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Abstract 
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Abstract 

 

The accumulation of ice on critical infrastructure, such as aviation, telecommunication, 

electricity, and transportation systems, can cause severe disruptions to daily life and 

significant economic losses. While applying icephobic coatings has been proposed as a 

potential solution, the challenge remains in creating coatings that can effectively 

withstand adverse environmental conditions, and also demonstrate a long service life 

and mechanical durability. The motivation of the work is to provide a comprehensive 

analysis of the fundamental aspects related to icephobicity research, and to explore 

novel, durable icephobic materials and surfaces, to produce well-rounded research 

outcomes. 

 

Liquid-infused surfaces (LIS) with self-replenishing properties have been adopted for 

anti-icing and de-icing applications. However, the mechanical durability of the LIS 

polymer is limited, rendering them unsuitable for long-term practical use in ice 

protection. To alleviate the difficulties associated with limited mechanical durability 

and rapid oil depletion among LIS structures, this study proposes a multi-phase LIS 

construction based on microporous metallic scaffolds. The proposed approach aims to 

tackle the problem of icephobicity deterioration in LIS materials. Specifically, the study 

employed Ni scaffolds and a PDMS-modified silicone oil (NP-SO) system for the LIS 

construction. The inclusion of Ni scaffolds facilitated stress redistribution during de-

icing, thereby safeguarding the LIS material from external loads and impacts. As a 

result, the ice adhesion strength of the NP-SO samples down to 2.0 ± 0.7 kPa after 

undergoing 50 cycles of anti-icing/de-icing tests. Conversely, samples without Ni 

scaffolds demonstrated surface damage after 30 cycles of anti-icing/de-icing tests. The 

rapid depletion of infused oil due to large polymer deformation was also addressed. The 

multi-phase construction reduced oil depletion by over three times after 50 cycles of 

anti-icing/de-icing tests, providing a resolution for the oil depletion concerns in 

extended service environments. 
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To achieve enhanced icephobic performance and durability, a novel design concept 

involving the integration of phase change liquids with Ni scaffolds and 

polydimethylsiloxane (PDMS) has been introduced in the multi-phase icephobic 

construction. Incorporating phase change liquids within the LIS construction allows for 

heat absorption and release during the icing process, which enhances icephobic 

performance. Differential scanning calorimetry analysis demonstrated that samples 

with phase change liquids have a phase change enthalpy of 3.2 J/g for groundnut oil 

and 3.8 J/g for coconut oil, respectively. As a result of the heat release during the phase 

change process of the incorporated phase change liquids, the surface temperature of the 

sample increased, resulting in a delayed ice formation of the supercooled water droplet. 

The observed freezing time of the droplets on the sample surface was 7-8 times longer 

than that observed on aluminum alloy. Solidification of the phase change liquids 

occurred at a low temperature, leading to a concurrent reduction in oil depletion during 

the de-icing process. This effect was confirmed from the weight maintenance ratio of 

samples, which remained unchanged even after undergoing 50 cycles of anti-icing/de-

icing tests. 

 

The introduction of phase change liquids has been demonstrated to be a viable strategy 

for enhancing the anti-icing performance of icephobic surfaces. A high-quality 

icephobic surface should encompass multiple facets of icephobicity, such as anti-icing 

performance, de-icing ability, and mechanical stability. It is noteworthy that achieving 

all of these requirements simultaneously is a formidable challenge. To address this issue, 

a potential icephobic structure has been proposed, which incorporates Ni scaffolds with 

ice depressing liquid and a polydimethylsiloxane (PDMS) matrix. The ice depressing 

liquid utilized in this study included glycol and glycerol. The incorporation of ice 

depressing liquid into the surface layer led to an increase in the amount of hydroxyl 

groups present, resulting in a notable reduction in the freezing point of supercooled 

droplets at the liquid-solid interfaces. Furthermore, samples containing ice depressing 

liquid exhibited a considerable delay in the onset of icing, with respective times of 153.7 

