S2/SS-S2 and 

(iii) Al-S3/SS-S3, respectively. Al-SB/SS-SB samples were roughened in a Guyson 

F1200 sandblaster system, shown in figure 3.1a, with Guyson 180-220 µm alumina 

particles. All metallic samples are listed in table 3.1. 
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3.3 Preparation of pure polymeric coatings 

All polymeric coatings were applied on the aluminium substrates and the substrates were 

sandblasted to enhance the coating adhesion, in a Guyson F1200 sandblaster with 180-

220 µm alumina particles. The substrates were then washed with ethanol and deionized 

water thrice and dried using compressed air before the coating application. 

PU-1, PU-2, PU-3, PU-4 and PU-5 resins were prepared using magnetic stirring at Part A 

: Part B weight ratios of 100 : 100, 100 : 93, 100 : 90, 100 : 83 and 200 : 100 respectively. 

IKA® C-MG HS7 hotplate was for magnetic stirring. Then the resins were brush coated 

on the sandblasted aluminium substrates. PU-1 coatings were cured in memmert GmbH 

WF110 oven, at room temperature (RT) for 16 hours and post-treated at 65 
o
C for 4 

hours. PU-2 and PU-3 coatings were cured at 30 
o
C for 5 hours and post-treated at 65 

o
C 

for 4 hours. PU-4 coatings were cured 65 
o
C for 5 hours and post-treated at 121 

o
C for 4 

hours. PU-5 coatings were cured at 25 
o
C for 48 hours and post-treated at 65 

o
C for 4 

hours. The TPU coatings were developed by dissolving 1 gram of TPU pellets in 1.5 ml 

of DMF and the coatings were applied using the dip-coating method. For PDMS 

coatings, magnetic stirring was used to mix 1 gram of PDMS Part A and Part B (1:1) in 3 

ml xylene for 3 hours. All the developed pure polymeric coatings are detailed in table 3.2. 

3.4 Nanocomposite coatings 

3.4.1 Hydrophobic coatings 

For hydrophobic coatings (TPU-5/5f/10/40/60/80), 2 grams of TPU pellets were 

dissolved in 3 ml of DMF on a magnetic stirrer at 60 
o
C. TPU/hBNs coatings with 

5/10/40/60/80 wt% of hBN NPs were dispersed in 1/1.5/3.0/4.0/5.0 ml DMF using 

ultrasonic mixing for one hour, respectively. The ultrasonic mixing was carried using 
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Cole-Parmer 08895-46 ultrasonic bath. Magnetic stirring was then used to mix the 

solution in a single vial for 60 minutes, followed by 30 minutes of ultrasonic mixing. All 

TPU/hBNs coatings were fabricated using the dip-coating method. The resultant coatings 

were dried in the oven at 80 
o
C for 4 hours and followed by a further treatment at 150 

o
C 

for 8 hours. The composition of the coatings is mentioned in table 3.2. 

Table 3.2: List of pure polymeric and functional coatings and their compositions. 

Sample types 
Sample 

codes 
Substrates Coatings / filler Description 

Pristine polymeric 

coatings 

(PU/TPU/PDMS) 

PU-1 

Al2024 

Thermoset PU 

variants 

Pristine 

PU-2 

PU-3 

PU-4 

PU-5 

TPU 
Thermoplastic 

PU 

PDMS PDMS  

Thermoplastic 

polyurethane 

nanocomposite 

coatings 

(TPU-hBN) 

TPU-5 

Al2024 Nanocomposite 

hBN (5 wt%) 

TPU-f5 
POTS Functionalised 

hBN (5 wt%) 

TPU-10 hBN (10 wt%) 

TPU-40 hBN (40 wt%) 

TPU-60 hBN (60 wt%) 

TPU-80 hBN (80 wt%) 

Superhydrophobic 

coatings 

(PDMS-nSiO2) 

SHS-5 

Al2024 Nanocomposite 

nSiO2 (5 wt%) 

SHS-10 nSiO2 (10 wt%) 

SHS-20 nSiO2 (20 wt%) 

SHS-40 nSiO2 (40 wt%) 

3.4.2 Superhydrophobic coatings 

For superhydrophobic coatings (SHS-5/10/20/40), magnetic stirring was used to mix 1 

gram of PDMS Part A and Part B in 1 ml xylene for 3 hours and ultrasonically dispersing 

5/10/20/40 wt% of nano-SiO2 in 2.5/3.0/3.5/4.0 ml of xylene, respectively. The formed 
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nanoparticle dispersions were then mixed with the PDMS solution using magnetic 

stirring for one hour, followed by 30 minutes of ultrasonic mixing. The coatings are 

further detailed in table 3.2. 

Chemat Technology spin-coater kW-4A, shown in figure 3.1b, was used to apply the 

PDMS/ nSiO2 coatings on the aluminium samples at a rotation speed of 1500 RPM for 

one minute and the coatings were dried and cured at 60 
o
C for 60 minutes, and then 150 

o
C for 150 minutes. 

3.4.3 Nanodiamond incorporated polyurethane coatings 

The nanodiamond incorporated polyurethane coatings were fabricated using the PU-5 

solution and the solution was magnetically stirred at a Part A : Part B ratio of 200 : 100 

by weight. Nanodiamond powders were introduced (as determined using the required 

weight percentages) and mixed in the resin solution during the stirring. The incorporated 

PU resins were then ultrasonically mixed for a further 30 minutes, and brush coated on 

the sandblasted aluminium substrates. All nanodiamond incorporated polyurethane 

coatings were cured at 25 
o
C for 48 hours and post-treated at 65 

o
C for 4 hours. The 

composition of nanocomposite-reinforced coatings is mentioned in table 3.3. 

3.4.4 Graphene incorporated polyurethane coatings 

A PU-5 solution was used to incorporate graphene powder mesh and the powder 

(required weight percentage) was incorporated during the magnetically stirring process. 

PU-5 was magnetically stirred at a Part A : Part B ratio of 200 : 100 by weight. The 

incorporated solution was then ultrasonically mixed for a further 30 minutes, and brush 

coated on the sandblasted aluminium substrates. All graphene incorporated polyurethane 

coatings were cured at 25 
o
C for 48 hours and post-treated at 65 

o
C for 4 hours. 
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Table 3.3: The reinforced/liquid-infused PU coatings and their compositions. 

Sample types 
Sample 

codes 
Substrates 

Surface 

treatment / 

coating / filler 

Description 

PU coatings with 

carbon fibre 

(PU-CF) 

PU-CF-0.5 

Sandblasted 

Al2024 

Fibre-reinforced 

PU-5 

Carbon fibre (0.5 wt%) 

PU-CF-1 Carbon fibre (1 wt%) 

PU-CF-3 Carbon fibre (3 wt%) 

PU-CF-5 Carbon fibre (5 wt%) 

PU-CF-20 Carbon fibre (20 wt%) 

PU coatings with 

Kevlar fibres 

(PU-KV) 

PU-KV-0.5 

Sandblasted 

Al2024 

Fibre-reinforced 

PU-5 

Kevlar fibre (0.5 wt%) 

PU-KV-1 Kevlar fibre (1 wt%) 

PU-KV-3 Kevlar fibre (3 wt%) 

PU-KV-5 Kevlar fibre (5 wt%) 

PU-KV-20 Kevlar fibre (20 wt%) 

PU coatings with 

nanodiamond 

(PU-ND) 

PU-ND-0.5 

Sandblasted 

Al2024 

Nanocomposite 

PU-5 

 

Nanodiamond (0.5 wt%) 

PU-ND-1 Nanodiamond (1 wt%) 

PU-ND-3 Nanodiamond (3 wt%) 

PU-ND-5 Nanodiamond (5 wt%) 

PU-ND-20 Nanodiamond (20 wt%) 

PU-ND-40 Nanodiamond (40 wt%) 

PU coatings with 

graphene 

(PU-GR) 

PU-GR-0.5 

Sandblasted 

Al2024 

Nanocomposite 

PU-5 

Graphene (0.5 wt%) 

PU-GR-1 Graphene (1 wt%) 

PU-GR-3 Graphene (3 wt%) 

PU-GR-5 Graphene (5 wt%) 

Liquid infused 

PU coatings 

(PU-gly) 

PU-gly-20 
Sandblasted 

Al2024 

Liquid-infused 

PU-5 
Glycerol (20 wt%) 

Liquid infused 

fibre-reinforced 

coatings 

(PU-CF-

gly/GIFRP) 

PU-20CF-

20gly 

(GIFRP) 

Sandblasted 

Al2024 
Hybrid PU-5 

Carbon fibre (20 wt%) 

and glycerol (20 wt%) 
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3.5 Fibre-reinforced composite coatings 

Carbon and Kevlar fibres were used to fabricated fibre-reinforce PU composite coatings 

and the fibres were mixed in desirable weight percentages. PU-5 solutions were 

magnetically stirred in two separate vials at a Part A : Part B ratio of 200 : 100 by weight. 

The fibres were introduced during the stirring stage and the solutions were then 

ultrasonically mixed for a further 30 minutes, and brush coated on the sandblasted 

aluminium substrates. All fibre-reinforced polyurethane composite coatings were cured at 

25 
o
C for 48 hours and post-treated at 65 

o
C for 4 hours. 

3.6 Liquid-infused coatings 

Liquid-infused PU coatings were fabricated by the inclusion of glycerol, in desired 

weight percentages, in PU-5 resin solutions. Liquid-infused fibre-reinforced coatings 

were also produced via the incorporation of carbon fibres and the infusion of glycerol in 

PU-5 coatings. Both the liquid and fibres were introduced during the magnetically 

stirring of PU-5 coating at Part A : Part B ratio of 200 : 100 by weight. The 

infused/hybrid PU resins were then ultrasonically mixed for further 30 minutes for the 

uniform distribution of glycerol droplets across the polyurethane matrix, and then, brush 

coated on the sandblasted aluminium substrates. The liquid-infused PU coatings were 

cured at 25 
o
C for 48 hours. The samples were not post-heat treated, as the post-heat 

treatment at higher temperatures could have an impact on the glycerol retention within 

the polyurethane matrix. 

3.7 Surface/particle functonalisation 

The hydrophobic functionalisation of hBN NPs (TPU-f5) was performed in a solution 

containing 400 mg of hBN NPs in 400 ml ethanol and the solution was ultrasonically 
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mixed for 1 hour. 3 ml of POTS were added to the solution and the hBN NPs were heat-

treated at 80 
o
C for 120 under reflux. The functionalised nanoparticles in the resultant 

solution were separated using centrifugal equipment, shown in figure 3.2a. The 

functionalised hBN NPs were then washed several times with ethanol and water. The NPs 

were left overnight to dry in an oven at 100 
o
C. The dry functionalised hBN NPs were 

used to incorporate TPU coatings, mentioned as TPU-fBN coatings. The functional 

coatings are listed in table 3.2. 

 

Figure 3.2: (a) The HERMILE labortechnik Z 200 A and (b) Sauter TI test stand with the 

Sauter HBA durometer. 

The aluminium and stainless steel samples were roughened using the Guyson F1200 

sandblaster system using Guyson 180-220 µm alumina particles and the metallic 

substrates were then washed with ethanol and deionized water thrice and dried using 

compressed air before the hydrophobic functionalisation. The samples were grafted by 

self-assembled monolayers of POTS using the chemical vapour deposition (CVD) 

method in a sealed vessel with 0.3 mL POTS at 180 °C for 3 hours. The functionalised 
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substrates are mentioned as Al-fSB/SS-fSB substrates. The functional surfaces are further 

described in table 3.1.  

3.8 Surface characterisation 

3.8.1 Scanning electron microscopy 

An FEI Quanta 650 ESEM (environmental scanning electron microscope), shown in 

figure 3.3, was used to acquire microstructural images and morphological changes on the 

eroded coatings. The coatings were sprayed with a gold or platinum layer (~5 nm) to 

enhance imaging and reduce beam damage to the coating. Gold or platinum layers were 

sprayed using Polaron SC7640 vacuum sputter equipment. The sputtered coatings along 

with substrates were mounted using epoxy resin with studs placed on the sample stage. 

The SEM images were generated using a low-vacuum secondary electron (LFD) detector 

at a pressure of 75 kPa and a high voltage of 10 kV. The working distance was kept at 8 

mm. Several HD images were captured to compare the observed materials at various 

comparable magnifications. 

 

Figure 3.3: (a) The FEI Quanta 650 ESEM system and (b) Polaron SC7640 vacuum 

sputter equipment. 
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3.8.2 Surface roughness measurement and 3D profilometry 

A Zeta-20 non-contact optical profiler, using a 50x magnification lens and at a working 

distance of 1 mm, was used to evaluate the surface roughness (Ra) and generate 3D 

profiles. The equipment and schematic diagram are shown in figure 3.4. The system is 

powered by ZDot™ technology, which simultaneously collects high-resolution 3D data 

over a continuously changing segmental distance from the surface. Therefore, the system 

generates 3D profiles by combining the optical data captured during the segmental steps. 

The surface profile data collected by the system was also extracted and were recreated via 

Matlab to generate further images to indicate true morphological changes on the surface.  

 

Figure 3.4: (a) A Zeta-20 non-contact optical profiler and (b) schematic diagram of the 

same equipment. 

The roughness values reported were the average of a minimum of 30 measurements, and 

Ra was measured over a line stretching across the observed surface. An area of 2.5 x 3.5 

mm was observed with each reading. The surface examination was carried out in a dark 
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room to mitigate any influence of additional unwanted illuminance on the surface. The 

detailed account of surface roughness measured on all the examined surfaces are 

provided in Appendix A. 

3.8.3 Thickness measurement 

The coating thickness was measured using Mahr GmBH Marcator 1075R digital 

indicator. The indicator is capable of measuring one micrometre to 20 millimetre thick 

coatings. For developed coatings, the substrates were measured before and after the 

coatings were applied. The difference in the results is the coating thickness and the 

average coating thickness is around 400 microns. 

3.9 Evaluation of hydrophobicity 

Water contact angles (WCAs) were measured using FTÅ200 goniometer, shown in figure 

3.5 and the sessile drop technique was used to process the signals and generate images. 

The goniometer has a dedicated syringe attached to a motorised controller and the 

volume capacity and the type of syringe were pre-specified in the software before the 

analysis. The dispensing of water was controlled by the motorised moment and a 5 μl 

water droplet was analysed. The sessile drop technique was employed for the analysis of 

WCAs. The system was kept at room temperature conditions and the temperature was 

monitored for the consistency and repeatability of results. In this project, the same 

equipment was used to measure static and dynamic WCAs. 

In static-type measurements, a control volume of de-ionised water was dispensed and the 

image was generated using the goniometer. Using the sessile drop technique, water 

contact angle measurements was recorded. In dynamic-type measurements, a control 

volume of de-ionised water was dispensed and the tip of the syringe was immersed in the 
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water droplet. Software analysis was changed to dispense in drop method (a type of 

sessile drop technique).  

 

Figure 3.5: The FTÅ200 goniometer. 

There are two types of dynamic type measurements i.e. advancing water contact angles 

and receding water contact angles. The difference between advancing and receding water 

contact angles is called water contact hysteresis (CAH). The rate of water 

dispensation/retraction was set at 1 μl/s and it was ensured that there were no air bubbles 

in the syringe. For advancing water contact angles, the angle of the water droplet towards 

the surface (wetting) was measured in iterations with respect to the changing base area 

(wet surface area). Similarly, for receding water contact angles, the angle of the water 

shearing (de-wetting) was measured in iterations with respect to the changing base area. 

Once the data were stored, the dynamic WCAs were only recorded when the base area 

was changing periodically and the CAH was calculated after the dynamic WCAs were 

measured. 

In-situ water condensation observation 

In-situ water condensation observation was carried in an FEI Quanta 650 ESEM 

(environmental scanning electron microscope). The system has the capability to adjust 
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water vapour pressure within the test chamber to simulate high-humidity conditions. The 

in-situ water condensation in this work was carried at 97%-100% relative humidity and 

the sample was examined using a gaseous secondary electron detector (GSED) detector at 

a chamber pressure of 0.3-0.7 kPa. It is imperative to mention that the coatings were not 

sputtered with gold or platinum layers for these tests as it may alter the surface 

characteristics of the surface, such as surface energy or wettability.  The samples were 

exposed to high-humidity conditions for a certain period of time and the water vapours 

were allowed to condense on the surface. The HD SEM images were captured once a 

certain microstructural water condensation was achieved. 

 

Figure 3.6: The Peltier cooling plate used for the majority of the anti-icing tests. 

3.10 Anti-icing methods 

All the anti-icing tests were conducted in a custom-built chamber located on RZ 

Medizintechnik GmbH Peltier cooling plate, shown in figure 3.6. The temperature around 

the testing area was monitored using an open K-type thermocouple which was placed 

near the samples during the tests. In all the tests, a fan, circulating the airflow at ~3.8 m/s 

(or ~32 CFM), was operational to ensure temperature consistency in the chamber. 
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3.10.1 Water droplet freezing delay test 

The ambient temperature was set at -11 
o
C for water droplet freezing delays tests. The 

surface temperature was monitored using a high-temperature type K surface probe and 

maintained at -10 
o
C. The measurement method is described in detail elsewhere [132] and 

is depicted in figure 3.7. A controlled volume, 5 µl, was dispensed using a syringe pump 

on ten different spots of the samples and an average of the freezing delays was calculated. 

 

Figure 3.7: The water droplet icing delay test setup (created using biorender.com). 

3.10.2 Static anti-icing tests 

The samples were placed at 45
o
 angle against a metal stand and facing nebulized humid 

vapours. The nebulized humid vapours were generated using Omron Ultrasonic 

Nebulizer NE-U17. A total of 20 ± 2 ml of humid vapours were fed into the system to 

encourage condensation/frosting and simulate stormy icing conditions, as shown in figure 

3.8. The water vapours were maintained throughout the tests and the volume was 

monitored. The surface temperature of -10 
o
C was maintained throughout the tests (and 

measured through an open K-type thermocouple). The test duration was one hour and the 

weight of frost accumulated was measured.  Each test was repeated three times and an 

average was calculated. The surface was pictured via a high definition camera thrice 
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during the ice accumulation process to understand the ice nucleation over the different 

surfaces. 

 

Figure 3.8: A depiction of static anti-icing test setup (created using biorender.com). 

3.10.3 Dynamic anti-icing tests 

The dynamic anti-icing tests employ a similar setup to that of static anti-icing tests, but 

instead of the stationary stand, the setup hosts a dynamic rotor, shown in figure 3.9a. The 

custom-built metal rotor with 6 seats for samples was used for rotary tests, shown in 

figure 3.9b. The samples were fastened by means of a screw and the rotor was spun at 30 

rpm in similar humid conditions as static anti-icing tests. To ensure repeatability and to 

expose the coated surface only, the backside or metallic side of the samples were covered 

by peel-able tape and the tape was peeled after the tests. The ice accumulation was 

measured after an hour of test and an average of three tests was calculated. The samples 

were also pictured after the tests and a sample test is visualised in Appendix A. 
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Figure 3.9: (a) The setup of dynamic anti-icing tests and (b) the custom-built 6-seater 

metal rotor. 

3.10.4 Anti-icing test after an overnight water immersion 

The technique was deployed to understand the retention and influence of liquid-infused 

coatings on anti-icing performance. The technique involved submerging the samples in 

distilled water for 24 hours and the static and dynamic anti-icing tests were repeated on 

liquid-infused coatings. Furthermore, anti-icing tests were again repeated on water-

immersed coatings after 24 hours of first testing to ascertain the obtained results. In total, 

there were two tests conducted in 48 hours. The tests were carried along the dry coatings 

to compare the liquid-infused coatings in similar environment and conditions. 

3.10.5 In-situ icing and de-icing observation 

An FEI Quanta 650 ESEM (environmental scanning electron microscope) with controlled 

humidity and temperature was used to perform in-situ icing observations. In the in-situ 

icing study, the chamber humidity was raised above 90% RH to wet the surface and the 

temperature was dropped to sub-zero temperature (down to -5 
o
C) using a Peltier cooling 

plate to allow the ice growth over the surface. The water-cooled Peltier cooling stage is 

shown in figure 3.10. Once the ice is grown on the surface, the ice was carefully retracted 
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via a controlled change in temperature and humidity. The ice retracting patterns were 

recorded. The system is capable of generating micro-level SEM images for the icing 

study, and the ice retracting behaviour on the surface was analysed. 

 

Figure 3.10: The Peltier cooling plate used in the in-situ icing observations. 

3.11 De-icing methods 

3.11.1 Centrifugal method (CAT) 

The centrifugal de-icing tests were conducted in two separate equipment i.e. 

environmental chamber to mimic environmental icing conditions and centrifuge systems 

to provide centrifugal shear force to remove the ice formed. Design Environmental 

ALPHA 1550-40H equipment was used to mimic icing conditions, shown in figure 3.11. 

All the sample tests were conducted at a temperature of -10 
o
C. 

The centrifuge system consists of a stainless steel (SS) cylindrical drum of depth 300 mm 

and diameter 500 mm, shown in figure 3.12c. The carbon-reinforced fibre spinning arm, 

of thickness 3 mm, width 20 mm and radius of 192.5 mm is attached to a MOOG G403-

2053A servo motor. The servo motor can attain a rotational speed of 4500 rad/min and 
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was accelerated and decelerated at 33 rad/min/sec and 200 rad/min/sec, respectively. The 

ice was grown over the sample by means of silicon moulds having 3.1 ml of de-ionised 

water. The moulds were then flipped upside down and kept against gravity for overnight 

freezing at -10 
o
C, depicted in figure 3.12a.  

 

Figure 3.11: The design environmental chamber. 

Once the ice was formed, the sample was mounted on the spinning arm and a counter-

weight mimicking similar weight (sample, substrate, water, and mould) was attached, 

depicted in figure 3.12b. The counterweight was pivotal to avoid vibrational forces that 

could be generated due to the unbalanced centrifugal forces. Together with the spinning 

arm, an accelerometer was attached to measure the acceleration of the spinning arm at the 

time of detachment of an ice block. A delicate approach was employed when samples are 
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being mounted to avoid introducing a mechanical history in the formed ice. Gloves were 

worn so that heat exchange between sample and human heat was minimal and sufficient 

time is allocated (5-6 minutes) once the chamber was closed after mounting of sample to 

attain constant and uniform temperature for testing. 

The centrifugal shearing force F (N) is determined from Eq. (3.1): 

                                                                         

where ω (rad/s) is the rotational speed at the point of ice removal, r (m) is the rotor 

length, and m (kg) is the mass of ice. The ice (shear) adhesion strength ice can then be 

calculated as  

      
 ⁄                                                               

where A (m
2
) is the substrate/ice contact area. 

The centrifugal method to evaluate the ice adhesion strength in this work has previously 

been applied by many researchers [10, 67, 152] and a recent publication indicated its 

compatibility with the other widely used methods such as the horizontal force transducer 

method [31]. However, for a dynamic test such as the centrifugal method, there is always 

a risk of inherent motion or shake during the sample mounting procedures [176], and it 

was rectified in this study by developing multiple rods that could be directly used for ice 

accretion on the samples and then mounted on the testing rig with minimal impact on the 

ice bonding.  
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Figure 3.12: (a) Ice formation on a sample surface, (b) the details of the centrifugal 

testing method, and (c) the actual picture of the centrifuge (adapted from reference [177]) 

(figure created using biorender.com). 

3.11.2 Horizontal push method (HPM) 

Ice shear strength was measured using a horizontal push method, in collaboration with 

the University of British Columbia, in a custom-built setup at the surface temperature of -

10 
o
C, shown in figure 3.13. More details on the custom-built setup are detailed were 

reported previously [71].  
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A square-shaped mould of volume 5.48 cm
3
 was used to formed ice on a closed-loop 

water-cooled Peltier plate. The height of the force probe in HPM was kept at a minimal 

distance from the surface to eliminate the discrepancies in the adhesion measurements. 

The adhesion strength was measured employing a digital force gauge, pushed at 100 

µm/s and the force gauge had a capacity of measuring up to 500 N at a resolution of 

0.1N. 

 

Figure 3.13: A focused image of the horizontal push method, together with ice samples. 

3.11.3 Normal tensile (NTM) 

Unlike the centrifugal and push methods which are based on shear strength (Mode II 

fracture), the tensile de-icing method measured the normal adhesion strength (Mode I 

fracture). However, due to the application of transverse motion on one side of the bulk 

ice, the shear-based de-icing methods often produce a combination of Mode I and Mode 

II fracture [151, 178]. The normal adhesion force on the tensile method was measured via 

a custom-made ice mould in a lab, based at the University of British Columbia and the 

equipment is visualised in figure 3.14a. The system was connected to a force gauge and 

was pulled using the threads connected on the opposite ends of the ice mould, shown in 

figure 3.14b.  
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The shape and geometry of the ice mould were optimised to achieve a uniform stress 

distribution across the contact area. More details on the tensile method and its 

construction were reported previously [179]. A digital force gauge of a similar 

configuration as that of HPM was used. The surface temperature was maintained at -10 

o
C during the ice formation and throughout the testing duration. 

 

Figure 3.14: (a) the normal tensile de-icing method (adapted from reference [179]) and 

(b) the schematic principle of the tensile method. 

3.11.4 Electro-thermal de-icing evaluation 

For electro-thermal de-icing tests, the bulk ice was formed over the surface using silicone 

moulds against gravity and the ice was formed overnight. The electro-thermal de-icing 

evaluation was carried out by the introduction of heating at ice/surface interfaces, and no 

external mechanical forces were introduced during the ice melting process and the ice 

was allowed to detach under the gravitational pull, as depicted in figure 3.15. It is 

important to mention that the samples were held perpendicularly and a shear force could 
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be generated at the ice/solid interfaces under the influence of gravity. Thus, the electro-

thermal de-icing method is different from other de-icing methods used in this study 

which mainly utilise external mechanical forces to de-ice. The electro-thermal de-icing 

was conducted in a custom-built de-icing rig, constituting a sandwiched heating element 

that was connected to a 12 V, 0.3 A power source to heat the sample. The samples were 

mounted on the rig and were allowed to cool down to -10 
o
C. The test was initiated at a 

time when the surface temperature reached -10 
o
C. The de-icing method is described in 

detail in previous work [180].  The temperature was monitored using a rod thermostat 

which was inserted in the rig, located between the heating element and the sample. In all 

the tests, a fan was operational to ensure temperature consistency in the chamber. 

 

Figure 3.15: The electro-thermal de-icing test setup. 

3.12 Surface durability 

3.12.1 Shore hardness tests 

Shore hardness was measured using a SAUTER durometer having Shore hardness A and 

D scales, shown in figure 3.2b. The durometer was attached to SAUTER test stands TI-
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AO and TI-D for Shore hardness A and D scales, respectively. The hardness reported was 

an average penetration (Shore) value based on 10 separate measurement. 

3.12.2 Water impinging erosion tests (WIETs) 

To evaluate the coating durability, erosion tests from the impingement of silicon carbide 

aqueous suspension were carried out. The silicon carbide suspension was prepared using 

1 wt% silicon carbide microparticles and 0.1 wt% of Triton X-100. The suspension was 

then magnetically stirred for 4 hours. During the impinging test, the suspension was 

pressurized through a PNR ultrasonic atomiser nozzle (MAD 0331 B1BB) using 

compressed gas and the micro-droplets impinged onto the coating specimen, as depicted 

in figure 3.16. The system was maintained at a liquid flow rate of 1.2 mL/s, a distance 

between the nozzle and the specimen of 4 cm, and a duration of 90 minutes. The surface 

morphology, surface roughness and ice adhesion strength of the coatings were measured 

before and after the erosion tests. 

 

Figure 3.16: A depiction of water impinging erosion test setup (created using 

biorender.com). 
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Chapter 4   

Variations of response with surface characteristics in 

icephobicity evaluation methods 

4.1 Introduction 

Multiple aspects of ice-related problems were widely studied but ice adhesion (de-icing) 

or a delay in ice formation (anti-icing) remain the primary indicators in passive icephobic 

studies. Over the last 90 years, dissimilar ice forming techniques and different de-icing 

and anti-icing evaluation methods were used to evaluate the icephobic performance. The 

majority of de-icing tests consist of mechanical tests (such as push method) [140-142], 

shear methods (such as shear lap joint test) [143-145], centrifuge rotating tests [10, 146, 

147], and tensile methods [148-150]. The anti-icing tests consist of water droplet freezing 

delays [181, 182] and anti-frost performance [83, 183]. Despite the passive icephobicity 

studies existing for decades, there is no standardised method to measure icephobic 

performance. The lack of a standardised icephobicity evaluation method means that each 

research group publishes their own measured data and the comparability of data is 

difficult due to the variation in icing sample preparation, measured magnitude, applied 

force and the interfacial contact areas. Interlaboratory examinations have been initiated in 

the last few years [31, 184], and reviews on existing evaluation techniques are reported 

[1, 151, 185]. However, the influence of surface characteristics has not been studied.  
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Thus, there is a need to initially examine the variation in response of popular icephobicity 

evaluation methods and subsequently, understand the role of surface characteristics and 

interfacial mechanisms for both icephobic strategies. These results can prompt further 

understanding on the influence of surface characteristics, which may involve a systematic 

alteration in surface characteristics. 

In this chapter, an interlaboratory comparative study of three de-icing methods was 

conducted and the results were compared with anti-icing test methods. The influence of 

surface characteristics in icephobicity evaluation methods was investigated. Firstly, ice 

adhesion strength was measured with three established de-icing methods, ensuring the 

same interfacial contact area (3.1 cm
2
) for all the tests. Secondly, the effect of heat 

conduction on ice detachment was examined via a hybrid de-icing method, without 

introducing an external mechanical force and experiencing the gravitational pull. Thirdly, 

anti-icing capabilities were evaluated using water droplet freezing delays and static ice 

accumulation studies. The preliminary water droplet freezing delay and ice accumulation 

results were plotted alongside the ice adhesion results measured using the CAT method to 

observe if the surface characteristics have a similar quantifiable impact on anti-icing 

evaluation methods as compared to those of the de-icing methods. For the first time, the 

de-icing and anti-icing results using established testing methods were compared and the 

variation in response of each method to surface roughness and/or wettability was 

investigated. The methods were also debated in terms of fracture mechanics at ice/solid 

interfaces, thermodynamics, and the influence of surface wettability. The conclusions 

could help to offer crucial pre-selection information of popular icephobicity evaluation 

methods and their variation in response with surface characteristics. 
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4.2 Response variation with surface characteristics in different de-icing methods 

4.2.1 Comparative analysis of de-icing methods 

The ice adhesion measurements acquired using the HPM, the CAT, and the NTM are 

illustrated in figure 4.1a, 4.1b, and 4.1c, respectively. The results obtained on the CAT 

and the HPM methods suggest a linear relationship of ice adhesion strength with surface 

roughness. All the methods were sensitive to surface roughness, but the CAT method 

showed greater sensitivity. For example, on aluminium substrates, ~12 fold increase in 

ice adhesion was observed from Al-SB to Al-S3 samples using the CAT method, 

whereas, ~2 fold increase was observed on the HPM method. The metallic samples 

examined in this chapter were roughened, as-received, and smoothed substrates and are 

detailed in table 3.1. The microscopically rough surface not only provides large cavities 

for possible ice anchoring points and substantial mechanical interlocking but also extends 

the contact area of the ice, thus the true interfacial contact area is enlarged. Similarly, the 

smoothening of surfaces reduces the number of cavities and subsequently, the overall true 

interfacial area is shrunk and the mechanical interlocking is minimised. Thus, the 

interfacial area and mechanical interlocking of ice could be used to explain the higher ice 

adhesion on the microscopically rough surface. 

The CAT and the NTM demonstrated a greater sensitivity among the studied samples. 

For example, the dotted-square in figure 4.1a, 4.1b, and 4.1c show that the polymeric 

nanocomposite samples indicated a higher ice adhesion as compared to the metallic 

samples at similar surface roughness using the CAT and NTM methods. The composition 

of polymeric nanocomposite coatings examined in this chapter is detailed in table 3.2. A 

~2 fold increase in magnitude was observed between the polymeric and metallic samples 
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on both the CAT and NTM methods, compared to ~1.2 fold increase using the HPM 

method. The adhesive ice failure was reported on the majority of the tested samples in all 

three de-icing methods, whereas the ice on rougher surfaces, especially on sandblasted 

samples, might have been detached cohesively. Thus, the definitive comparisons drawn 

in this section, in terms of ice detachment magnitudes, were only based on the adhesion 

failures. 

 

Figure 4.1: Ice adhesion strength vs. surface roughness using (a) the horizontal push 

method, (b) the centrifugal method, and (c) the tensile method. The dotted square 

indicates samples with similar surface roughness and the dotted line indicates a change 

(an increase) in ice adhesion strengths below a certain surface roughness range. 
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Some observations can be drawn on the ice adhesion results measured with the NTM 

setup. Firstly, the magnitude of ice adhesion measured on the NTM setup is in the range 

of 200-1500 kPa, as compared to 200-800 kPa and 10-160 kPa using the HPM and CAT 

methods, respectively. The comparison of the ice adhesion strength does not necessarily 

suggest a direct relationship between the studied de-icing methods, but the differences in 

magnitude measured by different de-icing methods could be reflected in figure 4.1. A 

direct comparison of ice adhesion magnitude may not be suitable as the NTM measures 

the ice fracture in Mode I fracture (tensile detachment), whereas the shear methods 

detach the ice in a combination of Mode I and Mode II fracture (shear and tensile 

detachment). 

Secondly, ice adhesion measured using the NTM method demonstrated a non-linear 

relationship with surface roughness, rather a non-monotonic curvilinear relationship. 

Surprisingly, a higher ice adhesion strength was recorded on the smoother samples using 

the NTM method, whereas, the ice adhesion strength on similar samples decreased with 

the lower surface roughness using the CAT and HPM methods. This observation suggests 

that there are other influencing factors in the NTM methods, and the results are further 

debated in terms of surface wettability in the next section. 

4.2.2 Correlation of contact angle hysteresis on ice adhesion 

The previous section indicated a strong sensitivity of the de-icing methods on surface 

roughness and the lower surface roughness resulted in reduced ice adhesion strength on 

most samples. However, a higher ice adhesion was obtained on the smoothed samples in 

the NTM test. To understand ice adhesion behaviour with the NTM method, the ice 

adhesion results were plotted in a single figure with contact angle hysteresis (CAH) 
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values as shown in figures 4.2a, 4.2b and 4.2c. Two conclusions can be drawn from 

figure 4.2. Firstly, the CAH demonstrated inverse proportionality with ice adhesion 

strength on the SS samples. Similar correlations of ice adhesion strength with CAH were 

also observed on the aluminium samples and TPU-BN coatings, and the figures are given 

in Appendix A. It is imperative to mention that the ice adhesion, obtained using the CAT 

and the NTM methods did not correlate with CAH values completely. The CAHs 

correlated with surface roughness (Ra) below 0.5 µm on the studied surfaces and the 

receding water contact angles also followed a similar trend, shown in Appendix A. The 

correlation of CAHs on ice adhesion in a certain range suggests a dominant role of 

surface wettability, whereas the mechanical interlocking forces may add up on surfaces 

roughness above 0.5 µm due to a higher interfacial contact with the surface.  

The surface roughness (Ra) of <0.5 µm is not a rigid value to evaluate the relationship of 

CAHs with surface roughness as the data is limited to reach a conclusion; it is rather an 

indication of a probable change in ice fracture mechanics. Bishoy et al. [186] indicated a 

modest dependence of ice adhesion strength in the surface roughness (RMS) at  0.5 µm 

and reported a several-fold increase in adhesion strength with a larger surface roughness 

(1-5 µm). This critical surface roughness ( 0.5 µm) might be linked to the detailed 

microstructures. Similar observations were also reported in other relevant works [70, 

187]. Thus, the ice adhesion obtained on a surface with the roughness below the critical 

range could be explained by CAHs, whereas the rapid increase in ice adhesion beyond 

the critical range may be attributed to the mechanical forces generated in the enhanced 

interfacial contact area. 
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Figure 4.2: Ice adhesion strength and CAH vs. surface roughness on the (a) aluminium 

substrates, (b) SS substrates, and (c) TPU-BN coatings obtained using the NTM method. 

The red arrows indicate the ice adhesion strength data points and the blue arrows indicate 

the contact angle hysteresis data points. 

Secondly, the ice adhesion correlated ‘inversely’ with CAHs on tensile ice adhesion 

strength, contrary to many studies that suggest a direct relationship using shear ice 

adhesion methods [188, 189]. However, the tensile ice adhesion demonstrated a partial 

correlation with receding water contact angles over a certain range of surface roughness, 

with an exception of sandblasted samples, as shown in Appendix A. It is imperative to 

mention that the ice adhesion increased systemically with an increase of surface 

roughness in the shear-based de-icing methods, whereas in the normal-based tensile 

method, the ice adhesion decreased with an increase in surface roughness at first and then 

the adhesion strength increased over a certain range of higher surface roughness. The 
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roughening of surfaces may result in a change of spatial parameter (e.g. auto-correlation 

length), which links to the spacing of surface features. Davis et al. [190] reported similar 

findings on an air-pressurised tensile system and indicated that the ice adhesion 

correlated directly with the spatial parameter, rather than a partial correlation with the 

arithmetic roughness.  

The relationship of tensile ice adhesion with CAHs could be further explained in terms of 

the interfacial contact area and the subsequent change in surface wettability. Typically, 

the water contact angles are an indicator of surface tension exerted by the substrate and 

an enhancement of the angles indicate a decreased chemical affinity with the substrate 

(considering the polar component only) [53, 154]. Furthermore, the work required 

breaking the ice interface or work of adhesion on a tensile system is the product of the 

interfacial contact area and surface free energy [185]. Additionally, the CAHs are an 

indicative measurement for surface free energy, and Gao et al. [191] explained CAHs 

from the perspective of the kinematics of a metastable droplet. They reported the CAHs 

values as a reflection of the activation energy and the CAHs can be quantitatively 

expressed in terms of changes in interfacial free energy. However, this assumption is only 

valid for liquids on a perfectly smooth surface and may differ from a frozen liquid as a 

solid adhesive. Thus, the smoothing of samples may alter the probability and/or intensity 

of surface wetting, which are heavily influenced by the surface energy. The relationship 

between the  ( ) (force required to break an ice/surface interface) and the work of 

adhesion    (the practical work calculated based on surface wettability) is not 

straightforward but they are intrinsically linked to one another [192]. 
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4.2.3 Ice adhesion strength of POTS coated surfaces 

The idea of measuring ice adhesion on samples having similar surface roughness but 

varying surface wettability was explored to understand the influence of the POTS coated 

surfaces on the studied de-icing methods. Figure 4.3a shows the ice adhesion measured 

on the aluminium samples before and after the hydrophobic-functionalisation. An 

increase in CAHs after the functionalisation of the metallic surfaces could be attributed to 

a higher interfacial contact and the surfaces are expected to be wetted in a Wenzel (or 

mixed with Cassie-Baxter) regime [193]. The results obtained on the aluminium samples 

indicate a reduction in ice adhesion across the de-icing methods. The ice adhesion 

obtained on the SS samples and TPU-BN coatings is summarised in figure 4.3b and 4.3c, 

respectively. The TPU-BN coatings were incorporated with either pristine hBNs particles 

or POTS functionalised hBNs particles for comparison purposes. 

The results confirmed that the NTM method demonstrated a greater sensitivity to the 

surface functionalisation as compared to other de-icing methods and indicated a 

significant reduction in ice adhesion strength after surface functionalisation. A dominant 

role of surface wettability (CAHs) on normal ice adhesion strength could be reflected in 

figure 4.3. The HPM method was relatively insensitive to the change to the POTS coated 

surfaces and surprisingly, the ice adhesion increased after the surface functionalisation of 

hBNs nanoparticles incorporated in TPU-5 coatings. The tests indicated a clear 

dominance of mechanical forces over the influence of wetting behaviours in the cases of 

the HPM and the CAT methods, and these methods might have only evaluated the 

mechanical adhesion of ice. The dominancy of mechanical forces might come from the 

stress concentrations that could have been generated due to the uneven distribution of 
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shear and peeling forces as depicted in figure 4.4a. This may form the rationale behind 

the significant reduction in ice adhesion after hydrophobic functionalisation using the 

NTM method (as the mechanical interlocking of ice would have much less effect on 

perpendicular pull-up forces), whereas, the mechanical forces-dominant systems, such as 

the CAT and the HPM methods, were less sensitive to wettability. 

 

Figure 4.3: Ice adhesion before and after the surface functionalisation of (a) the SS-SB 

samples (b) Al-SB samples, and (c) TPU-5 coatings (Before Func.: incorporated with 

pristine hBNs, After Func.: incorporated with POTS functionalised hBNs). The red 

arrows indicate the contact angle hysteresis data points and the blue arrows indicate the 

ice adhesion strength data points. 

4.2.4 Effect of heat conduction on ice detachment  

Several researchers have also examined the use of active support in combination with a 

passive system to aid the de-icing process [194, 195]. The idea is also an active field of 
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research in aerospace and wind energy industries as the energy-saving alternatives to 

current energy-intensive de-icing methods. In this section, the studied samples, which 

demonstrated considerable sensitivity to surface roughness and/or wettability using the 

mechanical de-icing methods, were examined to understand the influence of heating 

potential at the ice/surface interfacial contact area under the gravitational pull, but 

without the influence of a detaching external mechanical shear/normal force. 

Theoretically, a shear force could be generated at the ice/surface interfaces by gravity as 

the sample was held perpendicularly to the surface. Preliminary tests were conducted to 

investigate if the surface characteristics of the samples have any impact on the duration of 

heating in ice melt tests. It is imperative to mention that the substrates’ or coatings’ 

thermal and electrical conductance might influence the test readings. The coating 

thickness in the case of the polymeric coatings may also produce a thermal gradient 

across the coating types. Thus, the tests were purely indicative and direct comparisons 

could not be drawn to compare the heating de-icing mechanism to passive de-icing 

methods.  

Schaaf et al. [196] conducted various tensile ice adhesion measurements on samples 

having different surface roughness and the interfacial contact area was heated with an 

induction heating method. They indicated that the smoother surfaces needed a less 

debonding energy under a similar tension loading at a temperature of –6 
o
C. In this 

chapter, the constant heating potential was supplied at ice-surface interfaces via heat 

conduction through the heating plate, shown in figure 3.16 and ambient temperature was 

controlled throughout the tests. The heating potential was continued until the ice cube 

dropped under the influence of gravity and no external additional force was exerted on 
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the ice cube. The heating time (time to detach the ice cube), alongside ice adhesion 

measured on the centrifugal method, on the SS samples is shown in figure 4.4a. The 

results obtained on the aluminium samples and TPU-hBN coatings are summarised in 

figure 4.4b and 4.4c, respectively. These figures indicate a partial correlation of the 

heating time with surface roughness (Ra) below 0.5 µm. Furthermore, the time to detach 

the ice cube on all the studied samples was in the range of 530-700 seconds.  

 

Figure 4.4: Ice heating melt tests on (a) the SS substrates, (b) the aluminium substrates, 

and (c) TPU-BN coatings. The red arrows indicate the ice adhesion strength data points 

and the blue arrows indicate the time to detach data points. 
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4.3 Response variation with surface characteristics in different anti-icing evaluation 

techniques 

In this section, the anti-icing methods, droplet freezing delays and frost accumulations, 

were compared on all the studied samples and are plotted alongside the ice adhesion 

measured using the CAT method. The idea was to identify: (1) a correlation, but a direct 

comparison may not be suitable as the freezing mechanism and ice nucleation does not 

entirely impact the de-icing mechanisms; and (2) to evaluate the effect of surface 

characteristics on anti-icing examinations. Thus, the preliminary tests were conducted to 

observe if the surface characteristics, which demonstrated considerable variation in 

response in the de-icing methods, have a similar quantifiable impact on the anti-icing 

evaluation methods. 

4.3.1 Water droplet freezing delays 

The freezing mechanism of a water droplet on a cooled surface can be described in 5 

steps: supercooling, nucleation, decalescence, freezing, and solidification/tempering of 

the ice structure [197]. Jung et al. [198] reported the start of nucleation occurring at 

gas/liquid interfaces, contrary to popular reference at liquid/solid interfaces. The 

crystallisation occurs in two stages: originating from the gas/liquid interfaces and leading 

to the liquid/solid interface, and then from the liquid/solid interfaces to the entirety of 

droplet. Thus, the solid/liquid interfaces could play a leading role, especially in terms of 

droplet/surface thermodynamics and the ice nucleation/crystallisation mechanisms. 



Chapter 4 – Variations of response with surface characteristics in icephobicity evaluation 

methods 

96 
 

 

Figure 4.5: Droplet freezing delays tests on the (a) aluminium substrates, (b) TPU-BN 

coatings, and (c) stainless steel substrates. The red arrows indicate the ice adhesion 

strength data points and the blue arrows indicate the water droplet freezing data points. 

(d) The droplet freezing delays are plotted against the ice adhesion values, measured 

using the CAT method. 

The water droplet icing delays measured on the aluminium samples are illustrated in 

figure 4.5a. The icing delays on the TPU-hBN coatings and SS samples are summarised 

in figure 4.5b and 4.5c, respectively. It is clear from the figures that the droplets took 

more time to freeze on the smoothened surfaces (metallic and polymeric surfaces alike). 

On average, a ~2 fold increase in freezing delays was observed on the smoothed metallic 

samples as compared to that on the as-received metallic samples. A similar increase in 

freezing delays was also observed on the TPU-hBN coatings. Generally, the surface 
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functionalisation on the metallic substrates and TPU-f5 coatings also yielded a ~2 fold 

increase on average in freezing delays as compared to that of the non-functionalised 

metallic substrates and TPU-5 coatings. The freezing delay results are listed in Appendix 

B. Thus, the application of low surface energy chemicals on the surfaces and the 

smoothening of the samples resulted in similar water droplet icing delays. Overall, the 

duration of freezing delays was nearly halved on the aluminium samples as compared to 

that of the SS samples and TPU-hBN coatings and the water droplet freezing delays 

demonstrated a direct correlation with ice adhesion, shown in figure 4.5d. 