± 2.5 s and 209.7 ± 4.5 s. The results of anti-icing tests provided evidence of the efficacy 
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of ice depressing liquid in reducing the icing point temperature. Upon the sample 

preparation, the glycol and glycerol in the ice depressing liquid underwent volatilization, 

leading to the formation of internal porosities within the PDMS. Despite this, the 

surface morphology of the samples remained smooth and intact. The presence of these 

internal pores could increase the difference in elastic modulus between the polymer and 

metallic scaffolds, thus facilitating the initiation of micro-cracks at the ice-solid 

interfaces and aiding in ice detachment from the sample surface. Consequently, the ice 

adhesion strength was reduced to below 2 kPa, in contrast to 29.8 ± 2.9 kPa observed 

for Ni-PDMS samples. Moreover, the results indicated that the de-icing ability of the 

samples remained stable throughout cyclic icing/de-icing tests. 
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Chapter 1 Introduction 

 

1.1 Background and Motivations 

The formation of water vapour and ice on surfaces of certain objects may pose 

unpredictable negative effects to their wide applications [1]. Current industry strategies 

for combatting icing problems primarily involve active heating, chemical de-icing 

fluids and mechanical removal [2-4]. But these solutions still have some unavoidable 

drawbacks in several aspects, including inefficiency, environmentally unfriendly, 

energy-intensive, high cost and time-consuming. Therefore, it is of great significance 

to develop a passive anti-icing/de-icing method, which is considered to be more 

appealing and a universal strategy for mitigating the icing problem.  

 

Passive de-icing normally refers to the construction of surfaces or coatings with anti-

icing/de-icing performance. On the one hand, the surface/coating could make it difficult 

for incoming water droplets to infiltrate the surface of the component and could be 

easily separated from the surface. The icing duration could be prolonged and the formed 

ice could be reduced. On the other hand, the formed ice could be shed away from the 

surface with a minimal applied force due to the low adhesion between the surface and 

ice. With the two aspects, the aim of passive ice protection is then achieved. In recent 

years, with more new types of coatings developing, more and more academic and 

engineering attention has been gained to the ice protection system due to their superior 

ice protection performance. F. Ibáñez-Ibáñez et al. demonstrated the effectiveness of 

using surface deformability for reducing ice adhesion by preparing elastic hydrophobic 

surfaces with ice adhesion strength below 10 kPa [5]. New design strategies such as 

slippery liquid-impregnated porous metallic structures (LIPMS) with ice adhesion 

strengths of less than 1 kPa have been proposed for consideration in icephobic and 

hydrophobic applications [6]. The advantages of being more energy efficient and eco-
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friendly than active methods make it a very economical supplementary way for ice 

protection. 

 

The use of icephobic surfaces is one of the main effective approaches to alleviate the 

icing hazards in engineering applications [7-10]. Research efforts on developing 

icephobic surfaces are of great scientific and practical value. It is reported that over 700 

accidents and more than 800 deaths took place in aviation history from 1981 to 2009 

due to ice accretion issues [11]. Besides, the serious snow disasters led to a direct 

economic loss of over £17 billion in China in 2008 winter [12]. Various icephobic 

structures have been developed [13-16], which could mainly be categorized into three 

strategies:  

 

1) To achieve icephobicity by employing superhydrophobic surface [17, 18]. The anti-

icing performance could be achieved and strengthened with the formed air cushions 

between the micro-nano structures of the superhydrophobic surface, which could help 

with quick slip-away/rebound of the supercooled droplets when they are in contact with 

the coating surface, thus achieving the anti-icing effect.  

 

2) To lower the ice adhesion strength through polymeric elastomer coatings [19-21]. 

The synergistic effect between the elastomer surfaces with low surface energy decreases 

the ice adhesion strength, leading to an easy detachment of the accreted ice.  

 

3) To minimise the adhesion strength with the slippery liquid-infused porous surfaces 

(SLIPS) design [22, 23]. The infused liquid inside the surface micro-cavities could seep 

out under the control of the capillary effect, forming an intact and complete layer 

coverage and decreasing the ice adhesion strength. 