4.3.2 Frost accumulation 

In this section, the static frost accumulation test was conducted on all studied samples to 

observe a correlation between the de-icing and anti-icing test methods. It is imperative to 

mention that a correlation among the icephobicity methods is purely indicative and a 

direct comparison could not be drawn as the methods use different techniques to evaluate 

the icephobic performance. The static frost accumulation results on the aluminium 

samples are plotted; together with the ice adhesion measured using the CAT method in 

figure 4.6a.  

Firstly, the ice accumulations were insensitive to the variation in surface roughness under 

high humid conditions and frost of similar magnitude was accumulated on all the 

aluminium samples. A similar pattern of ice accumulation was also observed on the SS 

samples, shown in figure 4.6b. However, the accumulated frost varied in the case of the 

TPU-BN coatings. Overall, the frost accumulation slightly increased with an increase in 

surface roughness of the TPU-hBN coatings, however, no clear correlation with the ice 

adhesion was observed as shown in figure 4.6c.  
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Figure 4.6: Static ice accumulation tests on the (a) aluminium samples, (b) stainless steel, 

and (c) TPU-BN coatings. The red arrows indicate the ice adhesion strength data points 

and the blue arrows indicate the ice accumulation data points. (d) The static ice 

accumulations are plotted against the water droplet delays. 

Secondly, the SS samples and TPU-hBN coatings accumulated nearly ~2-fold more frost 

on average as compared to the aluminium samples. Thus, the ice accumulations could be 

dependent on individual material chemistry as the magnitude of frost accumulation 

changed with a change in material. A similar increase in water droplet freezing time was 

also observed, shown in figure 4.6d, highlighting the possible effect of surface chemistry 

on the droplet delays and ice accumulations. 

The Images of the frost densification process on the SS samples are shown in figure 4.7. 

Figure 4.7a clearly indicates that the frost densification mechanism was different among 

the SS samples. The frost nucleation clusters were mostly interlinked and densified on 
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SS-AR samples, while a number of frost nucleation clusters on SS-S3 samples were 

isolated and disconnected. These frost accumulation observations on the samples with 

varied surface characteristics slowly diminished with time and further frost 

accumulations are shown in figures 4.7b and 4.7c. Rahman et al. [199] also indicated a 

~24% decrease in frost density on the micro-grooved surfaces with narrow depth and 

smallest width of pillars. 

 

Figure 4.7: Frost densification on the SS substrates after (a) 10, (b) 20 and (c) 30 minutes. 
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4.4 Comparative analysis of different icephobicity evaluation methods  

The results obtained on anti-icing and de-icing methods in this study indicated a 

considerable variation in icephobicity evaluation measurements and suggested some 

meaningful correlations with surface characteristics. For example, the shear-based de-

icing and water droplet freezing delay methods indicated a linear relationship of ice 

adhesion strength with surface roughness, whereas, the normal-based and electro-thermal 

de-icing methods showed a partial relationship with surface roughness. Similarly, surface 

wettability demonstrated a direct relationship with the normal-based de-icing and frost 

accumulation methods and a partial relationship with the shear-based methods. In this 

section, the results obtained on anti-icing and de-icing methods are thoroughly debated to 

understand the key factors affecting the icephobicity evaluation measurements. 

Firstly, the intrinsic shear strength or the nominal adhesional force per unit area measured 

with de-icing methods is dependent on the true interfacial contact area and can be 

calculated by dividing the shear/normal force by the interfacial ice contact area. 

However, the loading on an interfacial contact area may not be uniformly distributed 

using different de-icing evaluation methods and could jeopardize the accuracy of ice 

adhesion measurements. For example, an increase of 1.5 fold ice adhesion strength was 

reported on the push method as compared to that of the centrifugal method, with an 

uncertainty of 36% on an aluminium substrate at a temperature of -10 
o
C [31].   

The interfacial stress can be categorised into two distinctive types: the outward force or 

the peeling stress and the shear stress along with the interface. The centrifugal and push 

methods develop peeling stress at the edges of the ice sample whereas the rest of the 

interfacial contact area is mainly dominated by the shear stresses [200, 201] as shown in 
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figure 4.8, thus inducing a fracture in a combination of Mode I and Mode II failures. The 

stress concentration at the edges of ice/surface interfaces is severe in the case of the push 

methods as compared to the centrifugal methods, shown in figure 4.8c and 4.8d. The FEA 

analysis on the push method indicated strong stress concentrations at the interface and the 

edges [32, 202]. However, stress concentrations at the interfaces alone do not provide a 

plausible explanation for the higher magnitude of ice adhesion strength measured on 

HPM methods. To the best of the authors’ knowledge, researchers have so far not 

considered the effect of aerodynamic drag on ice adhesion strength using CAT methods 

in a laboratory setup. The drag on the ice sample while spinning in a centrifuge, depicted 

in figure 4.8b, may explain the lowered ice adhesion strength measured using CAT 

methods, as it may aid an early release of ice. On the contrary, in an NTM method, a 

uniform distribution of shear stresses might be approached on a tensile method [179] as 

the tensile method mainly involves the normal or tensile stresses, the mechanism is 

illustrated in figure 4.8e. 

In the case of microscopically rough surfaces, the chances of cohesive fracture are high 

due to the mechanical interlocking of ice on the surface asperities and the probability of a 

pure adhesional fracture is lowered [185]. Ice may rupture in two forms: an adhesive 

(mode I) or a cohesive (mode II) fracture. The fracture of ice depends on the magnitude 

of the applied load, the rate of loading, testing temperatures, and the type of ice 

formed/accumulated [203]. In addition to a change in fracture mechanism, the presence 

of liquid-like layers (LLL) at the ice/surface interface may further complicate the 

adhesive release of ice. LLL is known to aid the easy removal of ice by inducing a 

slippery behaviour at the ice/solid interface [204], however, the ice adhesion was mainly 
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evaluated under a shear based method. Goertz et al. [205] experimentally measured the 

adhesive response of LLL on the ice surfaces using a normal force mechanism and they 

formed a bulk ice cube on a Peltier cooling system (similar to the system used in this 

study). They reported that at the temperature -10 
o
C, the thickness and adhesive force 

were maximised, however, the values of both properties decreased with further 

decreasing temperature (down to -30 
o
C). Thus, there is a possibility of the LLL layers 

(the viscous and meniscus forces) working as an adhesive between the ice/solid 

interfaces, leading to an enhanced ice adhesion under a normal force mechanism, in 

addition to the increased affinity with wettability or increased interfacial contact due to a 

higher spatial parameter over a range of higher surface roughnesses [190]. 

 

Figure 4.8: (a) The mechanical forces around the surface asperities. (b) The forces acting 

on the ice rotating in a centrifuge. The mechanism and force schematics of de-icing 

methods: (c) horizontal push method, (d) centrifugal method, (e) normal tensile method. 

(The figure was drawn using biorender.com). 
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The ice shearing methods such as the CAT and the HPM methods produce a combination 

of shear and peeling forces, whereas, the NTM method predominantly generates the 

normal forces. A recent study indicated the ice adhesion compatibility between the HPM 

and the CAT methods [31]. However, the studies conducted by Schulz et al. [32] on the 

push method demonstrate irregular stress distributions at the ice/surface interfaces. Their 

FEA model suggested strong peeling forces and stress concentrations at the edges of ice 

bulk and uneven stress forces across the contact area, as depicted in figure 4.8a.  

Whereas, the interfacial stress on centrifugal methods were evenly distributed and could 

reach near-constant values provided the substrate was an ideal rigid surface [32]. They 

also suggested that the influence of shear stresses were higher than the peel stresses under 

the FEA model assumptions, thus, indicating the mechanical forces-centric nature of the 

shear methods.  

Thus, to conclude in terms of the de-icing evaluation method, an ideal de-icing evaluation 

test would involve a singular force that must promote the adhesional fracture. However, 

the complete isolation of de-icing forces is not realistic. Instead, the methods may involve 

a loading case where several stress components exist but one dominates. The NTM 

method is one of the analytically straightforward stress states and offers a dominant 

component of normal forces. However, the NTM method is likely to induce a cohesive 

failure, is influenced by the surface wettability, and subsequently, the possible influence 

of LLL layers. Furthermore, the selection of a shear method would be practical for de-

icing evaluation as the shear forces are useful for mimicking forces present in 

applications requiring de-icing. For example, if the ice is removed by aerodynamic force 

alone, then the largest stress component for such a loading would be in shear [178]. In 
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terms of shear methods, the HPM method is simple and cost-effective. However, the 

transverse shear method is not designed to create uniform stress at the interface and a 

constant force on one side may not create a single uniform force at the interface. The 

method may also induce strong stress concentrations in the interface region, and produce 

uneven and/or ununiformed distribution of interfacial shear forces [151]. The HPM and 

NTM methods may also not be suitable for impact or sprayed de-icing evaluation. The 

use of the CAT method makes a better case for de-icing methods as they are 

appropriately sensitive to both the mechanical and wetting conditions. The CAT is also 

the most repeatable ice adhesion test, has a higher probability of adhesive failure, and is 

ideal for large components and different types of ice formations, such as spray, 

accumulated, and bulk formations [1, 151]. Furthermore, Work et al. [1] indicated an 

average variation of 14.7%, 18.7%, and 24.1% for CAT, HPM, and NTM on aluminium 

samples, respectively. Thus, the CAT method offers a small variation in results as 

compared to that of HPM and NTM methods. The CAT method also offers a dominant 

component of shear forces than the peeling forces and the shear stress are almost constant 

in the interface [32]. However, it is imperative to mention that the CAT method is 

complicated to evaluate the relationship of strain rate and adhesion strength, is expensive 

to set, and the influence of aerodynamic drag and vibrational forces is yet unknown [1]. 

Secondly, in terms of the electro-thermal heating method, the variation in heating time 

could be explained by the total initial ice adhesion force   and the force on ice/surface 

interface may have changed due to surface characteristics. The residual adhesion force    

can be calculated as [206]: 

   (    )                                                      (    ) 
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whereas    is the deducted ice adhesion at the melting part and   is the modification 

coefficient.  The value of   is dependent on the surface material, surface morphology, ice 

uniformity and the adhesion state. Assuming no losses, the heat energy   at the 

interfacial area can be mathematically calculated as [206]: 

   
  

 
                                                                    (   ) 

whereas   is the heating time,   is the resistance value of the heating material, and   is 

the power supply voltage.   and   were constant in the ice heating melt tests conducted 

in this study, thus       can be assumed.  

The results of ice heating melt tests could be explained using equation 5.1 and 5.2. The 

results seem to indicate a correlation over a certain range of surface roughness, which 

could be explained using the modification coefficient   as the coefficient is dependent on 

surface morphology, whereas, the heat energy required melting the ice interface could be 

approximated using the heating time. Thus, the heating period required to detach the ice 

could be up to 530 seconds, whereas, further delay (up to 700 seconds) in the separation 

of ice bulk might come from the influence of surface characteristics. 

Thirdly, the water droplet freezing delay results could be explained in terms of heat 

transfer and ice nucleation mechanisms [91]. The heat transfer from the droplet to a cold 

substrate or the rate of heat loss, 
  

  
, can be calculated as [207-209]: 
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where   is the height of the ice layer,    and    are the interfacial temperatures at 

water/ice and ice/substrate interfaces, respectively.    and    are the interfacial area at 

water/ice and ice/substrate interfaces, respectively, and    is the heat conductivity of ice. 

The interfacial contact area at the ice/substrate interface    can be calculated as [207]: 

      
                                                                     (   ) 

where   is the roughness factor and   is the radius of the interfacing circle between ice 

and the cold substrate. 

Ice nucleation of a water droplet on a surface can be further explained using the classical 

theory of nucleation. The free energy barrier for heterogeneous ice nucleation     can be 

described using the interfacial correlation factor  (   ) and compared with a free 

energy barrier of homogeneous ice nucleation    
     as [91]: 
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where     is the volumetric free energy between the liquid and the ice and     is the 

interfacial ice-water tension. The interfacial correlation factor,  (   ) can be calculated 

as [91, 210]: 
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Where      ⁄ ,       , and   (        )   .    is the critical nucleus 

radius and   is the ice embryo contact angle in supercooled water on the nucleating 

particle of radius  .   is a parameter that changes with surface roughness. 
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Hence, surface roughness plays an important role in both the heat transfer and ice 

nucleation mechanisms. Equations 5.3 and 5.4 dictate the direct influence of surface 

roughness factor   to the rate of heat loss, 
  

  
. Equations 5.5 and 5.6 show that surface 

roughness close to a critical radius of ice nuclei   influences the interfacial correlation 

factor,  (   ). A decrease in surface roughness may also decrease the free energy 

barrier of heterogeneous ice nucleation     and could result in significant droplet 

freezing delays. The samples in this study also experienced increased freezing delays 

with lower surface roughness, thus, this change could be attributed to the decreased free 

energy barrier of water droplets and/or the reduced rate of heat loss. 

Fourthly, the frost formation and frost accumulation can be described using the rate of 

frost densification and the rate of frost thickness, respectively [211]. The rate of frost 

densification or the change of frost density over time is the total mass influx of water 

vapours diffusing on the surface and subsequently, phase transforming to frost crystals. 

Whereas, the frost thickening mechanism depends on the rate at which water vapours 

freeze on frost crystallisations and subsequently, the frost layers multiply over ice layers. 

In other words, the initial frost crystallisation can be quantified using the frost 

densification mechanism and further frost accumulation on the initial crystallised frost 

using the frost thickening mechanism [211].  Thus, the frost growth, during both stages 

(frost densification and layering), is dependent on surface characteristics that could 

influence the initial droplet distribution during the condensation process [199].  

The observations of frost densification on the SS substrates, shown in figure 4.7, 

highlight the unique frost densification processes for different surface roughness and the 

phenomenon could lead to a weakened bond of ice/frost on a smoother interface. This 
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means that the less densified ice/frost at the ice/surface interfaces may pave the way for 

easy release of ice, which could be the case for lower ice adhesion on the smoothed 

samples in this study. The ice density was not calculated in this chapter but based on 

preliminary results, surface roughness could play an influential part in the surface frost 

densification process and the ice/surface interfaces might be weakened and encouraged to 

an early fracture.  

Lastly, to conclude, the results obtained on anti-icing and de-icing methods indicated an 

intrinsic role of surface characteristics, whereas the degree of variation in response is 

driven by interfacial mechanisms, specific to the icephobicity evaluation method. Surface 

roughness seems to play a pivotal role in the response at different measuring conditions, 

indicating either a direct or partial relationship with all the methods studied in this 

chapter. Notably, the results obtained on tensile-based de-icing methods correlated 

directly with CAHs, demonstrating the intrinsic relationship with surface wettability. 

4.5 Summary  

An interlaboratory experimental investigation was conducted in this chapter to compare 

the de-icing evaluations methods. The results obtained using anti-icing methods were also 

examined. The study focused on the influence of surface characteristics involving popular 

anti-icing and de-icing methods and to identify and understand the underlying interfacial 

mechanisms or factors that cause the variation in response.  

In terms of the mechanical de-icing methods, the ice adhesion obtained on shear-based 

methods suggests a linear relationship between ice adhesion strength and surface 

roughness, whereas the tensile (normal) method indicated an inverse curvilinear 

relationship with contact angle hysteresis. Furthermore, the electro-thermal and normal-
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based de-icing evaluation suggested a partial correlation over a specified range of surface 

roughness. The tensile forces are majorly dominant forces on normal-based methods 

which have the direct dependency on wettability (product of area and surface energy), 

whereas, the mechanical forces in horizontal push methods may create the stress 

concentrations. The influence of mechanical forces was also confirmed during the hybrid 

heating de-icing method. In terms of anti-icing methods, the obtained results suggested a 

longer water droplet freezing delay and a reduced rate of frost densification on the 

smoothed samples, whereas the rate of frost thickness did not differ significantly.  

To conclude, the results obtained in this study indicate the CAT method make a better 

case for de-icing methods as they are appropriately sensitive to both the mechanical and 

wetting conditions. Furthermore, this chapter highlighted significant discrepancies among 

the icephobicity evaluation methods, but at the same time, several correlations based on 

surface characteristics were identified and quantified. These correlations could be further 

exploited to understand the material-dependent behaviours of the icephobicity evaluation 

methods and the variations in response with the surface characteristics investigated in this 

chapter offered the crucial information on pre-selection of testing regimes to accurately 

measure the performance of icephobic materials.  
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Chapter 5 

Influence of surface characteristics on ice adhesion and ice 

anchoring 

5.1 Introduction 

Surface characteristics, such as surface roughness or wettability, play a crucial role in 

imparting icephobicity. For example, the idea of deploying superhydrophobicity-induced 

icephobicity has been widely studied [8, 18, 19, 212] and superhydrophobicity on a solid 

surface is the synergetic result of low surface energy and rough asperities [26, 63, 213, 

214]. However, in some studies, the introduction of rougher asperities on the surface 

(which renders the surface superhydrophobicity) [215, 216] leads to a higher number of 

possible ice anchoring points and the anchored ice would require higher stress to break 

the ice on the surface with complex topographical features [19, 24]. On the other hand, 

surface texturing or patterning has also been argued for achieving promising anti-icing 

performance (e.g. droplet freezing delays, etc.)  [8, 76].  However, these extraordinary 

improvements in anti-icing performance did not directly contribute to de-icing (shear 

removal of ice) abilities in most of the previously-conducted studies in literature and it 

would be interesting to study the systematic dependence of surface roughness on de-icing 

abilities. 

Surface roughness, one way or another, seems to play an influential role in imparting 

icephobicity and it is essential to study the direct effects of surface roughness, while 
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keeping other parameters such as surface wettability or interfacial cavitation unchanged. 

Furthermore, many studies hypothesise the formation of micro-frost under high humidity 

conditions on superhydrophobic surfaces [12, 21, 22, 125, 126, 217], which could lead to 

increased number of hydrogen bonds (water-solid) [22, 186-188]. Thus, it would be 

worthwhile to examine the surfaces with different surface roughness and wettability 

conditions at a micro-scale. These observations will provide essential information on how 

water wets the microstructural surface and subsequently, how ice is formed. These in-situ 

water condensation and icing studies could validate the micro-frost formation and 

provide the crucial understanding related to ice retraction mechanism, which is often 

linked to maintaining high receding water contact angles [23, 47]. 

In the first part of this chapter, samples with different surface roughness were prepared 

and the effects of surface roughness on ice adhesion strength were studied. The 

correlations with other surface characteristics such as surface wettability and interfacial 

cavitation were also examined. In the second part, in light of these experimental results 

and assumptions, in-situ water condensation and icing observations were also carried out 

to acquire the direct evidence of ice anchoring over surface roughness asperities of the 

examined coatings/surfaces under high humidity conditions. These studies aim to identify 

the vital link of surface roughness on ice adhesion strength and to validate the hypothesis 

of ice anchoring in rough asperities, including on superhydrophobic surfaces.  

5.2 Microstructural analysis of the surfaces and coatings 

A variation in surface roughness was introduced using grinding, polishing or sandblasting 

of the metallic substrates and via incorporation of nanoparticles in the polyurethane 

matrix.  
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Figure 5.1: The microstructure of (a) aluminium, (b) stainless steel, and (c) TPU-BN 

samples, from the roughest sample on the left side to the smoothest sample on the right. 

The as-received metallic samples were roughened using sandblasting and smoothened 

using grinding and polishing. The TPU coatings were roughened by increasing the 

nanoparticle concentration in the coating matrixes.  All images have the same scale bar. 
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The surface roughness (Ra) of sandblasted SS-SB samples was 1 ± 0.02 µm and was 

brought down to 0.03 ± 0.01 µm on the chemically-smoothened SS-S3 samples. The 

composition of the metallic samples discussed in this section was detailed in table 3.1. 

The microstructural structures of SS-SB, SS-AR, and SS-S3 (from right to left) are 

shown in figure 5.1a. Similarly, surface roughness (Ra) was reduced from 1.2 ± 0.02 µm 

on Al-SB samples to 0.05 ± 0.01 µm on Al-S3 samples and from 0.6 ± 0.01 µm on TPU-

80BN to 0.01 ± 0.01 µm on TPU-5BN coatings.  

 

Figure 5.2: Microstructural image of PDMS coatings. 

The microstructural images of the aluminium substrates (Al-SB, Al-AR, and Al-S3 from 

right to left) and TPU-hBN coatings (TPU-5, TPU-10, TPU-40, and TPU-80 from right to 

left) are shown in figure 5.1b and 5.1c, respectively. The pure polymeric coatings 

discussed in this chapter are PU-1, PU-2, PU-3, PU-4, and PDMS polymers and their 

respective surface roughness (Ra) was measured as 0.08 ± 0.01 0.6 ± 0.01 µm, 0.9 ± 0.02 

µm, 0.2 ± 0.01 µm, and 0.23 ± 0.01 µm. . The composition of the pure polymeric and 

superhydrophobic coatings discussed in this section was detailed in table 3.2. Overall, the 

pure PU coatings have relatively smoother morphology, compared to that of as-received 
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metallic coatings but they possess different surface roughness and shore hardness values. 

The microstructural of PDMS coatings is shown in figure 5.2.  

 

Figure 5.3: SEM images of (a) Al-AR substrates and (b) SHS-40 coatings. 

The microstructural morphology of Al-AR substrates and SHS-40 coatings are shown in 

figure 5.3a and 5.3b, respectively. The surface roughness of PDMS coatings was Ra 

~0.23 ± 0.01 µm as compared to that of Al-AR substrates Ra ~0.9± 0.01 µm and SHS-40 

coatings Ra ~2± 0.03 µm.  

5.3 Influence of surface roughness and wettability on ice adhesion 

In this section, a series of hydrophilic metallic substrates and hydrophilic, hydrophobic, 

and superhydrophobic polymeric coatings were investigated. The coatings/substrates 

were carefully fabricated to control the surface roughness and the ice adhesion strengths 

using centrifugal test were performed on these surfaces. 

5.3.1 Stainless steel surfaces 

Ice adhesion strengths on stainless steel (SS) surfaces are shown in figure 5.4. Firstly, the 

ice adhesion strengths were in correlation with surface roughness and the lowest ice 

adhesion strength was recorded on SS-S3 samples at 22.2 ± 2 kPa. 33-fold reduction in 

surface roughness (from SS-SB to SS-S3) resulted in a 3-fold reduction in ice adhesion 
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strength (i.e. adhesion reduction factor, ARF). However, no significant reduction in ice 

adhesion strength was observed on SS-S2 and SS-S3, i.e. 25.4 ± 7 and 22.2 ± 2 kPa 

respectively.  

 

Figure 5.4: Ice adhesion strength on the stainless steel substrates with different surface 

roughnesses. The red arrows indicate the ice adhesion strength data points and the blue 

arrows indicate the contact angle hysteresis data points. 

Reports from the literature [212, 218] indicated a proportionality of ice adhesion with the 

contact angle hysteresis (CAH) but such results were not observed on our SS substrates 

except for SS-S2 and SS-S3 samples. 

5.3.2 Aluminium surfaces 

A notable reduction in ice adhesion strength was observed on the aluminium substrates in 

comparison to the SS substrates, as shown in figure 5.5. It is imperative to mention that 

the surface roughness of Al substrates was reduced 24 times (from Al-SB to Al-S3) as 

compared to a 33-fold roughness reduction on the SS substrates. Ice adhesion strength 

was reduced from 145.5 ± 3 kPa on Al-AR samples to 13.1 ± 1 kPa on Al-S3 samples i.e. 



Chapter 5 – Influence of surface characteristics on ice adhesion and ice anchoring 

 

116 
 

91% reduction and an adhesion reduction factor of 11. The decrease in ice adhesion 

strength observed on the metallic samples was achieved by altering one surface 

parameter: surface roughness.  

 

Figure 5.5: Ice adhesion strength on the aluminium substrates with different surface 

roughnesses. The red arrows indicate the ice adhesion strength data points and the blue 

arrows indicate the contact angle hysteresis data points. 

In comparison with the SS substrates, a similar pattern of ice adhesion strength 

dependence on surface roughness is noticed on Al substrates. Ice adhesion strength 

correlated well with the reduction in surface roughness when above 100 nm. 

Smoothening of the substrates with a roughness of less than 100 nm i.e. Al-S2 and Al-S3 

(and SS- S2 and SS-S3 in section 5.3.1) did not produce a marked change in ice adhesion 

strength.  Interestingly, for the metal substrates, the CAH values are demonstrating some 

correlation with ice adhesion strength until surface roughness reaches ~0.5 µm and loses 

the correlation when the surface roughness is higher than 0.5 µm. However, the value of 

0.5 µm is not a rigid figure and the assumption is made based on the available results. 
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Another considerable observation is that Al-S2 and Al-AR have similar CAHs but the ice 

adhesion strength varied by ~89% (reduction). 

5.3.3 Polymeric coatings 

Pure polymeric coatings 

The polymeric coatings showed a drastic change in ice adhesion strength with surface 

roughness and CAHs, and a similar pattern of ice adhesion strength dependence on 

surface roughness (in comparison with other coatings) was observed on polymeric 

coatings i.e. PDMS, PU-1, PU-2, PU-3, and PU-4 coatings, as indicated in figure 5.6. 

Although the wettability of the studied coatings might differ, the basic composition of 

PU-based coatings was assumed to be the same.  

 

Figure 5.6: Ice adhesion strength on the pure polymeric surfaces with different surface 

roughnesses. The red arrows indicate the ice adhesion strength data points and the blue 

arrows indicate the contact angle hysteresis data points. 

The highest ice adhesion was measured on PU-3 coatings at 117.6 ± 13.3 kPa and the 

lowest was 2 ± 0.8 kPa on PU-1 coatings. Interestingly, the PDMS and PU-1 coatings had 
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hydrophobic and hydrophilic polymeric matrices respectively, but their ice adhesion 

strength did not vary considerably. This development highlights the intrinsic effect of 

surface roughness over ice adhesion strength regardless of the influence of wettability. In 

terms of CAH relevance for the pristine polymeric coatings, ice adhesion strength did not 

correlate with CAH as their roughnesses were lower than 0.5 µm. 

 

Figure 5.7: Ice adhesion strength on the pure polymeric surfaces with a different shore 

hardness. 

Another engaging observation is the dependence of hardness of the polymeric coatings on 

ice adhesion as shown in figure 5.7. It was reported that ice adhesion strength decreasing 

with the decreasing polymer cross-link density, which corresponds to a reduction of 

mechanical properties of the polymers. It is a phenomenon known as interfacial 

cavitation [3, 71]. As the ice forms, it would be worth looking into the formation of ice 

over different polymers having different hardness.  From figure 5.7, it is suggested that 

the ice adhesion strength on the polymeric surfaces increased as the shore hardness is 

increased at first. However, the ice adhesion strength is quite low on PU-4 coatings with 

a shore hardness of 80D. Considering PU-4 is the hardest among the developed polymers, 
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the hardness of the polymer could be a secondary factor for ice adhesion strength as PU-4 

has lower surface roughness as compared to PU-2 and PU-3 coatings. 

TPU nanocomposite coatings 

The surface roughness of TPU-hBN coatings was controlled using the incorporation of 

nanoparticles in the TPU matrix. A higher amount of nanoparticles reflected a high 

change in surface roughness. Again, the ice adhesion strength correlated with surface 

roughness as indicated in figure 5.8.  

Interestingly, the ice adhesion strength dropped drastically from TPU-60 to TPU-5 

samples. However, it remained unchanged on TPU-60 and TPU-80 samples, despite the 

change in CAHs. In all the cases, the effect of surface roughness was instrumental on ice 

adhesion strength and could not be neglected. Ice adhesion strength on TPU-80 coatings 

decreased from 141.22 ± 7 kPa to 25.9 ± 2 kPa on TPU-5 coatings, i.e. a 5-fold reduction. 

 

Figure 5.8: Ice adhesion strength on the TPU nanocomposite coatings with different 

surface roughnesses. The red arrows indicate the ice adhesion strength data points and the 

blue arrows indicate the contact angle hysteresis data points. 
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Superhydrophobic coatings 

In the previous section, the dependence of ice adhesion strength on surface roughness 

regardless of the surface wettability was demonstrated. In this section, the effect of the 

hydrophobicity and superhydrophobicity (with the same material composition) is studied, 

as shown in figure 5.9. SHS-5 was a hydrophobic coating and ice adhesion on this 

coating was measured to be 5.4 ± 2 kPa. SHS-10/SHS-20/SHS-40 were 

superhydrophobic coatings and their ice adhesion strengths increased as the concentration 

of SiO2 nanoparticles in the polymer matrix were increased.  

Five key points can be drawn from these results. Firstly, when the wettability of PDMS-

nSiO2 coatings was tuned from hydrophobic to superhydrophobic, there was a slight 

increase in ice adhesion strength. This could be the result of either the hardening of 

nanocomposite coatings driving the ice adhesion strength up, or the number of anchoring 

points for the ice increasing. Secondly, the ice adhesion strengths on SHS-10 and SHS-20 

tend to remain in the same range, which gives the idea that the superhydrophobicity-

induced icephobicity was imparted to the coatings. Superhydrophobicity-induced 

icephobicity is icephobicity achieved using a minimal contact with surface asperities, this 

could results in the reduced influence of surface properties during ice formation 

(heterogeneous ice nucleation) and may disrupt the heat exchange between ice and the 

surface leading to weakly bonded ice (discouragement of solidification frontier 

formation). Thirdly, the surface roughness becomes a dominant factor in SHS-40 

coatings and the ice anchoring (mechanical interlocking of ice) was mostly likely to 

happen. Fourthly, the surface roughness played a dominate role on hydrophobic and 
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hydrophilic coatings/substrates alike. Lastly, CAH showed no direct relationship to ice 

adhesion strength for PDMS-nSiO2 coatings. 

 

Figure 5.9: Ice adhesion strength on variable surface roughness of superhydrophobic 

coatings. The red arrows indicate the ice adhesion strength data points and the blue 

arrows indicate the contact angle hysteresis data points. 

5.3.4 An overview of the influence of surface roughness on ice adhesion strength 

Ice adhesion strength versus variable surface roughness discussed in section 5.3.3 is 

summarized in figure 5.10. Overall, the ice adhesion strength tends to decrease with the 

reduction in surface roughness values. Ice adhesion strength above 160 kPa could not be 

determined due to the equipment limitation. However, there is sufficient evidence in the 

available literature of increased ice adhesion strength beyond 160 kPa with an increase in 

surface roughness. Momen et al. [12] reported ice adhesion strengths of 220 kPa and 270 

kPa at Ra values of 5 µm and 8 µm respectively, using a similar centrifugal method. 

Another study involving blade de-icing under centrifugal influence reported a 250% 

increase in ice adhesion strength, i.e. ~200 kPa to ~670 kPa on samples with a surface 
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roughness Ra of 0.65 µm to 2.67 µm, respectively [219]. Hassan et al. [89] found a linear 

correlation on samples having a surface roughness Ra of 0.47 to 1.65 µm and ice 

adhesion strength of 142 kPa to 2279 kPa. 

 

Figure 5.10: Overview of ice adhesion strength versus variable surface roughnesses. 

The lowest surface roughness in figure 5.10 corresponds to SS-S3 substrates. However, 

PU-1 coatings have the lowest ice adhesion strength among the studied surfaces. This 

signifies the collective or synergetic effect of surface properties such as wettability or 

interfacial cavitation that affect icephobic performance. The ice adhesion strength test 

was conducted based on bulk ice accretion (glaze ice) and it would be worthwhile to look 

into different methods such as impact ice (in-cloud ice) and hard rime ice (precipitated 

ice). A recent study suggested that higher ice adhesion strength may occur in these 

methods [220].   

The data in figure 5.10 can also be categorized into two groups: one is hydrophobic and 

hydrophilic coatings, and the other is superhydrophobicity-induced icephobic coatings. 
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Although ice adhesion strength on both coating groups correlates with surface roughness, 

superhydrophobic coatings tend to be rougher in comparison to other coatings, maintain 

promising icephobic performance in high roughness ranges, and showed no correlation 

with CAHs. This can be justified as superhydrophobicity-induced icephobicity, and is 

mainly achieved by reducing the cross-sectional area of water contact. Thus, the effect of 

surface roughness is minimal but evident. 

5.4 Effect of hydrophobic-functionalised surfaces on ice adhesion strength 

The influence of surface roughness on ice adhesion strength was so far justified. 

However, the influence of hydrophobic-functionalisation of surface having a similar 

surface roughness was not explicitly checked. Al-fSB/SS-fSB and TPU-f5 were 

functionalised using 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (POTS) via chemical 

vapour deposition and nanoparticle functionalisation, respectively. The 

substrates/coatings were developed with similar surface roughness (± 0.05 µm) and 

identical samples were used for water contact angle measurement and ice adhesion 

strength tests (three samples each) to avoid the degradation of POTS layers due to 

hydrolysis [221]. 

The ice adhesion strength results indicated that the POTS-functionalised surfaces aided 

the easy removal of ice and resulted in lower shear strength, compared to that of the non-

functionalised surfaces as indicated in figure 5.11. It is imperative to mention that the 

hydrophobic-functionalisation rendered the surface hydrophobic but no significant 

change in the water receding angles was observed. These results are in conflict with other 

studies [10, 19, 52, 55] which indicated the influential and direct proportional role of 

receding angles on ice adhesion strength. Zou et al. [90] reported the reduction of ice 
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adhesion strength on functionalised surfaces having similar surface roughness and the 

adhesion nearly doubled on sandblasted aluminium substrates as compared to that of 

pristine aluminium substrates. This study correlated well with our results. The application 

of the low surface energy treatment resulted in an average decrease of 47% in ice 

adhesion strength across the tested surfaces. 

 

Figure 5.11: Ice adhesion strength: application of low surface energy chemical. 

5.5 In-situ icing observation and ice anchoring on different topographical surfaces 

5.5.1 In-situ wetting behaviour 

The Al-AR substrates, PDMS and SHS-40 coatings were exposed to high humidity levels 

(90-100% RH) and temperatures were dropped to a range of 1 
o
C to 4 

o
C to carry out in 

situ water condensation in a low vacuum chamber.  The top and side views of micro-level 

water condensation formed on AR-Al samples during in situ water condensation are 

shown in figure 5.12a and 5.12b. It was observed that water condensed on the aluminium 
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substrates randomly. The condensed water droplets were uniformly distributed but the 

droplet size varied throughout the observed surface. 

 

Figure 5.12: In-situ water condensation on Al-AR substrates at 3 
o
C and 97% humidity 

(a) Top view and (b) side view. 

The pattern of in-situ water condensation on the superhydrophobic SHS coatings was 

interesting and the surface morphology is shown in figure 5.13a. It is clear in figure 5.13b 

and 4.13c that micro-condensation on the superhydrophobic surfaces is evident under 

high humidity conditions and three main points could be drawn based on the analysis. 

Firstly, the SHS coatings had a rougher surface consisting of the void valley (a number of 

material voids) along the surface and the in-situ water condensation results confirmed 

that the water condensation commenced along the rough asperities of the coatings. Thus, 

it can be assumed that the surface can only be entirely wetted when the condensed 

droplets form a uniform water layer on the rough surfaces, i.e. wetting the void valley 

first, and the entire surface. Ice grown from these condensed droplets will require an extra 

shearing force (higher ice adhesion strength) as the formed ice will be interlocked in the 

rough asperities. 
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Figure 5.13: In-situ condensation on the SHS-20 coatings at 4 
o
C and 98% humidity (a) at 

start and after (b) 10 seconds, and (c) 20 seconds.  (d) A magnified image at 100% 

humidity conditions. The arrows point to the water condensation along the surface voids. 

Secondly, the incorporation of hydrophobic silicon oxide nanoparticles induced the 

formation of material voids over the surface, and the voids are prominent over the entire 

surface morphology. The examination of in-situ water condensation on these surfaces 

reveals that the initiation of micro condensation of water started in the voids as indicated 

(arrows) in figure 5.13c and 5.13c. It can be assumed that the cracks act as nucleation 

seeds for the micro-condensation of water [24] and the micro-condensation could 

compromise/nullify the superhydrophobic ability of the material after formation of a thin 

layer of ice [21, 28]. 
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Thirdly, the SHS coating surface demonstrated superhydrophobic performance at the 

micro-level as shown in figure 5.13d and relatively large suspended water droplets in a 

much more spherical shape in comparison to Al-AR substrates as shown in figure 5.12a. 

The superhydrophobic ability of the material was also validated under high humidity 

conditions and in low vacuum (pressure) conditions at the microscale. 

In-situ water condensation was also attempted on pure hydrophobic PDMS coatings but 

no condensation was formed on these coatings under 100% humidity conditions. It is 

imperative to mention that the top view was adopted to validate in-situ water 

condensation and a thin layer of water might have formed on PDMS coatings which were 

not measured or observed due to equipment limitations and/or the transparent nature of 

the polymer coating. 

5.5.2 In-situ ice growth and retracting behaviors 

Based on the discussion above, the phenomenon of in-situ water condensation on a 

rougher surface was thoroughly explained. Furthermore, it would be interesting to 

observe the visualization of the ice anchoring process. In this section, in-situ icing 

observation was conducted on Al-AR, Al-S3, SS-AR, SS-S3, SHS-40, and TPU-10BN 

surfaces. The surfaces were carefully selected to consider the effect of surface roughness. 

The ice was nucleated at high humidity conditions (90-98% RH) under low-pressure on a 

cold Peltier stage (-8 
o
C to -3 

o
C). During cooling, the in-situ ice may have formed at 

different temperatures as the examined surfaces may possess different thermal gradients. 

A similar technique was also employed in other studies, and in-situ ice growth (growth of 

water droplets in the void valley) was confirmed on superhydrophobic surfaces [222-

224]. The above mentioned conditions also induced capillary action of water droplets 



Chapter 5 – Influence of surface characteristics on ice adhesion and ice anchoring 

 

128 
 

among the surface grooves and the ice would form in and around the surface rough 

asperities. The formed in-situ ice was retracted at higher temperatures (above the freezing 

temperature on the top surface) and lower humidity levels (60-80% RH) to ensure 

controlled receding of the ice. 

The as-received metallic surfaces 

The ice retraction process on Al-AR substrates is depicted in figure 5.14 (a-f). Figure 

5.14a illustrates the direction of the retraction and figure 5.14b shows the weakening of 

the ice and fragmentation of the ice into smaller sections. The retracted ice is indicated in 

figure 5.14c, 5.14d, 5.14e, and 5.14f, and ice anchoring is evident throughout the ice 

retraction process (yellow and green circles indicated in the figure 5.14). As the retraction 

process continues in figure 5.14c, the ice starts to break into segments and shows early 

signs of the anchored ice. The anchoring of ice is observed in figure 5.14d even after the 

80 seconds of the ice retraction process. Finally, the initial anchored ice is fully retracted 

(figure 5.14e), and the ice anchoring is maintained in the second layer of block ice.  

The ice anchoring mechanism is fully validated in figure 5.14f when the second layer of 

ice anchoring is completely detached from the main ice block and the second layer of ice 

continues to remain anchored on the surface as indicated (circled) in figure 5.14f. It is 

imperative to mention that the micro-sized ice in the surface rough grooves provides 

several potential anchoring points of the ice to strongly adhere to the surface and the ice 

adhesion strength would be significantly higher. Similar behaviour was observed on SS-

AR substrates, but the ice anchoring was less severe compared to that of Al-AR 

substrates, owing to the difference in material composition as well as the surface 

roughness. 
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Figure 5.14: In-situ icing retraction on Al-AR samples after (a) 0, (b) 20, (c) 60, (d) 80, 

(e) 140, and (f) 160 seconds. The anchored ice is indicated by circles and the ice 

anchoring points/process during the ice retraction are denoted by arrows. The ice 

retraction starts in sub-figures (a) and (b), the first layer of anchored ice is shown in sub-

figures (c) and (d), and the second layer of ice anchoring and the anchored ice are 

indicated in sub-figures (e) and (f), respectively. 

 



Chapter 5 – Influence of surface characteristics on ice adhesion and ice anchoring 

 

130 
 

The smoothened metallic surfaces 

In comparison to the as-received metallic substrates, SS-S3 substrates were deployed for 

the in-situ icing study and the ice was formed uniformly throughout the observed surface. 

Interestingly, there is no ice anchoring present on the smoothened substrates as evidenced 

in figure 5.15. 

 

Figure 5.15: In-situ icing retraction on SS-S3 samples after (a) 0, (b) 40, (c) 60, and (d) 

80 seconds. The circles in sub-figure (b) indicate the possible ice anchoring points during 

the ice retraction process. 

Uniform formation of ice can be observed in figure 5.15a, and the possible ice anchoring 

points/sites are identified in figure 5.15b.  In figure 5.15c, the ice retracts and does not 

anchor as previously noted on the as-received metallic substrates. The formed ice 

continues to retract without anchoring as indicated in figure 5.15d.  These are promising 
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results as they visualise the effect of surface roughness and highlight its importance on 

ice adhesion strength, which indicates a similar correlation. These studies validate the 

effect of water micro-condensation on ice adhesion strength and subsequently on 

icephobic performance. 

Superhydrophobic surfaces 

SHS-40 coatings had a superhydrophobic surface and the ice anchoring mechanism was 

evident, as shown in figure 5.16 (green circles). The ice anchoring could also be validated 

from ice adhesion strength as its ice adhesion strength rose 5.4 times as compared to the 

SHS-5 surface. 

 

Figure 5.16: In-situ icing retraction on SHS-40 samples after (a) 0, (b) 40, (c) 60, and (d) 

80 seconds. 

The size of the anchor was considerably large in size (10-30 µm) and was comparable to 

that of Al-AR substrates, discussed in section 5.5.2. Preliminary results suggest that the 
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superhydrophobicity of the surface neither had a mitigating effect on the level of 

anchoring nor prevented the ice anchoring to occur. Figure 5.16a shows the developed ice 

before the ice retraction process and the possible ice anchoring points during the ice 

restriction process are marked in figure 5.16b.   

 

Figure 5.17: Ice anchoring mechanism on SHS-20 samples after (a) 3, (b) 6, (c) 9, (d) 12, 

(e) 15 and (f) 18 seconds. 
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This could be the main reason that superhydrophobic surface loses 

superhydrophobicity/icephobicity as either the water condensates in the void valleys 

under high humidity conditions and forms thin layer of ice  [21, 28], or the shearing of 

this anchored ice distorts the rougher asperities on the surface. The superhydrophobicity 

could be mitigated as it is reliant on rough asperities [91, 131]. In either case, the 

superhydrophobic performance of a coating surface could be nullified which has a 

domino effect on superhydrophobicity-induced icephobic performance. The developed 

ice remains even after 80 seconds of ice retraction process as observed in figure 5.16c, 

and the ice maintained the anchor as observed in figure 5.16d (green circles). 

Further tests on the SHS coatings were carried to ascertain the preliminary data, shown in 

figure 5.17. The ice retraction process this time was accelerated to identify any changes 

on ice anchoring process using similar SHS coatings. The ice formation over the 

superhydrophobic surface is still observed in figure 5.17a, although the surface exhibited 

superhydrophobic behaviour at micro-scale. During the retracting process, which is 

intrinsically a shearing process [56, 96], some ice stuck or anchored in the rough 

asperities at the highlighted area of the coating surface as indicated in figure 5.17c-d. 

This is the first physical and direct visual representation of the ice anchoring process. 

Through the process, the entire grown ice was retracted but the anchoring of ice over the 

surface was rigid and stubborn as shown in figure 5.17e-f. 

TPU nanocomposite coatings 

The ice retraction process on the TPU-10BN surface demonstrated a different ice 

retraction mechanism, as shown in figure 5.18. In figure 5.18a, instead of retracting 

outward towards the edge of the coating (as observed on other coatings/surfaces), the ice 
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simply started the melting at the accretion positions. In figure 5.18b, the ice was melting 

in fragmented sections and smaller patches of ice were anchored on the surface as 

indicated. These patches of ice became more visible in figure 5.18c, and these patches 

stayed on the observed surface even after the big blocks of ice were completely melted 

(figure 5.18d). These results depict the intense and stubborn ice anchoring mechanism. In 

comparison to the ice adhesion strength results, TPU-10BN did not show higher ice 

adhesion strength which would signify the effect of interfacial cavitation, and the ice 

detaches due to the soft nature of the polymer matrix.  

 

Figure 5.18: In-situ icing retraction on TPU-10BN samples after (a) 0, (b) 40, (c) 60, and 

(d) 80 seconds. 

Furthermore, as the concentration of hBN particles increased in the TPU-BN 

nanocomposites, the ice adhesion strength of these nanocomposites nearly equated to that 
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measured on the SS-AR substrates. Thus, it could be assumed that the inter-facial 

cavitation became less effective with the hardening of the polymer. A possible 

explanation for this significant increase in ice adhesion strength is the severity of ice 

anchoring observed on TPU-BN nanocomposites, which would lead to a stronger ice 

bond on the surface. 

5.6 Mechanism of heterogeneous formation of ice 

Ice adhesion strength is dependent on various factors including surface variables, purity 

of water, and the growth of ice over surfaces (heterogeneous or heterogeneous-

homogenous mixed formation of ice) [85, 127]). Previous studies (static type tests) 

suggested that heterogeneous nucleation is accelerated if the interfacial correlation factor 

 (    ) is altered by increasing the effective area of contact or by changing the 

wettability of the surfaces. The interfacial correlation factor (i.e. the probability of ice 

nucleation) is defined through two parameters,    and    [225].   is defined as, 

  
(       )

   
⁄         (        )                                    (    ) 

where    ,     and     are the interfacial energies between the crystal phase and the fluid 

phase, the substrate and the crystal phase, and the substrate and the fluid phase 

respectively, and    is the contact angle of the ice nucleus on the substrate.      is defined 

as  

       
⁄                                                                       (   ) 

where   is the radius of a flattened surface and    are the critical radius of the nuclei on 

the surface (at a specified temperature and nucleation condition). When           , 
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the contact angle (where    is the contact angle of the ice nucleus on the substrate) 

remains unchanged on the surface and when           , the contact angle grows at a 

rate of      (   
⁄ ) as it is limited due to geometric restriction of the surface [225].  

Thus the interfacial correlation factor is dependent on the ratio of the radius of a surface 

to the critical radius of the surface (   ), and on the synergetic effect of the wettability of 

the surface and interfacial free energies (water/ice-surface) ( ). It is assumed that the 

introduction of low surface energy without changing surface roughness will not 

significantly prevent ice nucleation. Furthermore, our results also indicated that the 

surface roughness is a more dominating factor than the effective area and the wettability.  