 

Among the aforementioned methods, the additions of oil/lubricants in SLIPS have 

demonstrated the great capability of gaining surface icephobicity. Nevertheless, the fast 

depletion of oil/lubricant from the SLIPS is a great challenge, and the icephobic 
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performance could deteriorate with possible rapid oil depletion, the impregnated 

lubricant is often drained out by the shear stress exerted by the external flow. The 

lubricant could be depleted either via wicking away or evaporation. For example, Zhang 

et al. reported that the infused lubricating oil (electrolyte hydrogels) lost up to 50% of 

its initial weight after certain icing/de-icing cycles (during accreted ice removal) [24]. 

There are few papers reporting this since no paper would highlight the depletion rate of 

infused oil for relevant applications. Only some papers are published on the 

understanding for the depletion of lubricant entrapped in confined geometries. For 

example, the depletion rate of impregnated oil could be affected by the opening ratio of 

the spherical cavity. And the results revealed that a cavity with a smaller opening ratio 

(r/R) has better sustainability and less lubricant depletion [25]. To solve this issue, 

liquid-infused surfaces (LIS) with self-replenishment functions have been proposed and 

developed for icephobic applications [26-28]. The design of LIS could take advantage 

of the polymer network and distribute the incorporated oil uniformly inside the polymer 

matrix. The infused oil could also diffuse out and help to provide a continuous oil layer 

on the surface, which works for the icephobic purpose. For example, Wang et al. 

prepared an anti-icing coating using polymers with hydrophilic pendant groups, which 

could form an aqueous lubricating layer on the as-prepared surfaces [29].  

 

However, the long-term service of LIS could inevitably be limited by the liquidous and 

soft nature of the infused lubricant, prolonged exposure, high temperature and 

ultraviolet (UV) rays, which could cause fast degradation and even destructive effect 

on the lubricant. The icing/de-icing cycles could also result in the loss of lubricant and 

even complete exhaustion [30, 31]. After the exhaustion of infused liquid, the rough 

surface structure designed for the prevention of the lubricant wrapping effect would 

undesirably increase the difficulty of de-icing aspect. Currently, LIS constructions are 

mainly composed of polymeric materials due to their capability of liquid incorporation 

and distribution, mainly via the expansion of chain networks. However, the oil infusion 

into the polymer network would significantly weaken the mechanical properties. The 

mechanical properties of polymeric material are normally related to the density of 
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internal crosslinking networks. As depicted in Ma’s research, since the silicone oil 

diffuses easily within the polymer network, they would exist in the crosslinking 

network gap of the PDMS resin in liquid form and then reduce its crosslinking density 

which further decreases its strength [32]. Besides, the tensile and flexural properties of 

the as-prepared samples suffered a slight decrease because of the weakening of 

interfacial bond strength [33]. The decreased mechanical properties, in turn, would also 

affect the oil maintenance and release under external force [34, 35]. Overall, the full 

potential of LIS for ice prevention has yet to be demonstrated, especially for long-term 

services. Damage or the loss of lubricating layer could occur on the LIS surface [36]. 

Once the water droplets are shed from the LIS, the impregnated oil could then suffer 

progressive loss via the entrainment in the water droplets [37]. Considering their low 

surface energy and smooth surface, the polymer could still maintain low ice adhesion 

after lubricant loss [38]. Some research results also suggest that the resin-oil layer could 

also lose after the initial icing/de-icing cycles [39]. 

 

To meet the requirements of icephobicity and durability for icephobic surfaces 

simultaneously, a universal approach has been proposed to introduce microporous 

metallic scaffolds into the LIS construction. The integration of microporous metallic 

scaffolds could practically offer mechanical solutions and unfold the potential of LIS. 