It is reported that ice nucleation can be annihilated or significantly delayed by deploying 

surface with roughness close to or smaller than critical ice nuclei size (1.2 nm – 2 nm 

under supercooling) [29, 76]. The rate of ice nucleation over the surface depends on 

homogenous and heterogeneous nucleation barriers [30, 226]. It is important to control or 

minimize the heterogeneous nucleation rate, which is mainly influenced by foreign 

particles present in the water and on the surface, interfacial energies among the surface, 

and interaction of the liquid/solid and surface geometries. By favouring the homogenous 

nucleation, the need to control effective contact area as required by superhydrophobicity-

induced icephobicity methods [225] could be eliminated. Previous studies have indicated 

the surface roughness (Ra) of less than 100 nm [76, 86, 87] is instrumental to induce 

anchor-free ice nucleation over the surfaces and the annihilation of ice nucleation may be 

possible on surfaces with roughness less than 10 nm [8, 29]. 
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5.7 Summary 

The effects of rough asperities on ice anchoring were long speculated in icephobicity 

studies but no direct validation was reported. In this chapter, the systematic reduction of 

ice adhesion strength was demonstrated with the decrease of surface roughness regardless 

of surface wettability, including on a range of surfaces. On metallic surfaces, ice adhesion 

strength was reduced dramatically by lowering the surface roughness, without any 

surface coating and functionalisation. For aluminium specimens, surface roughness was 

reduced by 24-fold which resulted in an 11-fold or ~91% reduction in ice adhesion 

strength. Moreover, the studied PDMS and PU coatings are hydrophobic and hydrophilic, 

respectively. However, their ice adhesion strengths did not change considerably. On the 

contrary, low surface energy treatment on the surface showed a direct reduction of ice 

adhesion strength.  

Furthermore, the ice anchoring mechanism on surface voids was validated in the present 

work via in-situ icing observations, and it was shown that surface roughness directly 

contributed to ice anchoring. On the Nano-SiO2/PDMS coatings, the water formed along 

the rough asperities and surface cracks of the coatings which imparted ice anchoring and 

acted as seeds for heterogeneous ice nucleation. Strong visual evidence of the ice 

anchoring mechanism over surfaces has been obtained on these coatings. The results 

further indicated that the ice did not anchor on smoothened metallic surfaces but 

anchored on the as-received metallic surfaces and polymeric coatings. 

The results obtained in this chapter demonstrate the synergetic effect of surface 

roughness and surface energy/interfacial cavitation on ice adhesion strength (in line with 

the interfacial correlation factor), and the fact that the ice is likely to anchor on rough 
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asperities. Interestingly, the CAHs of all the studied surfaces (except pristine polymeric 

and superhydrophobic coatings) were strongly correlated with ice adhesion strength 

below a surface roughness of Ra 0.4 µm.  
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Chapter 6 

Development of durable reinforced polyurethane coatings  

6.1 Introduction 

Polymeric surfaces and coatings have been a popular choice for passive ice protection 

and many reports have indicated low ice adhesion strength on polymeric coatings and 

surfaces [17, 227]. It was established in Chapters 4 and 5 that the surface characteristics 

play a crucial role in imparting icephobic performance and low ice adhesion could be 

achieved by a synergetic effect of low surface roughness and low surface energy or via 

interfacial cavitation. The smoother and softer polymer could pave way for the easy 

release of ice, whereas, the icephobic performance is not dependent on a certain range of 

surface roughness. Polymeric coatings, such as polydimethylsiloxane (PDMS) and 

polyurethane (PU), could be the major candidates in the development of icephobic 

coatings [141, 228, 229]. However, limited efforts have been paid to the durability of the 

coatings and their capability to maintain icephobic performance after erosion impact. The 

key application areas of icephobic coatings are in aerospace and wind energy, both of 

which involve rigorous water droplet erosion. The leading edge of aircraft often suffers 

ice crystals impingement in sub-zero temperatures and/or rain droplets erosion. Wind 

turbine blades may undergo severe water droplet impingement as well and coating 

erosion resistance under the working conditions is also critical. Therefore, the designed 

icephobic coatings need to resist such surface erosion damage (morphological and/or 

topographical) that may deteriorate the icephobic performance. 
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Most studies have either conducted icing/de-icing cycles [10, 230-232], chemical stability 

[71, 180, 233], and/or durability evaluation using mechanical methods (such as abrasion 

resistance, indentations, scratch tests, and sandblasting etc.) [140, 149, 233-235]. Wu et 

al. [236] tested their sol-gel coatings by nanoindentation, pencil-scratch resistance, and 

weight loss rate under different sandblasting conditions, indicating that the measured ice 

adhesion strength was maintained below 70 kPa after mechanically endured durability 

tests. Beemar et al. [237] reported an ice adhesion strength at around 6 kPa, even after 

1000 abrasion cycles on a PDMS gel surface. Zhuo et al. [238] measured an increase in 

ice adhesion strength from 12 kPa to 20 kPa after 800 abrasion cycles on a PDMS 

coating. Liu et al. [239] carried out an impinging study on a PDMS nanocomposite 

coating using a silicon carbide suspension at 37 m/s velocity and a liquid flow rate of 72 

mL/min, but did not re-evaluate the ice adhesion strength after the impinging erosion. 

Furthermore, the research interest to explore the inclusion of hard materials in a soft 

polymer matrix is overwhelming, and many studies have been conducted to investigate 

the mechanical properties of composites reinforced with fibrous and/or nano inclusions 

[140, 149, 233-235]. These reinforcing techniques could be explored to improve the 

mechanical properties and durability of icephobic coatings, especially under the erosion 

impacts. 

In this chapter, polyurethane-based low ice adhesion coatings were formulated and 

reinforced with nanoparticles and micro-fibres. Polyurethane is a relatively durable 

material, as compared to other studied icephobic candidate materials and offers a 

smoother morphology and the material flexibility needed for anchor-free de-icing 

performance. The main aim of this study was to explore an effective approach to enhance 
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the durability of PU-based icephobic coatings. The incorporation of micro-fibres and 

nanoparticles in this work was driven by the need to enhance durability in surface 

icephobicity under erosion impact, even after non-ignorable material damage. Water 

impinging tests using silicon carbide (SiC) particle suspension were used to simulate the 

water droplet erosion. It was suggested that the inclusion of fibres was more beneficial in 

this context than the nanoparticles. The addition of fibres helps to distribute the droplet 

impact energy more widely across the polyurethane matrix and helps to reduce the stress 

concentration points on the coating surface by minimising crack initiation during the 

incubation period. Thus, less ice anchoring on the surface would be formed, leading to 

easier ice removal and maintaining the desirable icephobic performance even after the 

erosion impacts. 

6.2 Microstructural characterisation of the reinforced coatings 

As the material suffers erosion attack, the impinged surface may generate some ice 

anchoring points which would increase ice adhesion strength. The changes in the surface 

morphology on all the coatings as a result of the impingement are discussed in this 

section. The surface roughness were also measured and listed in Appendix B. 

6.2.1 Pure PU-5 coatings 

The microstructural images of the pristine PU coatings and their surface after Water 

impingement erosion tests (WIETs) are shown in figure 6.1a. The PU coating studied in 

this chapter (PU-5) was a pre-selection of low ice adhesion type and the complete list of 

examined PU variants are mentioned in table 3.2. It is evident that the surface 

morphology had been significantly altered and the surface was much rougher after 

WIETs. The impinging water droplets and SiC particles created cavities on the surface as 
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shown in figure 6.1. The surface roughness (Ra) also drastically increased from 0.08 µm 

to 0.45 µm on the PU coatings after WIETs. The pure PU coating was also studied over a 

larger area and the 3D profile of an impinged PU coating is provided in Appendix A. The 

figure shows a valley where the cavities are ~25-80 µm deep, making them easy to 

induce mechanical interlocking of ice. The initial water condensation and subsequent ice 

formation had been observed in the surface cavities as discussed in Chapter 5. 

6.2.2 Nanocomposite coatings 

The surface morphology of PU-ND-3 coatings (figure 6.1b), has also changed 

considerably after WIETs. The reinforced-PU nanocomposite coatings used in this 

chapter and their reinforcement information are detailed in table 3.3. The coatings are 

titled as PU-XX-YY, whereas XX is the filler type and YY is the weight percentage. The 

surface morphology of PU-GR-3 after WIETs is shown in figure 6.1c. The PU-GR-3 and 

PU-ND-3 coatings had surface roughnesses (Ra) of 0.1 µm and 0.07 µm respectively 

before WIETs, and a clear increase in surface roughness to 0.21 µm was observed on 

both nanocomposite coatings after WIETs.  

Notably, the change in surface roughness was much lower than that observed on the pure 

PU coatings, indicating that the incorporation of fillers resisted the erosion attack on the 

nanocomposite surfaces. A mixture of cracks and cavities were formed after WIETs on 

the surface of PU-ND-3 coating, instead of the cavities observed on the pure PU coatings 

in figure 6.1b. 
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Figure 6.1: Microstructural images of before and after WIETs on the (a) pure PU, (b) PU-

ND-3, (c) PU-GR-3, (d) PU-KV-3, and (e) PU-CF-3 coatings. All images have the same 

scale bar. 

The 3D surface profiles of PU-ND-3 and PU-GR-3 are provided in Appendix A. The 

depth of cavities is considerably reduced on both nanocomposite coatings as compared to 

the pure PU coatings, and the cavities are up to 25 µm deep. 
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6.2.3 Fibre-reinforced composite coatings 

The microstructural image of PU-KV-3 coatings after WIETs is shown in figure 6.1d. 

The fibre-reinforced PU coatings used in this chapter and their reinforcement information 

are detailed in table 3.3. The coatings are titled as PU-XX-YY, whereas XX is the filler 

type and YY is the weight percentage. A similar image after WIETs on PU-CF-3 coatings 

is shown in figure 6.1e. Surface roughness (Ra) changed from 0.07 µm on PU-CF-3 

coatings to 0.27 µm and from 0.10 µm on PU-KV-3 coatings to 0.25 µm after WIETs. 

Both impinged fibre-reinforced coatings indicated a larger increase in surface roughness 

as compared to the impinged nanocomposite coatings. A closer inspection of surfaces of 

both fibre-reinforced coatings suggests that a significant portion of polymeric surface was 

largely intact and the fibres were effective to restrain crack initiation, significantly 

reducing the number of surface cavities. 

The material damage around the fibres in the composite coatings is shown in figure 6.3c 

and 6.3d. The 3D profile of impinged PU-KV-3 surface, provided in Appendix A, 

indicates the surface damage incurred after the erosion tests. The 3D profile of impinged 

PU-CF-3 coatings is provided in Appendix A. The cavities on both fibrous coatings 

appear to be ~40-70 µm in depth. 

6.3 Effect of incorporated fillers on coating hardness 

Polymeric coatings with low elastic modulus are likely to induce a lower ice adhesion 

strength [3, 71] and from literature, the incorporation of Kevlar fibres, carbon fibres, 

nanodiamonds [240-242], and graphene [243] often indicated a significant increase in 

mechanical properties, e.g. shore hardness and material stiffness, of the polymeric matrix. 

Thus, it is important to evaluate the coating hardness and understand the degree of 
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change in hardness with different fillers. Shore hardness values could be used as 

representative values for elastic modulus [244] and the representative values are 

equivalent to elastic modulus measured via other typical methods [245]. In this section, 

Shore hardness of the filled-PU coatings were measured and were compared to that of 

pure PU coatings. The pure PU coatings exhibited a Shore hardness of 40D, and the 

incorporation of fillers increased the hardness, especially for PU-KV-5, where 24 points 

increase was observed to 64D. The incorporation of fillers in PU-GR and PU-CF coatings 

led to an enhancement of the hardness. However, the increase in hardness was relatively 

insensitive to the amount of filler as shown in figure 6.2. In the PU-KV and PU-ND 

coatings, a notable increase in the hardness was observed with increasing filler content. 

Generally, the inclusion of fillers increased the hardness of the polymeric coatings by 

1262%.  

 

Figure 6.2: Effect of fillers on the Shore D hardness of polymer coatings. 

6.4 Inclusion of high weight percentages of fillers 

In section 6.2, the coatings incorporated with 3 wt% fibres demonstrated more promising 

results in terms of maintaining icephobic performance than the equivalent loading of 
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nanoparticles. In this section, coatings with higher filler contents were prepared to 

explore the possibility of enhancing the durability of the polyurethane matrix. This could 

further reduce the number of ice anchoring points and help to maintain low ice adhesion 

strength. 

6.4.1 PU nanocomposite coatings 

The incorporation of nanodiamonds in PU coatings was limited to a maximum of 40 

wt%. Further incorporation was difficult to process as the formulated solutions were 

highly viscous, thus, not suitable for the brush application. The composition of highly 

filled nanocomposite coatings as compared to that of other nanocomposite coatings is 

detailed in table 3.3.  

 

Figure 6.3: (a) 3D profile and (b) 2D image of PU-ND-40 coatings and (c) 3D profile and 

(d) 2D image of PU-KV-20 coatings after WIETs. 
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The surface roughness (Ra) changed from 0.21 µm to 0.24 ± 0.03 µm (slight increase) on 

PU-ND-20 and from 0.21 µm to 0.17 ± 0.02 µm (slight decrease) on PU-ND-40 before 

and after WIETs. Overall, the surface roughness after WIETs decreased with a higher 

concentration of nanodiamonds. The surface morphology of PU-ND-40 coating after 

WIETs and the surface cavities generated are shown in figure 6.3a and 6.3b, and the 

cavities appears to have a depth of around 13 µm, whereas those on PU-ND-3 surface as 

~25 µm deep (the 3D profile is provided in Appendix A). 

The morphological changes on PU-ND-3 and PU-ND-20 surfaces are shown in figure 

6.1b and 6.4a, respectively. It is clear that the morphological damage on the surface was 

further reduced with a higher concentration of nanodiamonds and the number of cavities 

was considerably reduced. Figure 6.4a indicates that the cavities on PU-ND-20 surface, 

which could be ice anchoring sites, were reduced in both the numbers and the depth when 

compared to those on PU-ND-3 coatings, as shown in figure 6.1b. 

 

Figure 6.4: Microstructural images of (a) PU-ND-20 and (b) PU-KV-20 coatings after 

WIETs. 

6.4.2 Fibrous PU coatings 

A maximum of 20 wt% of Kevlar and carbon fibres were incorporated in the PU matrix, 

and the microstructural images of both fibre-reinforced coatings after the erosion damage 
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are shown in figure 6.5a and 6.5b, respectively. The composition of highly filled fibre-

reinforced coatings as compared to that of other fibrous coatings is detailed in table 3.3. 

Both coatings demonstrated promising durability during WIETs and the surface 

roughness did not change significantly compared to that on as-prepared surfaces. The 

surface roughness (Ra) on PU-CF-20 coatings changed from 0.12 µm to 0.15 µm after 

WIETs, and from 0.12 µm to 0.22 µm on PU-KV-20 coatings. The 20 wt% fibre-

reinforced coatings demonstrated the lowest increase in surface roughness after WIETs 

across all the studied coatings. The depth of cavities on PU-KV-20 coatings was in the 

range of ~2-7 µm, nearly halved in magnitude compared to those on PU-ND-40 coatings. 

 

Figure 6.5: (a) PU-KV-20 and (b) PU-CF-20 coatings after WIETs (same scale bar). 

Possible material damage around the incorporated (c) Kevlar and (d) carbon fibres (same 

scale bar).  
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The number of cavities was also reduced on the 20 wt% fibre-reinforced coatings as 

compared to those on the 3 wt% fibre-reinforced coatings. A comparison between PU-

KV-3 and PU-KV-20 coatings is shown in figure 6.1d and 6.4b. The high filling of fibres 

in polyurethane coatings was in favour of resisting the microstructural damage caused by 

the erosion. Less number of surface cavities was observed on the 20 wt% fibre-reinforced 

coatings, and the depth of the cavities was also reduced. In terms of fibres, carbon fibres 

in this study were more effective in resisting the morphological changes when compared 

to Kevlar fibres, as shown in figure 6.5a and 6.5b. Figure 6.5 also indicates an obvious 

size reduction of the cavities on PU-CF-20 coatings and the size of cavities is 

significantly reduced (around 10 μm). 

6.5 Impact of water erosion tests on ice adhesion strength 

Many researchers have used cyclic de-icing tests to evaluate the icephobic performance 

of the coatings [10, 230-232] and abrasion tests to evaluate the durability of icephobic 

coatings [140, 149, 233-235]. However, the impingement test is more representative of 

realistic application conditions to evaluate the coating durability when considering the 

potential applications in aerospace and wind turbine. The ice adhesion strengths, before 

and after WIETs, on specific coatings are shown in figure 6.6d. Generally, the coating 

hardness had a direct effect on ice adhesion strength. 

6.5.1 Evaluation of as-prepared coatings 

The ice adhesion strengths on all the as-prepared samples were less than 7 kPa, except for 

PU-KV-0.5, PU-KV-20, and PU-GR-5 coatings, as indicated in figure 6.6b. Higher ice 

adhesion strengths on PU-KV-20 and PU-GR-5 are thought to be due to the changes in 

morphology resulted from the higher filler concentrations. PU-KV-0.5 is an exception 
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and its relatively high ice adhesion strength may be mainly attributed to surface defects 

formed during the coating preparation, which is evidenced by the higher surface 

roughness as listed in Appendix B. A direct relation of ice adhesion strength with shore 

hardness is drawn in figure 6.6a. For example, the incorporation of 20 wt% of Kevlar 

fibres in the PU matrix leads to an increase in shore hardness to 78D and a 4-fold in ice 

adhesion strength was measured. The incorporation of fillers could alter the surface 

characteristics and influence the ice formation process, as observed in the PU-KV-0.5 

coatings. Generally, the ice adhesion strength increased with the incorporation of fillers, 

but they were mostly kept under 10 kPa before WIETs. 

6.5.2 Post-impingement tests 

The ice adhesion of the pristine and impinged PU coatings is 2.6 kPa and 83.1 kPa 

respectively, indicating an approximately 32-fold increase after the erosion. Compared to 

the values of the pure PU coatings, the ice adhesion strength of PU-GR-3 coatings after 

WIETs was nearly halved. Similar results were also observed on PU-ND-3 coatings for 

which the ice adhesion strength changed from 2.7 kPa to 45.4 kPa after WIETs. This 

value of PU-KV-3 coatings changed from 5.1 kPa to 16.1 kPa after WIETs; while on PU-

CF-3, it increased from 5.6 kPa to 16.8 kPa.  

Overall, the ice adhesion increased by approximate 3 folds on the 3wt% fibrous PU 

coatings after WIETs. The incorporation of high filling of nanodiamonds (higher than 3 

wt%) resulted in reduced ice adhesion as compared to that of PU-ND-3 coatings. The ice 

adhesion strength on PU-ND-20 coatings decreased from 39.9 kPa to 28.9 kPa on PU-

ND-40 coatings. The increase in ice adhesion on PU-KV-20 and PU-CF-20 coatings after 

WIETs was 1.4 fold and 2-fold, respectively. Compared to the pure PU coatings, a ~10-
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fold reduction in ice adhesion strength after WIETs was obtained on the PU-CF-20 

coatings, whereas it was a ~5-fold reduction on the PU-KV-20 coatings. 

 

Figure 6.6: Ice adhesion strength in comparison to (a) Shore D hardness values, surface 

roughness (b) before and (c) after WIETs. (d) Ice adhesion strength before and after 

WIETs. 
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The incorporation of fillers was effective in resisting the formation of larger and/or 

deeper cavities, as shown in figure 6.1, and the possible ice anchoring was either reduced 

or weakened. These specific changes in ice adhesion strength indicate that the post-

impingement icephobic performance was intrinsically dependent on the filler contents 

and structures. Fibres are likely to induce less ice anchoring points and fewer 

microstructural changes after WIETs. The ability of ice to anchor on the surface is highly 

reliant on the surface roughness, and the post-impingement ice adhesion is plotted against 

the impinged surface roughness in figure 6.6c. It is evident that the fibre-reinforced 

surfaces minimised the surface crack propagation and there were fewer anchoring points 

available, thus facilitating the removal of ice. The figure also highlights the dominating 

role of surface roughness and no apparent correlation with the relation to shore hardness 

values is observed. Fundamentally, the inclusion of fillers results in improved durability 

of the PU coatings. In terms of icephobic performance, it is impressive that PU-CF-20 

coatings still maintains the ice adhesion strength below 10 kPa after the silicon carbide 

suspension impinging erosion, and only a 1.4 fold increase in ice adhesion strength is 

observed, which is a significant improvement as compared to that on the pure PU 

coatings. 

6.6 Durability enhancement mechanisms 

The enhanced durability of the polymeric coatings could be explained in two distant 

mechanisms: surface characteristics and erosion resistance. Firstly, polymeric coatings 

with low elastic modulus are often linked to induce a low ice adhesion strength [3, 71]. 

The Shore hardness in this work indicated an enhanced hardness after the incorporation 

of fillers, which suggests an increase in the elastic modulus [244]. Thus, the results 
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obtained in this chapter support the need to lower down the elastic modulus of polymers 

to induce a low ice adhesion as indicated in figure 6.6a. However, the ice shear 

mechanism is a complex phenomenon and as the material suffers the erosion attack, the 

surface morphology randomly deteriorates in a way that could influence the icephobic 

performance of the coatings. The effect of hardness on de-icing performance becomes 

more apparent with the deterioration of the coatings, shown in figure 6.6c. The 

incorporated coatings demonstrated enhanced resistance to erosion attacks and the 

durability of the coating is subsequently enhanced. Although the enhancement of 

hardness resulted in a slightly increased ice adhesion, the reinforcement of coatings 

enhances the durability of the coatings, to maintain low ice adhesion strength after the 

erosion impacts. 

The coatings studied in this chapter were reinforced with different nanoparticles and 

fibres and the fibres seem to be more beneficial in terms of coating durability. Moreover, 

in terms of fibre incorporations, carbon fibres seem to be more beneficial as compared to 

that of Kevlar fibres. For example at 20 wt% fibres loading, the Kevlar-reinforced 

coatings suffered higher damage, evidenced by the deeper and wider cavities as 

compared to those on carbon fibres reinforced coatings. The damage on PU-KV-20 

coatings could be explained by the fibre interface bonding and the fibre aspect ratio. 

Firstly, In terms of fibre interfacial bonding with the polymeric matrix, carbon fibres 

demonstrated higher interfacial strength than Kevlar fibres, as reflected from the eroded 

coating surface: the carbon fibre was still tightly packed in the polyurethane matrix, 

whereas the Kevlar fibre was exposed after the erosion impact (figure 6.5c and 6.5d). 

Secondly, the interfacial bonding of fibres is closely related to the toughening 
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mechanisms, such as fracture energy and fracture toughness, and the work of fracture 

would be greatly increased due to covalent bonding between the matrix and fibres [246]. 

Lastly, the mechanical properties were demonstrated to be strongly dependent on the 

aspect ratio of the reinforcing fibres, and the aspect ratio of the carbon fibres (~14) used 

in this work is much higher than that of Kevlar fibres (~3). It is believed that filler with a 

higher aspect ratio would provide greater resistance against erosion impact [247]. 

 

Figure 6.7: (a) Stress waves generated after the impact of a water droplet/sand particles 

(The mechanism is adapted from [249]) and the stress waves on (b) a pristine polymer 

and (c) a fibre-reinforced polymer (figure created using biorender.com). 

Secondly, the erosion of material induces cracks on the surface. The crack initiation and 

propagation can be described as a combination of four mechanisms: (1) direct removal of 

material or deformation caused by the direct high-speed impact; (2) propagation of stress 

waves across the material; (3) fatigue incurred by the surface with repetitive droplet 



Chapter 6 – Development of durable reinforced polyurethane coatings 

 

155 
 

impinging; (4) the inability of material to elastically recover (progression into plastic 

deformation region) before the next impact event [248]. The erosion resistance depends 

on how the material behaves at the impact zone and how stress waves generated at the 

impact zone are propagated to the rest of the solid target. These stress waves consist of 

three multidirectional waves as illustrated in figure 6.7a [249]. The velocities at which 

these waves propagate depend on the material density, Poisson’s ratio and elastic 

modulus of the target. Microstructural discontinuities also result in enhanced stress waves 

due to stress concentrations on the surface, and the material may experience structural 

failure if the stress waves exceed the dynamic fracture strength of the target material 

[250]. 

Erosion resistance of the polyurethane coatings, thus, could be imparted by carefully 

selecting and incorporating fillers in the matrix in order to distribute the stress waves 

effectively. However, it is imperative to understand the causes that initiate the erosion 

deterioration in the coatings and which material properties could be linked to erosion 

initiation. Erosion initiation in wind turbine blades has been widely debated and surface 

fatigue was identified as a key failure mechanism [251-253]. The fatigue of the coating 

during erosion can be explained using two mechanisms. Firstly, water impinging is a 

form of repetitive loading and the fractures are often observed after the spot has been 

struck by several impacts [254]. In this work, the impingement test consists of a mixture 

of water with hard SiC particles, and the particles could inflict a higher scratch and cause 

more damage upon impact as compared to water droplets, as illustrated in figure 6.7b. 

The depletion and deterioration of the surfaces caused by impinging particles were also 

observed in figure 6.1, 6.3, and 6.5. Secondly, the fractures caused by erosion could lead 
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to a fatigue failure [255]. However, Alder et al. [256] indicated that fatigue may play a 

secondary role. They found that the topological changes in the surface or crack initiations 

during the incubation period are the main factors that accelerate the erosion rate. Thus, 

erosion resistance could be imparted in the polymeric coatings by deploying materials 

and/or incorporation of fillers that limits crack initiation and propagation, and preventing 

the generation of stress concentration points which may accelerates the erosion rate 

[257]. These cracks may also prompt the possible formation of ice anchoring points, 

resulting in the mechanical interlocking of ice on the surface. Thus, preventing the crack 

initiations on the surfaces has clear advantages for maintaining icephobic performance.  

High erosion resistance in elastomers is linked to their viscoelastic behaviour and low 

modulus prevents the pressure buildup, thus avoiding the stress concentrations across the 

surface, making them a better candidate for heavy rain impact erosions [254]. However, 

elastomers frequently fail underneath the surface under repetitive loads, while the surface 

remains intact. The erosion process on the fibre-reinforced elastomeric coatings could be 

explained by two modes. Firstly, the local resin removal may result in the exposure of 

fibres to the erosive environment. Secondly, there could be a breakage of fibres as a 

result of direct impingement and cracks may start to form around and perpendicular to the 

fibre length as shown in figures 6.5c and 6.5d. Erosion impact on unfilled thermoset 

polymers induces breakage and massive chunking of resin due to their brittle behaviour. 

A massive increase in surface roughness was observed on the unfilled PU coatings in this 

study, as illustrated in figure 6.1a. Instead, the incorporation of fibres in the resins results 

in chipping and fracture of fibres instead of polymeric fractures, and the composite’s 

ability to withstand repetitive impact loads is greatly enhanced. The degree of surface 
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cracks can be greatly reduced on the coating surface after the incorporation of fibres. 

Fibres also hold the polymeric structure in place and provide a discontinuous path for 

shock transmission through the material as compared to the pure polymeric resin, as 

simulated in figure 6.7c. 

To conclude, the fibre structures in elastomeric coatings effectively distribute the water 

droplet/sand energy across the composite structures without significant damage to the 

polyurethane matrix. The inclusion of fibres is also known to prevent crack initiations, 

making them the ideal candidate for icephobic applications, particularly since cracks 

serve as possible ice anchoring points. Specifically, carbon fibre reinforced coatings are 

promising candidates for icephobic applications as they have superior fatigue resistance 

as compared to Kevlar fibre filled composites [258]. Our experiments confirmed that the 

carbon fibre reinforced coatings had better erosion resistance and the surface cavities 

were much smaller on Kevlar fibre-reinforced coatings. Carbon fibre reinforced 

elastomeric coatings have all four characteristics for ideal durable icephobic coatings: 

higher erosion resistance, inhibition of surface cracks, ability to resist the plastic 

deformation, and stiff fibres to withstand against the significant structural loading 

conditions. 

6.7 Summary 

A new approach was developed to enhance the durability of low ice adhesion 

polyurethane coatings in this chapter. The incorporation of micro-fibres and nanoparticles 

in the coating matrix was driven by the need for enhancing durability in surface 

icephobicity under erosion impact. Ice adhesion strength after erosion was maintained to 

a low level with the incorporation of the fillers as compared to the pure PU coatings. 
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It was found that the fibre reinforcement was more effective in restricting the surface 

damage as compared to the addition of nanofillers. The ice adhesion strengths on the 

pristine and impinged PU coatings were 2.6 kPa and 83.1 kPa, respectively. As a 

comparison, the ice adhesion strength of the PU coatings with 20 wt% carbon fibres 

slightly increased from 5.6 kPa to 8.4 kPa, essentially keeping the adhesion below 10 kPa 

even after the erosion, and a ~10-fold reduction in ice adhesion strength was achieved as 

compared to that of the pure PU coatings. This distinction could be explained by better 

interfacial bonding and a higher aspect ratio of the carbon fibres in the PU matrix.  

The significantly improved icephobic durability of the carbon fibre-reinforced PU 

coatings could be attributed to the reduced number and shallowed surface cavities. The 

number/size of surface cavities formed during water erosion, which could act as possible 

ice anchoring points, were minimised with the incorporation of the fillers. The inclusion 

of fibres helps to distribute the droplet/sand impact energy more widely which could 

reduce the stress concentration in the coatings by minimizing crack initiation during the 

incubation period. The methodology proposed in this work can also be used for the 

durability enhancement of other polymeric coatings, especially the coatings designed for 

high-impingement conditions or erosive environments.  
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Chapter 7  

Development of bio-inspired durable ultra-low ice adhesion 

coatings 

7.1 Introduction 

Over the last few decades, passive de-icing has been a growing research topic and it has 

been suggested that inspiration could come from nature to develop a bio-inspired design 

to mitigate/resist ice formation (anti-icing) and/or to remove the formed ice easily (de-

icing). Several bionic ideas inspired by mussels [259], and frog skin [260] were put to 

test to aid icephobicity and promising results were reported. Biomimetic designs were 

also inspired by fish proteins, such as the use of anti-freezing proteins (AFPs) to reduce 

the supercooling point and to delay the ice nucleation process over the surfaces. Two 

typical approaches were used: directly grafting AFPs on functionalised surfaces [16, 

261], and mimicking the ice depressing effect of AFPs using the direct infusion of 

cryoprotectants on low-surface energy functionalised surfaces [262, 263]. The direct role 

of AFPs on ice nucleation or ice adhesion is questionable as hydrophobicity-induced 

icephobicity [141, 162, 229] and solid/liquid interfaces [16, 261] play an influential part.  

Apart from bio-inspired concepts, slippery liquid-infused coatings/surfaces have gained 

significant popularity among the research community [148, 172]. The fabrication of 

slippery surfaces can be achieved by either a physical infusion of liquids in the polymeric 

matrix or by impregnating the surface asperities. In both cases, the infused liquid works 
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to weaken the ice/surface interface, by either delaying the ice formation or by forming 

more loosely bonded ice on the surface. The formation of loosely anchored ice on the 

surface could be attributed to the reduction in the number of available surface cavities 

since these are levelled due to liquid impregnation; this may hinder the anchoring of ice 

in the surface asperities. Furthermore, the use of a smoother morphology has already 

been explored in chapter 5 and 6 to create low ice adhesion surfaces.  

The use of AFPs-inspired coatings or liquid infused coatings poses performance 

challenges such as coating durability and liquid retention inside a material matrix. For 

example, several studies indicated the depletion of infused liquid after cyclic de-icing 

tests or mechanical durability tests [264-267]. Thus, there is a need for an effective 

material system or mechanism that could work to provide the necessary durability, help 

with liquid replenishment, and maintain a soft and smooth surface to induce interfacial 

cavitation/anchor-free ice [3, 267].  

In nature, cetacean skin is characterised by a number of microscopic qualities such as 

smoothness, the lack of hair follicles, and lipid-infused surfaces, which emits oil to 

improve hydrodynamics. On top of these qualities, the skin consists of keratins, collagen 

and elastin fibres that work to provide mechanical strength and elasticity to the skin. 

These fibres make the skin more adaptable to repetitive loads (without undergoing a 

plastic deformation). The concept of fibre reinforcement, mimicking collagen fibres, 

could also be used for icephobic surfaces to improve their structural and mechanical 

response, in continuation of the work conducted in chapter 6. Furthermore, a 

microscopically smooth surface could be beneficial for anchor-free ice nucleation, and if 

a weaker or reduced number of ice anchors do occur, then the softer or flexible material 
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could induce interfacial cavitation to pave the easy path for ice to release. These concepts 

were examined in detail in Chapter 4. Additionally, the concept of lipid droplets, hosted 

in cetacean skin, can be further mimicked, such as the infusion of a liquid in the flexible 

material matrix and the selection of liquid can be specifically made to reduce the 

supercooling point, like chionophiles which emit a cryoprotectant to depress the ice 

nucleation. Hence, the idea of combining an infused ice-depressing liquid in a reinforced 

polymer composite could significantly weaken or even inhibit the ice/solid interfaces, 

whereas the reinforcements could provide necessary durability to maintain the icephobic 

performance. 

In this chapter, the proposed design concept is inspired by the anatomy of cetacean skin 

and the coatings mimicked the structure of the skin. A polyurethane (PU) matrix was 

used to produce a smooth and soft surface, with the matrix infused by a cryoprotectant, 

glycerol, to reduce the supercooling point and provide a flexible surface. Carbon fibres 

were incorporated, along with the infused liquid, to provide strength and mimicking 

collagen fibres in the skin. The icephobic performance of formulated glycerol-infused 

fibre-reinforced icephobic (GIFRP) coatings was evaluated using established de-icing 

and custom-built anti-icing tests, and the tests were repeated after silicon carbide-based 

water suspension erosion and overnight water immersion, respectively, to determine the 

longevity of the coatings. 

7.2 Bio-inspired coating structure design 

Cetacean skin is an elastic material [268] and consists of three layers: the epidermis (top 

exposed layer), dermis (intermediate thick layer), and endodermis (blubber) [269]. 

However, the typical distinction between the dermis and epidermis is not as noticeable in 
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cetacean skin. The typical anatomy of cetacean skin is shown in figure 7.1a.  All three 

layers of the skin consist primarily of collagen and elastin fibres surrounded by the 

keratins scleroproteins [270]. Most of the skin’s mechanical structure, strength, and 

stiffness comes from collagen fibres and keratins, and the elastin fibres, as the name 

suggests, provide elasticity and extensibility to the skin [268]. Keratins are insoluble, 

chemically unreactive fibrous macromolecules and they create very tough disulfide cross-

linkages across the epidermis [270]. The proposed GIFRP coatings involve two different 

types of biomimicry: one aspect to mimic cetacean skin and another to mimic 

chionophiles.  

In the proposed coating design, carbon fibres were incorporated in the PU matrix to 

resemble collagen fibres interwoven in elastin fibres and keratins. The composition of the 

proposed coating was detailed in table 3.3.  In cetacean skin, elastin fibres and keratins 

are typically interwoven or arranged in a branching pattern in a collagen fibre matrix as 

shown in figure 7.1a, to prevent tearing and limit dispensability. The elastomeric matrix 

is interlinked by stretchable chains (resembling elastin fibres), which could provide the 

necessary elasticity, and are connected by strong chemical bonds (for example, 

vulcanisation) [271]. The collagen fibres have high tensile strength (500-1000 kg/cm
2
, 

higher than steel) [272] and the carbon fibres also possess high tensile strength values 

(35140-35560 kg/cm
2
). In other words, the skin is a composite where strong collagen 

fibres are embedded in a tough elastic elastin fibre matrix that provides the necessary 

structural strength. Collagen breaks into small segments under load and the fibres 

disperse the energy along the length of the fibre and prevent the stress from concentrating 

in one area or transmitting to another fibre segment [271].  
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Figure 7.1: (a) The microstructural design of the developed coatings, mimicked by the 

anatomy of a cetacean mammal skin and inspired by the cryoprotective properties of 

wood frog and red flat dark beetles, (b) the microstructural image of GIFRP coatings and 

the same coating after the erosion tests, including a 3D picture, and (c) the sectional view 

of PU-20gly coatings (after it is cut) and their 3D profile (created using Biorender.com). 

Interestingly, fibre-reinforced polymeric coatings also exhibit similar behaviour under 

load, dispersing the energy along the fibre length and fibre-breakage under the erosion 
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impacts [273]. The impacts on the polymeric matrix results in the chipping and fracture 

of fibres instead of material fractures, thus, the composite’s ability to withstand repetitive 

impact loads is greatly enhanced.  

The top exposed layer of the cetacean skin epidermis provides an elastic and relatively 

smooth surface. This kind of skin completely lacks hair follicles which would otherwise 

increase drag in the water. Another important epidermal relationship for the cetacean lies 

in the variable elasticity of the skin itself which could be attributed to the high ratio of 

elastin fibres in the dermis [270]. Smoother surface or lower elastic modulus in 

elastomeric coatings could be utilised for easy release of ice [3, 267], whereas the lack of 

surface anomalies, like the absence of hair follicles in cetacean skin, means that ice is 

hard to anchor or discouraged towards heterogeneous ice nucleation. 

Interestingly, the cetacean skin structure also hosts phospholipid-rich cornified layers in 

the form of lipid droplets [274]. The presence of these lipid droplets in cetacean skin 

improves hydrodynamics by continually exuding oil droplets which help to lubricate the 

skin allowing the water to pass more smoothly. Similar to the diffusion of oil droplets in 

cetacean skin, the proposed GIFRP coating will host a number of glycerol droplets as 

shown in figure 7.1a and these droplets could be slowly diffused on the surface to impart 

and maintain icephobicity. Glycerol is categorized as a cryoprotectant and is known to 

repress the freezing point of water and enhance supercooling [275]. Thus, the presence of 

glycerol on the surface may weaken the ice/surface interfaces, which could reduce ice 

adhesion strength. The inclusion of glycerol is inspired by chionophiles such as the wood 

frog and red flat dark beetles that use polyhydric alcohols to prevent extracellular ice 

formations by colligative action of cryoprotectants and regulate the freeze concentration 
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of cells from reaching an injurious level [276]. For example, the beetles produce 

antifreeze glycolipids and proteins and lower the supercooling point. They go into 

diapause and inhibit the ice nucleation by producing multimolar concentration glycerol 

that protects them from freezing [277]. The presence of glycerol on the proposed surface 

is intended to repress the ice nucleation as glycerol forms stronger hydrogen bonds with 

water molecules and works to disrupt the ice crystal lattice formation by competing with 

water-to-water hydrogen bonding unless the temperature is significantly lowered [278].  

The presence of glycerol to impart icephobicity is ensured by a uniform distribution of 

glycerol pockets in the coating matrix and the slow diffusion of glycerol on the surface. 

To summarise, carbon fibres were incorporated in a PU matrix to mimic cetacean skin’s 

anatomy and the infusion of glycerol was inspired by chionophiles as illustrated in figure 

7.1a.  The fibre-reinforced polymers impart overall durability and the infusion of glycerol 

is intended to create super-cooling conditions that may inhibit/resist ice nucleation and 

may work to form weaker ice/solid interfaces. 

7.3 Microstructure analysis 

The microstructural image of GIFRP coatings is illustrated in figure 7.1b. The 

composition of liquid-infused and fibre-reinforced coatings was detailed in table 3.3. The 

observation of figure 7.1b indicates that the uniformity of carbon fibres throughout the 

polymeric matrix and the glycerol pockets are in sizes of 0.1-2 µm. The incorporated 

fibres in the elastomeric matrix resemble the arrangement of collagen fibres interwoven 

in the cetacean skin. Additionally, the presence of glycerol pockets resembles that of 

lipid-rich droplets in the cetacean skin, which may act as a reservoir to ensure a layer of 

glycerol on the surface, whereas a continued presence of glycerol on the surface may 
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induce a chionophilic response. To understand the uniformity of the glycerol pockets in 

PU-20gly coatings, free-standing layers of similar thickness (4 mm) were fabricated. 

These layers were then bifurcated using a sharp blade and the glycerol infusion through 

the coating thickness was observed via a scanning electron microscope (SEM) system. 

The sectional view of PU-20gly coatings is shown in figure 7.1c. The figure clearly 

indicates that the glycerol was uniformly distributed and the coating’s capability to retain 

the liquid inside the polyurethane matrix. The sectional uniformity of glycerol pockets 

distribution observed on PU-20gly coatings could be assumed for GIFRP coatings as 

there was no disparity in coating application methods. The microstructural images of 

other polymeric coatings and as-received aluminium substrates (Al2024), which were 

also used for a comparative purpose, are also provided in Appendix A. 

The surface roughness (Ra) on pure PU coating (PU-5) was measured at 0.08 ± 0.01 µm. 

The composition of pure PU-5 coatings was detailed in table 3.3. The inclusion of 

glycerol generated liquid pockets in the polyurethane matrix and the surface roughness 

changed to 3.2 ± 0.07 µm. The surface roughness on PU-20gly coatings, excluding the 

glycerol pockets, was measured at 0.14 ± 0.05 µm and including glycerol pockets at 3.2 ± 

0.07 µm.  The surface roughness (Ra) of 0.12 ± 0.03 µm was measured on PU-CF20 

coatings and 0.22 ± 0.04 µm on GIFRP coatings. The surface roughness (Ra) of 0.9 ± 

0.01 µm was measured on the aluminium substrates, a higher magnitude of surface 

roughness as compared to all the polymeric samples used in this chapter.  

Surface changes after erosion 

The surface morphology of the developed coatings is shown in figure 7.1 and can be 

explained in two distinctive properties: the change in surface roughness and the glycerol 
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retention after water impinging erosion tests (WIETs). Firstly, the surface roughness (Ra) 

on pure PU coatings changed from 0.08 ± 0.01 µm to 0.45 ± 0.05 µm after WIETs and 

from 0.14 ± 0.05 µm to 0.7 ± 0.1 µm on PU-20gly coatings. As compared to pure PU 

coatings, the change in surface roughness (Ra) after erosion attack was greatly reduced on 

the fibre-reinforced coatings, indicating the incorporation of fibres mitigated the erosion 

impact. The microstructural images of GIFRP coatings and the same coating after the 

erosion tests are shown in figure 7.1b.  The surface roughness of PU-20CF coatings 

changed from 0.12 ± 0.03 µm to 0.15 ± 0.02 µm after WIETs. Whereas on bio-inspired 

GIFRP coatings, the surface roughness increased from 0.22 ± 0.04 µm to 0.32 ± 0.04 µm 

after WIETs. It is imperative to mention that the infused liquid seems to have been 

retained on GIFRP coatings after the erosion tests, observed in figure 7.1b. The coatings 

could have either exposed the infused glycerol after the erosion or furnished it via a slow-

releasing mechanism. 

7.4 Evaluation of Shore hardness 

Shore hardness measurement conducted on the coatings showed that the hardness on pure 

PU coatings decreased from 40D to 33D after the inclusion of glycerol, whereas on fibre-

reinforced coatings, it decreased from 65D to 54D. Thus, the hardness of the coatings 

decreased with the liquid infusion and the hardness values obtained on the fibre-

reinforced coatings are higher than those of pure PU or PU-20gly coatings. 

7.5 Icephobic performance of fibre-reinforced liquid infused coatings 

7.5.1 Evaluation of static anti-icing properties 

Water droplet freezing delays 



Chapter 7 – Development of bio-inspired durable ultra-low ice adhesion coatings  

 

168 
 

The static water droplet icing delay was measured on all the studied polymeric coatings 

including on the aluminium substrates and the results are summarised in figure 7.2a. 

Distilled water droplets froze in ~7 seconds on the aluminium substrates, whereas the 

droplets took 44~49 seconds to freeze on pure PU and PU-20CF coatings. The freezing 

time was significantly delayed on PU-20gly and GIFRP coatings to ~364-372 seconds 

and the inclusion of glycerol resulted in a ~659% increase in water droplet icing delays as 

compared to that of pure PU coatings. The incorporation of fibres enhanced the water 

droplet freezing delay time by ~11% in the case of pure PU coatings and ~2% in the case 

of the glycerol infused PU coatings.  

 

Figure 7.2: (a) Water droplet icing delay and (b) de-icing results before and after the 

erosion tests on developed and the aluminium samples. 

Furthermore, it is imperative to mention that the water droplet icing delay of the eroded 

samples could be assumed based on the conclusions reached in Chapter 4, where the 

droplet icing delay correlated with surface roughness values. Thus, a similar water 

droplet delay on eroded GIFRP coatings is expected as the surface deterioration is 

significantly restricted using the fibrous biotic design, as detailed in section 7.3.1. 
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Static frost accumulations 

Static frost accumulation tests were also conducted on the polyurethane coatings with and 

without the inclusion of glycerol. In comparison to the aluminium substrates, PU and PU-

20CF coatings demonstrated lower frost accumulation. Both polymeric coatings 

accumulated ~35-36 mg of frost as compared to 76 mg on the aluminium substrates. 

Surprisingly, the glycerol infused coatings weighed heavier after the anti-icing tests as 

compared to the dry PU coatings and resulted in similar frost weight accumulations as the 

aluminium substrates. The visual inspection of GIFRP coatings in figure 7.3a suggests 

that the frost accumulation was more like condensate accumulation and the coatings 

accumulated negligible frost during the test duration. . The increased mass could be 

justified due to the hygroscopic nature of glyercol, which collected condensated water, 

mainly during the frost accumulation tests. figure 7.3a also shows accumulated frost on 

the exposed metal side, signifying the ice depressing role of the fabricated coatings. The 

glycerol infused polyurethane coatings demonstrated promising anti-icing performance in 

the static anti-icing tests and the coatings were successful in resisting the frost 

accumulation/ice nucleation on the coating surface.  

7.5.2 Dynamic frost formation 

Dynamic anti-icing tests were performed via a custom-made rotatable apparatus at the 

rotational speeds of 30 rpm and 300 rpm. The speeds of rotatable sample holder were 

selected to simulate near-static and dynamic conditions and to minimise the effect of 

enhanced air circulation on frost accumulation. The major difference between the static 

and dynamic anti-icing tests was the relative movement of samples.  
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Figure 7.3: (a) The accumulative data on static frost accumulation before and after 24 

hours of the overnight water impression tests (experimental details are provided at the 

end), together with the photos of samples during the tests, (b) the dynamic frost 

accumulation measurements at 30 rpm speeds and the relevant pictures of samples before 

and after the overnight water immersion, (c) the distinctions drawn between the dynamic 

frost accumulations tests at two rotational speeds and a comparison is made with static 

frost accumulations tests. 