In addition, the difference in elastic modulus between the metallic scaffolds and LIS 

polymer could result in different distortions locally which could induce the initiation of 

micro-cracks at the ice/solid interfaces under external loads. Polydimethylsiloxane 

(PDMS) with silicone oil infusion and modification possesses icephobic properties, but 

the surface is easy to be damaged after excessive oil addition [32]. To address the issues 

of oil depletion and limited mechanical durability of the modified PDMS, microporous 

Ni scaffolds were selected in this study to realise the durability enhancement. The 

PDMS modified silicone oil (PDMS-SO) system has been selected as the research 

object of LIS since it works as one of the typical LIS system and possesses icephobic 

properties. 
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Since the incorporation of Ni scaffold could ensure the mechanical durability of 

polymer matrix, the Ni scaffold could act as the armours for filled polymer, against 

possible mechanical scratch and help to reduce and transfer the local damage, 

increasing the erosion resistance and avoiding the erosion failure [40]. While for the 

reason choosing Ni scaffold, first, the porous Ni scaffold has high porosity (the as-

received porosity could reach over 90 %), high specific strength, stiffness and good 

mechanical properties. The nickel scaffold also shows better chemical stability since it 

is more resistant to corrosion than other metal scaffolds [41]. Moreover, the use of 

nickel scaffold provides an economic benefit due to its lower cost compared to copper 

or aluminum scaffolds. With the incorporation of Ni scaffolds, the mechanical 

properties of LIS system constructed with polymer matrix was guaranteed, it also made 

some contribution to the icephobicity improvement. Normally, the icephobicity 

correlated to both anti-icing and de-icing performance. For anti-icing, it can be defined 

as the ability of a surface to delay or prevent ice nucleation and frost formation, 

maintaining the liquid phase of water on the surface as long as possible. De-icing ability 

is defined as the low adhesion strength to ice between surfaces and formed ice [42].  

 

For Ni scaffolds and PDMS modified silicone oil (NP-SO) system, to achieve the ice 

protection purpose, the de-icing efficiency could be optimized with the role of formed 

oil layer and the micro-crack initiation mechanism derived from the combination of 

polymer matrix and metallic scaffolds. However, limited improvement has been made 

onto the anti-icing performance. In order to address the oil depletion issue 

fundamentally and further improve the anti-icing ability and icephobicity stability, 

phase change liquids were selected as the prospective candidates of infused liquid in 

NP-SO system, which could absorb and release heat over a defined temperature range 

during the phase change process. It is thought that the absorption and exothermic 

characteristic of phase change liquids could be applied to introduce delay effect to the 

ice formation. With the released heat during the phase transition, the temperature at the 

liquid-solid interfaces increase and the ice formation would be delayed. The infused 

liquid would change into solid state from liquidous state after the phase transition, 

which in turn mitigate the oil depletion during the anti/de-icing process.  
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Another method for enhancing the anti-icing performance without affecting the ice 

adhesion strength was to introduce ice depressing liquid into the incorporation of Ni 

scaffolds and polydimethylsiloxane (PDMS) matrix. As reported by Halar et al. [43], 

for the aim to improve icephobic performance, the concept of imitating lipid droplets 

in cetaceans' skin was adopted as the icephobic surfaces, while the ice depressing liquid 

(ice inhibitor) was added to the reinforced composite polymer. It helped to inhibit the 

formation of ice cores at the solid-ice interface. By taking advantage of the infused ice 

depressing liquid, the amount of existing hydroxyl groups on the layer surface increased 

which significantly helped to lower the freezing point of the supercooled droplet at the 

liquid-solid interfaces. However, the de-icing aspect especially for the ice adhesion 

strength could deteriorate because of the effusion of large volume of hydroxyl groups 

[44], which is contrary to the initial ice protection purpose. To solve the problem, the 

construction of multi-phase structure system has been raised. The icephobic surfaces 

could be achieved using surface elastoplastic differentiation by incorporating different 

elastomers having big mismatches in elastic modulus. Silicon-based elastomers with 

high elastic modulus were used to form the matrix, while Ni scaffolds with relatively 

low elastic modulus was added to construct the icephobic structure. 