In the static test, the samples were placed stationary; whereas in the dynamic test, the 

samples were mounted on a rotatable sample holder. The results of dynamic frost 
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accumulation tests on the metallic and polyurethane coatings are summarised in figure 

7.3b. On average, the dynamic anti-icing tests generated ~565% more frost at 300 rpm as 

compared to the tests conducted at 30 rpm. The enhanced frost accumulation could be 

due to higher air circulation in the chamber as the rotation might have influenced the 

airflow and resulted in higher accumulations. The frost accumulations did not change 

significantly on the surfaces at 30 rpm, however, correlated with the results obtained at 

300 rpm as shown in figure 7.3c. At 300 rpm speed, similar magnitudes of frost 

formation of ~210 mg and ~219 mg were observed on PU and PU-20CF coatings, 

respectively. The metallic substrates accumulated ~301 mg of frost at a similar speed. 

Once again, the glycerol-infused polyurethane coatings were significantly heavier as 

compared to that of pure PU coatings and ~293 mg and ~374 mg of frost/condensate 

were accumulated on PU-20gly and GIFRP coatings, respectively. 

The visual inspection of the glycerol-infused coatings indicated a similar observation as 

the static anti-icing tests and the coatings resisted the frost accumulation and accumulated 

condensate instead. The coatings after the dynamic tests are shown in figure 7.3b. The 

frost formation was evident on the aluminium substrates and PU-20CF coatings, whereas 

negligible frost formation was observed on GIFRP coatings. Larger chunks of frost lie on 

the surface of GIFRP coatings and these frost chunks might have come from the frost 

collected by the fan in the chamber.  Similar larger chunks of frost ice are also indicated 

on the icing plate shown in figure 7.3b which might have sprinkled due to the centrifugal 

action of fan blades. The results, in correlation with the static anti-icing tests, suggest that 

skin-inspired GIFRP coatings were effective in resisting the frost formation/ice 

nucleation on the surfaces and were mostly kept ice-free for the duration of the test as 
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compared to the dry polyurethane coatings and metallic substrates. Furthermore, the anti-

icing performance of the eroded samples could be assumed based on the conclusions 

reached in Chapter 4, where the frost formation did not demonstrate a direct link with 

surface roughness. Thus, considering the material composition is unchanged and the 

continued presence of glycerol layers is ensured, a similar frost formation mechanism 

reported on pristine GIFRP coatings in this section could be assumed for the eroded 

GIFRP coatings. 

7.5.3 Effect of overnight water immersion on frost formation 

The initial results on GIFRP coatings suggested a promising anti-icing performance, both 

in terms of the static and dynamic anti-icing tests. The GIFRP coatings were immersed in 

distilled water for 24 hours and the static and dynamic anti-icing tests were repeated on 

the coatings. Overnight immersion of the glycerol-infused coatings in water could have 

an effect on the retention of glycerol in the polyurethane matrix and anti-icing 

performance might be hampered. Repeated test results are illustrated in figure 7.3a (static 

tests) and figure 7.3b (dynamic tests). The static frost accumulation tests on water-

immersed PU-20CF and GIFRP coatings resulted in a similar magnitude of frost, 

indicating the effect of glycerol on anti-icing performance was nullified after the 

overnight water immersion. A similar outcome was observed on the dynamic anti-icing 

tests as well. The nullified anti-icing performance of water immersed GIFRP coatings as 

compared to that of PU-20CF coatings is shown in figure 7.3a. The figure indicated no 

difference in frost accumulations on the glycerol-infused coating as compared to the dry 

coatings. To ascertain the obtained results, the anti-icing tests were again repeated after 

24 hours of initial overnight water immersion. The anti-icing performance of GIFRP 
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coatings was restored and the coatings again started to resist the frost accumulation. The 

24-hours post-water immersion surface of GIFRP is shown in figure 7.3b. These tests 

suggest that the GIFRP coatings may possess the capability to self-heal or the coatings 

could release the infused liquid slowly to maintain icephobic performance. In either case, 

the coatings regained the icephobic performance after 24 hours of the overnight water 

immersion tests and a similar overnight water immersion response on the eroded GIFRP 

coatings could also be assumed as there is no apparent change in material composition, 

based on the conclusions reached in Chapter 4. It is imperative to mention that both tests 

were conducted at intervals of 24 hours each and durability studies with time can be 

studied in the future. 

7.5.4 Impact of erosion on de-icing properties 

Ice adhesion strength tests were conducted on all the studied polyurethane coatings and 

as-received aluminium substrates. Ice adhesion results before and after WIETs are 

summarized in figure 7.2b. The ice adhesion on the aluminium substrates was ~145 kPa 

and ~2.6 kPa on pure PU coatings, a ~56-fold reduction in ice adhesion on pure PU 

surfaces. The incorporation of 20 wt% carbon fibres in the polyurethane matrix increased 

the ice adhesion by ~2 fold to 5.8 kPa as compared to that of pure PU coatings. The 

infusion of glycerol in pure PU and PU fibre-reinforced coatings resulted in ice adhesion 

of 0.15 kPa and 0.32 kPa, respectively. Pure PU coatings exacerbated the ice adhesion 

after the erosion tests to 83.1 kPa, a ~32 fold increase. Similarly, ice adhesion on PU-

20gly coatings increased by ~37 fold after the erosion tests. This steep increase in ice 

adhesion might be the result of a greater number of possible ice anchoring points (surface 
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cavities) generated by the impinging particles as indicated by the increase of the surface 

roughness of the samples. 

 

Figure 7.4: Microstructural images of pure PU (a), PU-20gly (b), and (c) PU-20CF 

coatings and the same coatings after the erosion tests, together with the 3D profiles. All 

images have the same scale bar. 

The incorporation of carbon fibres was successful in restricting the morphological 

damages caused by the impacting droplets/sand particles on the surfaces as indicated in 

figure 7.4 and could be supported by figure 7.5. Figure 7.5a and 7.5b indicate the surfaces 

detoriated throughout the impinging process and the cavities or chipping of coatings are 

evident. However, in figure 7.5c, the deteriation seems to be concentrated around the 
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incorporated fibres and the fibres are likely taking the damage.  The ice adhesion of PU-

20CF coatings increased by a mere ~1.5 fold after the erosion tests, as compared to a 

~32-fold increase on pure PU coatings. The impinged PU-20gly coatings indicated a 

higher change in surface roughness as compared to that of PU and PU-20CF coatings, 

however, resulted in lower ice adhesion. This reduction on PU-20gly coatings gives the 

idea that glycerol was still suppressing the stronger interaction between the ice and the 

surface even after the erosion tests.  

The results obtained on GIFRP coatings were most promising and the ice adhesion 

increased from 0.22 kPa to 0.77 kPa after the erosion tests. These values are one of the 

lowest ice adhesion strength reported in literature after the coatings have been damaged 

and a comparative table is listed in table 7.1. to compare the ice adhesion strength and 

durability evaluation of the recent icephobic coatings from literature. A material is 

believed to be icephobic if the material maintains ice adhesion below 10 kPa and ice 

adhesion on the hybrid GIFRP coatings was kept below 1 kPa after the erosion tests. 

7.6 Bio-inspired coating durability and liquid retention mechanisms 

The impinging droplets/sand particles create multiple stress waves on the impact zone 

and these stress waves consist of three multidirectional waves as discussed in chapter 6 

and was depicted in figure 6.7a [249]. . These stress waves are detrimental to the 

durability of the coatings and may impart voids in the material, especially on the surface, 

if the stress waves exceed the dynamic fracture strength of the target material [250]. The 

effect of these waves are often connected with the fatigue properties as the material 

experience repetitive loads and the fractures caused by the erosion may lead to a 
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Table 7.1: A comparison of ice adhesion strength and durability of the recent icephobic coatings. 

Coating/Material 
Filler incorporation / 

coating treatment 

Icephobicity 

evaluation method 

Ice adhesion 

strength, as 

produced 

(kPa) 

Durability 

analysis 

Ice adhesion 

strength after 

durability 

evaluation (kPa) 

References 

GIFRP coatings 
Carbon Fiber and 

Glycerol 
Centrifugal method 0.32 ± 0.2 

Water+SiC 

particle 

impinging 

erosion 

0.77 ± 0.1 
Current 

work 

Superhydrophobic 

silicone rubber 

surfaces 

Micro compression 

molding (μCM) 

Centrifugal method 93 ± 1.2 

7 icing/de-

icing cycles  

126 ± 1.1* 

[141] 
Push method 90 ± 1.3 85 ± 0.9* 

Atmospheric pressure 

plasma (APP) 

Centrifugal method 42 ± 2.2 91 ± 0.9* 

Push method 32 ± 2.6 45 ± 1.8* 

PDMS gels 
Increased concentration 

of t-PDMS 
Push method 5.2 ± 0.4 

100 icing/de-

icing cycles 
~5* 

[237] 
1000 abrasion 

cycles 
~7.2* 

Low cross-linked 

PU (CB coating) 

Interfacial slippage 

enabled 

15wt% Safflower oil 

Push method ~4 ± 3 

100 icing 

cycles 

Thermal 

cycling 

9 ± 2* [267] 
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5000 abrasion 

cycles 

PDMS modified 

superhydrophobic 

surface (SOIP) 

Infused with silicon oil Push method 22 ± 5 

15 icing/de-

icing cycles 
81* 

[279] 4 months of 

environmental 

exposure 

55 ± 13 

Porous anodic 

aluminium oxide 

(oil+350 oil) 

Infused with silicon oil Centrifugal method 8 ± 0.8 
5 icing/de-

icing cycles 
17 ± 3* [280] 

Slide-ring cross-

linked PDMS 

(SP-10%) 

Crosslinking of PDMS 
Vertical push 

method 
13 ± 1.3 

20 icing/de-

icing cycles 
~12* 

[238] 
800 abrasion 

cycles 
~22* 

PDMS-urea  

coatings 

(PDU300) 

Dynamic crosslinkers 

(tuning the hydrogen 

bonds) 

Vertical push 

method 
38.3 ± 0.5 

20 icing/de-

icing cycles 
~50* [149] 

PDMS based 

sandwich-like 

sponges (10:10) 

Crosslinking of PDMS 
Vertical push 

method 
0.9 

25 icing/de-

icing cycles 
~1* [281] 

Organogel (OG) 

coating 

Swelling cross-linked 

PDMS networks with 

liquid paraffin (LP) 

Push method 1.7 ± 1.2 

35 icing/de-

icing cycles 
~8* 

[135] 

100 days of ~9* 
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exposure 

PDMS embedded 

silicone oil 

surfaces 

Infused with silica 

aerogel 
Push method ~5 

20 icing/de-

icing cycles 
<20* [282] 

 

*After the final cycle 
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fatigue failure [255]. However, Alder et al. [256] indicated that fatigue plays a secondary 

role, and concluded that the topological changes (microstructural discontinuities) or stress 

concentrations on the cracks during the incubation period are the main factors that 

accelerate the erosion rate. Thus, minimising the surface damage is the key in achieving 

the lasting icephobic performance, as it will mitigate the erosion rate, as well as provide 

minimal number of possible ice anchoring points. In chapter 6, the impingement test 

consists of a mixture of water with hard SiC particles, and the particles could inflict a 

higher damage as compared to that of water droplets. The results conducted in this work 

indicate that the crack initiations to be a lead factor as the reinforced-fibre composites 

demonstrated fewer surface anomalies after the erosion tests. The incorporation of fibres 

in the matrices results in better loading transfer and the increase of coating toughness. 

Thus, the capability of composite to withstand repetitive impact loads is greatly 

enhanced. 

Additionally, high erosion resistance on elastomers, like the one used in this work, is 

linked to their viscoelastic behaviour and low modulus enables elastomers to dissipate the 

impact energy and prevents the pressure buildup, thus avoiding the stress concentrations 

across the surface [254]. Likewise, a low modulus elastomer could also provide a path for 

easy release of ice (low ice adhesion) due to a mismatch in strain under stress and large 

moduli difference between soft and ice surfaces [3, 267]. On the other hand, the fibre 

structure in the polyurethane matrix could effectively withstand the impacting energy by 

distributing the kinetic energy of water droplet/sand particles across the discontinuous 

fibre structure without causing any significant damage as depicted in figure 4a. In the 

structure of skin, the response of the discontinuous collagen fibrils to an external loading 
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could effectively prompt stress redistribution and prevent the stress concentration in one 

area, leading to substantial energy dissipation [271]. The fibre-reinforced coatings studied 

in this thesis were incorporated with milled carbon fibres, instead of typical long fibres to 

produce an isotropic response to the impacting particles and also providing a 

discontinuous path for impacting energies. However, the introduction of milled carbon 

fibres came with a trade-off of using lower aspect ratio (length/depth) of the fibres and 

higher aspect ratios are indicated to have greater fatigue resistance [247]. Generally, the 

erosion process on fibre-reinforced elastomeric composite seems to take place in two 

modes [273]. Firstly, the local resin removal results in exposure of fibres to the erosive 

environment, as shown in the 3D profile in figure 7.4c. Secondly, a possible breakage of 

fibres as a result of direct impingement (as a result of plastic deformation) and the cracks 

start to form around the fibre interface.   

 

Figure 7.5 Liquid replenishment process on GIFRP coatings via diffusion after the 

glycerol pockets were wicked away (created using Biorender.com). 

Another important aspect is the liquid retention in the polyurethane matrix. Most of the 

slippery or liquid infused coatings are faced with existential problems such as poor 

durability and depletion of infused liquid over time or due to material damage. With each 
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frosting/defrosting cycle, a portion of the lubricant was lost either via wicking away or 

evaporation [7, 96, 103, 283]. The inclusion of glycerol could also be used to resemble 

the lipid droplets in a cetacean skin type, providing a flexible liquid-like interface that 

may act as a squeezable temporary refuge to store the elastic potential energy until the 

load is transferred to the collagen fibres and/or the tissues to dissipate the energy [284]. 

The glycerol forms a quasi-liquid layer on the surface and when the surfaces are impacted 

using the erosion technique or the glycerol is wicked away, the coating squeezes glycerol 

on the surface via capillary wicking to maintain a quasi-liquid layer until equilibrium is 

reached as shown in figure 4b. The diffusion of glycerol may not be affected by the 

erosion damage as the glycerol reservoirs are uniformly distributed across the coating 

matrix. The long-term stability and resilience of infused liquid coatings are further 

associated with low viscosity liquids and using a working liquid with different surface 

tension than that of interacting liquids [285, 286]. Glycerol satisfies both conditions and 

the viscosity is likely to decrease with sub-zero temperatures [287]. However, the studies 

concerning the stability of infused liquids are limited to fluorinated, silicon, and minerals 

oils [286, 288]. Sun et al. [260] conducted a similar study, like the one debated in this 

work, using propylene glycol and reported promising stability of the infused liquid over a 

variety of anti-icing analysis. The design of GIRRP coatings enables the effective 

retention of the infused liquid within the fibrous structure. This strategy offers an 

alternative promising design as compared to other liquid-infused surfaces, which use 

either porous or textured impregnated surfaces to ensure the stability of the infused 

liquid, rather than reinforcing the matrix materials. It is imperative to mention that some 

degree of dissolution is inevitable as glycerol is highly miscible with water, however, the 
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solubility of glycerol could be considered in other beneficial factors. Firstly, the solubility 

of glycerol during the crystallisation process creates a misfit between the water 

molecules, which results in ice not being strongly adhered to the polyurethane surface. 

The presence of glycerol in the water droplets also works to disrupt the ice crystal lattice 

formation by forming stronger hydrogen bonds with water molecules and competing 

against the water-water hydrogen bonding [278], which could be the case for the anti-

icing results, when mainly the condensate was accumulated on the surface (resisting 

frosting) and the surface was majorly frost-free. Secondly, the glycerol-water miscibility 

was investigated at a range of salinities and temperature levels [289], which offers a 

promising potential of icephobic performance for offshore and aerospace applications.   

Additionally, the infusion of glycerol also does not pose any environmental challenges as 

the infused liquid is a natural alcohol and is not as toxic as many fluorinated infusions 

studied in the literature [24, 98, 290]. 

The synergetic effect of ice depression induced by the infusion of glycerol and structural 

strength properties and crack inhibition capabilities provided by the incorporation of 

carbon fibres in the polyurethane matrix imparted continued icephobic performance after 

the erosion impacts. A layer of infused glycerol (in form of liquid pockets) was present 

on the surface even after the severe erosion damages and the incorporation of fibres could 

be the reason behind the retention of infused liquid in the polyurethane matrix. 

7.7 Summary 

The development of erosion-resistant glycerol-infused fibre-reinforced polyurethane 

(GIFRP) coatings was carried out by mimicking the surface structure of the cetacean 

skin. On the other hand, the supercooling point was reduced with the infusion of glycerol, 
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inspired by chionophiles such as wood frog and red flat dark beetles. The main 

aspirations behind the coating design were to address the performance challenges of 

liquid-infused icephobic coatings, such as coating durability, the depletion of infused or 

impregnated liquid, and the inability to maintain a smoother morphology after 

material/surface damage. 

An effective and sustained presence of glycerol was instrumental to the surface being 

virtually ice/frost-free for the duration of static and dynamic anti-icing tests. The infusion 

of glycerol assisted by delaying water droplet freezing time to ~364-372 seconds, a 659% 

increase in freezing delays as compared to that of aluminium substrates. At the same 

time, the adaptation of the fibrous structure in the coatings helped in two distinctive 

ways. Firstly, the fibre network was efficient in retaining the infused liquid inside the 

polyurethane matrix after surface damages and the replenishment was possible due to the 

diffusion of infused liquid. Secondly, the restriction of surface damage caused the ice 

adhesion to reduce to 0.77 kPa on the GIFRP coatings, as compared to that of 83.1 kPa 

on pure PU coatings after the erosion tests. Thus, the synthesised bio-inspired coatings 

not only reduced the ice adhesion magnitude by ~107 fold after the erosion tests but also 

maintained the ice adhesion strength less than 1 kPa.  
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Chapter 8  

Conclusions and Future Work 

8.1 Conclusions 

The purpose of this dissertation was to research and develop new types of polyurethane 

icephobic materials and composite coatings for potential applications in the aerospace 

and wind energy industries. It was essential to review studies to interpret the true 

definition of icephobic materials and surfaces (Chapter 2). A total of six different variants 

of polyurethane (PU) coatings, including a thermoplastic PU, were examined in this 

thesis. Furthermore, a polydimethylsiloxane (PDMS) coating and two metallic substrates 

were also investigated along with the PU coatings. In-situ characterisation, hydrophobic 

and icephobic evaluations, and durability analysis were conducted on the developed 

coatings/substrates using standard and custom-built equipment (Chapter 3).  

Two main strategies were identified to induce icephobicity and were investigated in this 

thesis. At first, fundamental studies relating to surface icephobicity and icephobicity 

evaluation methods were carried out (Chapter 4 and 5), then the two strategies, which 

were experimental in nature, were realised to ascertain the fundamental studies and to 

induce enhanced icephobic performance needed to produce durable icephobic surfaces 

(Chapter 6 and 7). The experimental work was thoroughly planned to offer a balanced 
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research output on the fundamental aspects of icephobicity studies and to impart the 

acquired knowledge for the fabrication and investigation of novel durable icephobic 

materials/surfaces. 

A comparison of the de-icing and anti-icing evaluation methods was conducted in 

Chapter 4 and their variation in response to surface characteristics was investigated. The 

mechanical de-icing methods include centrifugal, push and tensile methods. The 

centrifugal and the horizontal push (shear) methods suggested a linear relationship of ice 

adhesion strength with surface roughness, whereas the tensile (normal) method indicated 

an inverse curvilinear relationship with contact angle hysteresis. A partial correlation of 

contact angle hysteresis on the shear-based methods was also indicated over a specified 

range of surface roughness. Further attempts were also made on 1H,1H,2H,2H-

perfluorooctyltriethoxysilane coated surfaces and the ice adhesion indicated a clear 

reduction on the normal de-icing method, whereas, the shear-based methods did not show 

a considerable change in ice adhesion, highlighting their mechanical forces-centric 

response. Apart from ice adhesion evaluation methods, water droplet freezing delay 

suggested a direct correlation with surface roughness and higher freezing delays were 

recorded on smoother surfaces. Static frost accumulation did not demonstrate a 

considerable change in magnitude. However, visual examination suggested a reduction in 

ice densification on the smoothened surfaces, indicating a weakened bond between the 

ice/solid interfaces, paving the way for easy fracture of ice or lower ice adhesion. Lastly, 

a further evaluation was conducted using a hybrid de-icing method, to verify the roles of 

surface characteristics on ice removal involving heating, which demonstrated a partial 
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correlation of energy consumption with the ice adhesion strength over a specified range 

of surface roughness. The results in this chapter provide crucial information on the 

variation of response concerning surface characteristics and offer material-dependent 

correlations of the popular anti-icing and de-icing methods. The conclusions could be 

applied to define an appropriate testing method for the evaluation of icephobic surface 

and coatings. 

The roles of surface roughness on icephobicity including ice adhesion strength have been 

long debated in icephobicity studies. However, the direct/systematic influence of surface 

roughness on ice adhesion strength while keeping other surface characteristics such as 

surface wettability and interfacial cavitation unchanged are seldom reported. In Chapter 

5, systematic reduction of ice adhesion strength with the decrease in surface roughness 

regardless of the surface wettability was demonstrated across all the studied material 

types, i.e. metallic surfaces and polymeric coatings with different surface wettability. In-

situ icing observation studies indicated that the ice did not anchor on smooth metallic 

surfaces and polymeric coatings but anchored on rough surfaces including 

superhydrophobic coatings. The effect of surface wettability was argued against the ice 

adhesion strength based on our results and similar ice adhesion strength was found on 

materials having different wettability (i.e. hydrophilic and hydrophobic coatings, and 

surfaces having different contact angle hysteresis). On the contrary, the introduction of 

low surface energy chemicals (via deposition and/or functionalisation) on the surface 

having similar surface roughness showed a direct reduction of ice adhesion strength. 

These results indicated the surface roughness is vital in achieving icephobic performance, 
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however, the ultra-low ice adhesion strength could be achieved by the synergetic effect of 

low surface roughness and low interfacial cavitation (in line with the interfacial 

correlation factor). 

Icephobic performance of low-ice adhesion polymeric coatings has been studied 

intensively for passive ice protection. However, limited efforts were conducted to 

identify strategies for enhancing the durability of the coatings to maintain low ice 

adhesion after erosion impact. In Chapter 6, several polyurethane-based nanocomposite 

and fibre-reinforced coatings were developed and investigated to understand the 

deteriorating behaviour of the coatings under rigorous impinging erosion tests and the 

subsequent impact on ice adhesion.  The inclusion of fillers resulted in up to 38 points 

increase in Shore hardness relative to the pristine PU coatings. The ice adhesion strengths 

on 3 wt% nanoparticle-reinforced coatings after the erosion tests were nearly halved, 

whereas, a 5-fold reduction was observed on 3 wt% fibre-reinforced coatings compared 

to that of the pure PU coatings. The results indicated that the incorporation of fillers was 

effective in reducing the ice anchoring points, and that, after the impingement, the 

icephobic performance was retained by either lowering surface roughness or by 

minimizing surface deterioration. Fibres took a more effective role in limiting crack 

initiation and resisting crack propagation. The ice adhesion strength of the coatings 

increased from 5.6 kPa to 8.4 kPa with 20 wt% carbon fibres incorporated PU coatings, 

essentially keeping the adhesion below 10 kPa even after rigorous impinging tests and a 

~10-fold reduction in ice adhesion strength as compared to the pure PU coatings. The 
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incorporation of the fibres led to enhanced durability and retention of excellent icephobic 

performance via a mechanism that is adaptable to other polymeric coatings. 

Liquid-infused polymeric surfaces have demonstrated promising icephobicity. However, 

the capability to maintain the icephobic performance after material damage has been a 

challenge, both in terms of conserving a smoother surface and replenishment of infused 

liquid. Cetacean skin possesses a microscopically smooth texture in the form of cells 

lubricated with lipid proteins and consists of structural fibres that ensure durability. With 

reference to the structure of cetacean skin, glycerol infused fibre-reinforced polyurethane 

coatings (GIFRP) was proposed in Chapter 7. Instead of hosting the lipid proteins, the 

coatings were infused with glycerol, a known cryoprotectant to induce the supercooling 

of water, a strategy inspired by wood frogs and red flat dark beetles to prevent freezing. 

The inclusion of glycerol delayed water droplet freezing duration by 659%, while 

negligible frost accumulated on the fabricated coatings during anti-icing tests. The 

reinforcement of fibres was effective and the surface damage was reduced by a factor of 

4, compared to the pure polyurethane coatings under erosion impact. The incorporation of 

fibres has proven to be beneficial for infused-liquid replenishment and the slow-releasing 

capabilities of GIFRP coatings. Minimised surface deterioration and the continued 

presence of glycerol on GIFRP coatings demonstrated a small increase in ice adhesion 

from 0.22 kPa to 0.77 kPa after the erosion tests, one of the lowest values reported in 

literature after substantial surface damage. The concept inspired by cetacean skin and the 

cryoprotective features of chionophiles was instrumental in keeping the ice adhesion 

under 1 kPa after erosion impact. 
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8.2 Future Work 

The scope of this PhD project ranged from the understanding of fundamental aspects of 

icephobicity, the fabrication and examination of low adhesion durable coatings, and the 

variation of response of icephobicity evaluation methods. Thus, several specific fields 

were identified to carry out work in the future, for further advancement of icephobicity 

science. 

Firstly, in addition to the surfaces studied in this work, there is room for further 

improvement in reducing the surface roughness, close to the ice nuclei radii. These ultra-

low surface roughnesses could be achieved via a structured lithographed surface or 

etching process and would be useful to understand the true dependence of surface 

roughness on ice adhesion, possibly identifying a range of surface roughnesses where the 

ice adhesion strength is the lowest. The results could also be helpful to derive a 

theoretical correlation between the surface roughness and ice adhesion strength. This 

correlation can be further studied in regards to the synergetic effect of surface roughness 

with surface energy and/or interfacial cavitation, possibly reaching a point where the 

surface characteristics maximise the icephobic performance. The studies can be further 

expanded to include the use of more superhydrophobic surfaces to ascertain the findings. 

Additionally, the results obtained in this thesis indicated an influential role of metal 

composition on ice adhesion. Thus, further studies are recommended on the metallurgical 

studies and their impact on ice adhesion strength. These studies could be useful to impart 

inherently icephobic performance directly in the structural metals. For example, the use 

of a hardened alloy with the inherent icephobic capability will allow the surface to be less 
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affected by the external impinging particles, maintaining a smoother surface, and be 

inherently icephobic to induce lasting performance. Furthermore, the effect of material’s 

thermal conductivity on ice adhesion strength is largely unknown and it could of interest 

as the ice adhesion strength is highly influenced by the interfacial ice bonding 

mechanisms. This relationship becomes especially important in the case of ice formations 

on a Peltier plate, where thermal gradient may delay the ice nucleation procedure which 

could introduce mechanical history to the ice samples and possibly changing the ice type 

and its properties.  

Secondly, in terms of de-icing methods, there is still a lack of clear understanding of why 

and how the ice fails in an adhesive or cohesive manner.  The influence of ice properties, 

surface characteristics, and the peeling and shearing forces at ice/surface interfaces on 

these failures are yet to be known. In this regard, finite element analysis (FEA) 

simulations could be carried to analyse the fractural behaviour of ice on the de-icing 

methods, which is still scarcely used in icephobicity studies. An investigation on the 

rationale behind the considerable increase in ice adhesion strength after a certain surface 

roughness range will significantly help in identifying the mechanical forces-centric 

behaviour of the de-icing evaluation methods. Additionally, a conflicting correlation of 

CAHs in shear-based and normal-based de-icing systems and the role of the liquid-like 

layers on the tensile method need further examination. Furthermore, there is a need to 

investigate the role and influence of aerodynamic drag on samples spinning at high 

rotational speeds in a centrifuge. In terms of the electro-thermal heating de-icing method, 

it would be interesting to study the synergetic effect of localised heating and ice shearing 
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forces. For example, combining the centrifugal method with an electro-thermal heating 

bed, that could introduce shearing de-icing forces and localised heating at the same time. 

However, this test could only be applicable for systems that do not employ a Peltier 

cooling plate or in other words, do not induce freezing by means of a surface but in 

ambient temperatures. In terms of anti-icing test techniques, a detailed study on the 

possible influence of material chemistry/composition on frost accumulation is 

recommended. These studies can be further examined using FEA simulations and would 

certainly help to understand the influence of surface characteristics on ice nucleating and 

frost accumulation mechanisms. Furthermore, the static and dynamic anti-icing methods 

could be further improved to meet the atmospheric icing conditions mentioned in CS-25 

certification specifications for a large plane in an attempt to meet and simulate the 

realistic atmospheric icing conditions. 

Thirdly, in addition to the silicon carbide-water solution impinging studied in this thesis, 

the remit of water impinging methods can further be expanded to high-speed erosion and 

icing wind tunnel evaluations to better evaluate the conditions in aerospace and wind 

energy applications, coupled with an investigation on material loss after the durability 

analysis, which may answer crucial questions on the sustainability of the coatings in a 

longer run. A further fortification of polymeric coatings is recommended, by surface 

functionalisation of fibres to enhance the interface bonding of the composite coatings 

and/or by hybridisation with another type of fibres and/or nanoparticles. Furthermore, the 

filler incorporations could be carefully selected to maximise the surface durability, 
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possibly with thermally or electrically conductive fillers to impart electro-thermal 

capabilities to the composite coatings which could be used to aid the easy release of ice.  

Lastly, regarding the liquid retention within the coating matrix, there is a lack of 

widespread liquid retention evaluations and the absence of reliable techniques to measure 

liquid retention is a hurdle for meaningful development of liquid-infused composite 

coatings. Thus, there is a need to invent discover new approaches and new mechanisms to 

better evaluate the liquid retention capability of both impregnated surfaces and infused 

coatings in a longer run, including an examination of dissolution of coatings over time 

due to capillary wicking of the infused liquid. Furthermore, the challenges involving the 

physical infusion of liquid in coatings could also be addressed by introducing a 

chemically-bonded infused liquid, such as the concept of ‘soaked’ coatings. There is also 

a need to carry out a further investigation on the effect of overnight immersion tests on 

coatings’ icephobic performance with time, in addition to 24 hours intervals studied in 

this thesis. Additionally, there is a need to improve the diffusion mechanism for both 

impregnated surface and infused coatings, which could ensure a continued presence of 

the liquid to depress the ice nucleation process, especially in the event of wetting or 

liquid wicking conditions. Lastly, in terms of polymeric coatings, there is a need to 

evaluate the performance of materials at sub-zero temperatures (down to -60 
o
C) to 

identify any change in icephobic performance. 
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Supplementary data 

  

 

Sup. Fig. A.1: (a) 3D profile and (b) 2D image of PU-CF-20 coatings after WIETs 

 

 

Sup. Fig. A.2: Microstructural images of the aluminium sample 
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Sup. Fig. A.3: Ice adhesion and CAH vs. surface roughness on the (a) aluminium samples, (b) 

the SS samples, and (c) TPU-BN coatings using the CAT method. Ice adhesion and CAH vs. 

surface roughness on the (d) aluminium samples, (e) the SS samples, and (f) TPU-BN coatings 

using the HPM method
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Sup. fig. A.4: Ice adhesion and receding water contact angles (RWCAs) vs. surface roughness on the (a-c) using the CAT method, (d-

f) using the HPM method, and (g-i) using the NTM method. Where, figures (a,d,g) are of the Al samples, (d,e,h) are of the SS 

samples, and (c, f, i) are of the TPU-BN coatings
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Sup. fig. A.5: 3D surface profile of (a) pure PU, (b) PU-ND-3, (c) PU-GR-3, (d) PU-KV-3, and 

(e) PU-CF-3 coatings after WIETs. All the values are in µm 
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Complete list of results 
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Supplementary Table B.1: Complete list of de-icing and anti-icing evaluation data of the metallic and thermoplastic composite 

coatings  

 

  

Centrifugal
Force 

transducer

Tensile 

Normal

Temperature 

(
o
C)^

Time (s)^

Al-AR - - 78 ± 1 95 ± 2 32 ± 3 63 ± 1 0.9 ± 0.01 145.5 ± 3 438.5 ± 44.8 435.2 ± 40.4 5.2 ± 0.6 43.4 ± 6.6 4.4 ± 0.4 562 ± 11

Al-SB - 54 ± 5 56 ± 4 14 ± 3 42 ± 7 1.2 ± 0.02 >160 742 ± 276.4 786.9 ± 36.1 - - - -

Al-fSB
POTS 

Functionalized
121 ± 2 136 ± 2 16 ± 2 120 ± 2 1.1 ± 0.02 117.3 ± 3 544.7 ± 115.7 232.8 ± 3.1 12 ± 1.2 - - -

Al-S1 - 87 ± 2 91 ± 5 11 ± 1 80 ± 4 0.4 ± 0.01 62.8 ± 2 370.6 ± 64.7 200.5 ± 6.8 10.7 ± 1.1 39.2 ± 4.6 4.8 ± 0.5 590 ± 9

Al-S2 - 75 ± 2 83 ± 3 19 ± 2 64 ± 5 0.11 ± 0.01 15.7 ± 1 376.6 ± 82.1 246.7 ± 71.4 12 ± 1 42 ± 7.9 4.4 ± 0.3 595 ± 7

Al-S3 - 84 ± 3 89 ± 4 36 ± 5 53 ± 2 0.05 ± 0.01 13.1 ± 1 359.7 ± 16.4 353.1 ± 40 13.7 ± 0.6 41.9 ± 6.2 4.5 ± 0.6 582 ± 8

SS-AR - - 85 ± 3 98 ± 3 36 ± 4 62  ± 3 0.5 ± 0.01 72.3 ± 6 450.4 ± 90.4 248.4 ± 9.2 14.3 ± 0.6 76.6 ± 22.1 4.9 ± 0.4 562 ± 15

SS-SB - 50 ± 4 52 ± 3 16 ± 5 36 ± 6 1 ± 0.02 108 ± 3 534.3 ± 138.4 1429.9 ± 23.7 - - - -

SS-fSB
POTS 

Functionalized
139 ± 1 147 ± 1 33 ± 1 115 ± 1 0.9 ± 0.02 30.5 ± 4 349.6 ± 22.5 115.3 ± 14.1 21.4 ± 2 - - -

SS-S1 - 95 ± 4 99 ± 3 35 ± 2 64 ± 2 0.12 ± 0.01 47.2 ± 6 262.4 ± 3.6 211.7 ± 9.8 16.7 ± 2.3 81.4 ± 17 5.7 ± 0.3 676 ± 14

SS-S2 - 87 ± 2 92 ± 3 35 ± 3 57 ± 3 0.07 ± 0.01 25.4 ± 7 276.3 ± 1.5 226.3 ± 31 20.1 ± 1.2 75.8 ± 12 5.5 ± 0.5 623 ± 14

SS-S3 - 90 ± 2 93 ± 3 59 ± 5 34 ± 5 0.03 ± 0.01 22.2 ± 2 240.9 ± 9.3 739.1 ± 31.5 18.7 ± 3.2 81.2 ± 12.8 5 ± 0.1 591 ± 7

TPU - 104 ± 1 108 ± 1 75 ± 1 33 ± 1 0.1 ± 0.01 34.6 ± 2 210.9 ± 12.6 920.7 ± 36.9 - - - -

TPU-5 hBN (5%) 103 ± 1 105 ± 1 89 ± 2 16 ± 2 0.12 ± 0.01 25.9 ± 2 289.8 ± 50.3 794.4 ± 20.7 16 ± 1.1 67.2 ± 4.4 3.7 ± 0.4 532 ± 13

TPU-f5

POTS 

Functionalized 

hBN (5%)

110 ± 1 112 ± 2 98 ± 1 14 ± 1 0.1 ± 0.01 15.4 ± 1 361.6 ± 27.6 545.3 ± 65.1 26 ± 1.9 - - -

TPU-10 hBN (10%) 94 ± 3 98 ± 3 69 ± 8 29 ± 6 0.15 ± 0.01 40.3 ± 2 395 ± 18.6 522.6 ± 113.8 14 ± 1.7 52.3 ± 6.2 3.8 ± 0.2 532 ± 6

TPU-40 hBN (40%) 90 ± 5 96 ± 1 55 ± 2 41 ± 1 0.24 ± 0.01 67.2 ± 8 - - 13 ± 2.4 62.9 ± 7.9 4 ± 0.3 592 ± 13

TPU-60 hBN (60%) 83 ± 4 92 ± 2 51 ± 5 40 ±3 0.4 ± 0.01 139.1 ± 9 510 ± 53.6 462.8 ± 51.8 11 ± 1.1 57.8 ± 4.6 4.5 ± 0.4 655 ± 17

TPU-80 hBN (80%) 84 ± 3 90 ± 1 24 ± 1 66 ± 1 0.6 ± 0.01 141.22 ± 7 618.5 ± 30.4 1029.9 ± 132.2 7 ± 0.6 73.9 ± 6.6 5.3 ± 0.4 699 ± 15

*at surface temperature of -10
o
C, **at ambient temperature of -15

o
C, and ^at time of distachment

Ice adhesion strength (KPa)

Sandblasted

Polished

TPU

Polished

Sandblasted

Al2024

SS 303

Al2024

Heating melt tests**
Coating 

names

Surface / 

substrates

Coatings / 

technique

Nanoparticle

s (wt %) / 

treatment

WCA 

(
o
)

AWCA 

(
o
)

RWCA 

(
o
)

CAH 

(
o
)

Ra (μm) 

Droplet 

freezing 

delay (s)*

Ice 

accumulation 

(mg)**
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Supplementary Table B.2: Complete list of ice adhesion strength data (including after the erosion tests), together with shore hardness 

measurements, of the reinforced polyurethane coatings 

 

  

WCA 

(
o
)

AWCA 

(
o
)

RWCA 

(
o
)

CAH 

(
o
)

Ice adhesion 

strength 

(kPa)

Ra (μm) 

Ice adhesion 

strength 

(kPa)

Ra (μm) 

PU - - 66 ± 1 68 ± 1 44 ± 1 24 ± 2 2.6 ± 1 0.08 ± 0.01 83.1 ±  11 0.45 ± 0.05 40 ±  3
PU-CF-0.5 Carbon Fiber 0.5 64 ± 1 75 ± 1 41 34 ± 1 4.1 ± 1 0.07 ± 0.01 - - 54 ±  3
PU-CF-1 Carbon Fiber 1 64 ± 2 72 43 ± 1 28 ± 2 5.3 ± 2 0.06 ± 0.01 - - 54±  4
PU-CF-3 Carbon Fiber 3 59 ± 5 68 ± 1 41 ± 1 27 ± 2 5.6 ± 1 0.07 ± 0.01 16.8 ± 0.5 0.27 ± 0.03 55 ±  1
PU-CF-5 Carbon Fiber 5 63 ± 3 69 ± 1 41 ± 1 28 ± 1 6.7 ± 2 0.08 ± 0.01 - - 55 ±  3
PU-CF-20 Carbon Fiber 20 60 ± 1 66 ± 3 39 ± 2 27  ± 3 5.8 ± 1 0.12 ± 0.03 8.4 ± 1 0.15 ± 0.02 65 ±  6
PU-KV-0.5 Kevlar Fiber 0.5 72 ± 4 75 ± 2 44 ± 2 32 ± 3 12.3 ± 1 0.15 ± 0.01 - - 58 ±  2
PU-KV-1 Kevlar Fiber 1 64 ± 1 73 ± 1 45 28 ± 1 7 ± 0.5 0.08 ± 0.01 - - 63 ±  1
PU-KV-3 Kevlar Fiber 3 64 ± 5 73 ± 2 44 29 ± 2 5.1 ± 0.5 0.10 ± 0.01 16.1 ± 6 0.25 ± 0.02 63 ±  2
PU-KV-5 Kevlar Fiber 5 63 ± 2 68 43 ± 1 25 ± 1 6.8 ± 0.5 0.10 ± 0.01 - - 65 ± 4
PU-KV-20 Kevlar Fiber 20 62 ± 2 66 ± 2 40 ± 4 26 ± 3 16.2  ± 1 0.12 ± 0.01 31.8  ± 4 0.22 ± 0.03 78 ±  7
PU-ND-0.5 Nanodiamond 0.5 67 ± 1 71 45 ± 1 26 ± 1 5.6 ± 0.5 0.11 ± 0.01 - - 47 ±  1
PU-ND-1 Nanodiamond 1 65 ± 4 70 ± 1 43 ± 1 26 ± 2 3.9 ± 0.5 0.06 ± 0.01 - - 49 ±  3
PU-ND-3 Nanodiamond 3 62 ± 1 68 ± 1 46 22 ± 1 2.7 ± 0.5 0.07 ± 0.01 45.4 ± 8 0.21 ± 0.04 55 ±  2
PU-ND-5 Nanodiamond 5 61 ± 3 67 ± 1 45 ± 1 22 2.7 ± 0.5 0.04 ± 0.01 - - 57 ±  5
PU-ND-20 Nanodiamond 20 60 ± 1 63 ± 1 37 ± 1 26 ± 2 3 ± 0.5 0.07 ± 0.01 39.9 ± 5 0.24 ± 0.03 72 ±  8
PU-ND-40 Nanodiamond 40 54 ± 1 61 ± 1 26 35 ± 1 4.8 ± 0.5 0.11 ± 0.01 28.9 ± 7 0.17 ± 0.02 74 ±  6
PU-GR-0.5 Graphene 0.5 67 ± 5 65 ± 2 37 ± 1 28 ± 1 4 ± 0.5 0.07 ± 0.01 - - 45 ±  1
PU-GR-1 Graphene 1 60 ± 3 64 ± 2 38 26 ± 2 3.8 ± 0.5 0.06 ± 0.01 - - 47 ±  1
PU-GR-3 Graphene 3 60 ± 5 70 ± 1 43 ± 1 27 ± 2 2.8 ± 0.5 0.10 ± 0.01 43.3 ± 6 0.21 ± 0.03 47 ±  3
PU-GR-5 Graphene 5 69 ± 3 76 ± 1 44 ± 3 32 ± 3 11.7 ± 2 0.12 ± 0.01 - - 48 ±  2

Shore 

Hardness 

(Scale D)

After WIETsBefore WIETs
Coating 

names
Filler

Filler 

(wt %)
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Supplementary Table B.3: Ice adhesion strength and static and dynamic anti-icing accumulation (before and after the durability 

analysis) data on the metallic and composite coatings 

 

WCA (
o
) AWCA (

o
) RWCA (

o
) CAH (

o
)

Ice adhesion 

strength 

(KPa)

Ra (μm) 

Shore 

Hardness 

(Scale D)

Ice adhesion 

strength 

(KPa)

Ra (μm) 

Al2024 - - 78 ± 1 95 ± 2 32 ± 3 63 ± 1 145.5 ± 3 0.9 ± 0.01 - - -

PU - - 66 ± 1 68 ± 1 44 ± 1 24 ± 2 2.6 ± 1 0.08 ± 0.01 40 ±  3 83.1 ± 11 0.45 ± 0.05

PU-CF-20 Carbon Fiber 20 60 ± 1 66 ± 3 39 ± 2 27  ± 3 5.78 ± 1 0.12 ± 0.03 65 ±  6 8.4 ± 1 0.15 ± 0.02

PU-gly-20 Glycerol 20 40 ± 2 48 ± 2 15 ± 3 33 ± 2 0.15 ± 0.1 0.14 ± 0.05*^ 33 ±  2 5.6 ± 2 0.7 ± 0.1

PU-CF20-

gly20

Carbon Fiber + 

Glycerol
40 43 ± 2 51 ± 3 19 ± 2 32 ± 2 0.32 ± 0.2 0.22 ± 0.04 54 ±  3 0.77 ± 0.1 0.32 ± 0.04*

x

Al2024 - -

PU - -

PU-CF-20 Carbon Fiber 20

PU-gly-20 Glycerol 20

PU-CF20-

gly20

Carbon Fiber + 

Glycerol
40

Al2024 - -

PU - -

PU-CF-20 Carbon Fiber 20

PU-gly-20 Glycerol 20

PU-CF20-

gly20

Carbon Fiber + 

Glycerol
40

**The samples were not water-washed but tested along water-washed samples

Al2024 T4 -15

301 ± 9 41.1 ± 2 -

-

39 ± 1

40 ± 2

42 ± 1

46 ± 2

293 ± 16

374 ± 11

210 ± 11

219 ± 12

xIncluding pockets 0.45 ± 0.6 µm

-

39.2 ± 1 44 ± 2

Rotating frost accumulation 

(mg, 30 rpm)

-

41 ± 1**

-

Rotating frost accumulation 

(mg, 30 rpm)

-

38.7 ± 3**

-

Before Water-washing (WW)
Coating 

names

35 ± 1

58.9 ± 7

66 ± 11

Surface / 

substrates
Filler Filler (wt %)

Testing 

temperature 

(
o
C)**

Rotating frost accumulation 

(mg, 30 rpm)

-

63.7 ± 7**

-

103.2 ± 8

^Including pockets 3.2 ± 0.7 µm

Al2024 T4

Icing delays (-10), 

Static frost 

formation (-15)

5.2 ± 1 76 ± 10 -

96.8 ± 9

-

67.2 ± 6**

-

70.8 ± 10

Anti-icing tests - Static

Testing 

temperature (
o
C)

Filler
Surface / 

substrates

Coating 

names
Filler (wt %)

Icing delay (sec)
Static frost accumulaton 

(mg)
Static frost accumulaton (mg)

Static frost accumulaton 

(mg)

Before Water-washing (WW) After WW After WW- Post 24 hours

After WIETs

*Ra measured along the lines exluding glycerol pockets

Coating 

names

Surface / 

substrates
Filler Filler (wt %)

Before WIETs

Al2024 T4

49 ± 5

44 ± 3

372 ± 14

364 ± 12

Rotating frost accumulation 

(mg, 300 rpm)

Anti-icing tests - Dynamic

After WW After WW- Post 24 hours
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