 

It is challenging to achieve all of surface icephobicity requirements including anti-icing 

performance, de-icing ability and mechanical stability simultaneously. Most of the 

reported work mainly focus on some of the aspects. In the present work, new icephobic 

structures were proposed and constructed to provide a solution for such a challenge. 

Different infused liquids were introduced to incorporate with Ni scaffolds and PDMS 

matrix, impressive icephobicity and durability enhancement are achieved 

simultaneously, demonstrating the effectiveness of new icephobic construction. 
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1.2 Project Aims and Objectives 

From the background study, it is believed that the undesirable icing phenomenon often 

led to severe problems and brings many inconveniences and even hazards to the daily 

lives and relevant industries. The ice disruption cost up to £25 million only in 2010, as 

reported by the British Airport Authority [45]. Statistically, the icing-related fatal 

aircraft accidents could reach 20 to 40 per year in America, especially with the highest 

incidence in winter season [46]. To mitigate the icing hazards, huge attention has been 

paid to the relevant area. Great efforts have already been reported, but there are still a 

number of unsettled challenges: the easy ice accretion on the hierarchical structures 

under high humidity environment, low anti-icing and de-icing efficiency, limited 

mechanical durability and icephobic instability. Therefore, the current project focuses 

on the R&D of durable icephobic coatings with new design concepts.  

 

The main aim of the project is to develop new types of durable and effective icephobic 

structures for potential ice protection applications in the aerospace. The initial selection 

of PDMS polymer was based on its favorable hydrophobicity and icephobicity 

properties. The incorporation of Ni scaffold with the PDMS matrix was subsequently 

adopted due to the superior mechanical strength it provides, which in turn enhances the 

overall durability of the system. Furthermore, to meet the diverse requirements of 

icephobicity such as anti-icing, de-icing, and icephobic stability, various lubricants 

were also assessed as potential candidates for integration into the system. The detailed 

mechanisms in mechanical durability and icephobicity will be studied, including the 

multi-phase layer system and its effect on layer icephobicity. 

 

The objectives of the PhD project are proposed as follows: 

 

 Icephobic structures with excellent icephobic performance and mechanical 

durability would be designed using the physical concept of multi-phase construction. 

It is expected that the newly designed coating could be effective in delaying the ice 
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formation, possessing low ice adhesion and surviving in long-time harsh 

environments. 

 

 Related fabrication techniques including spin coating, doctor blading and vacuum 

impregnation will be used to fabricate the icephobic structures with different surface 

features and properties. The optimised preparation parameters including lubricant 

addition will also be investigated. 

 

 Various characterisation facilities including optical microscope, scanning electron 

microscopy, 3D profilometer, fourier transform infrared spectra, differential 

scanning calorimetry, SAUTER durometer will be adopted to characterise the 

surface morphologies, shore hardness surface chemistry variation. The relationship 

between these structural features and material icephobicity will be investigated and 

discussed. The related simulation on static stress analysis of the de-icing process on 

as-prepared samples will also be conducted using ANSYS software. 

 

 Surface wettability and icephobicity evaluation including standard and home-made 

facilities will be conducted to investigate the overall performance of samples. The 

icephobicity will be assessed from anti-icing (icing delay effect, anti-frost 

performance, in-situ ice formation) and de-icing aspects (ice adhesion strength, ice 

diminishing process, cyclic icing/de-icing tests). 

 

 The specific relationship between sample performance and layer structure design 

will be established based on the mechanical durability and relevant icephobicity 

results in different layer systems. 

 

 

 

 



Chapter 1 Introduction 

9 

1.3 Scope of Thesis 

This thesis consists of seven chapters:  

 

Chapter 1 briefly introduces the background and research motivation of this work. The 

project aims and objectives are identified. The scope of the thesis is also outlined in this 

chapter.  

 

Chapter 2 provides the literature review of this project, it indicates the developments 

and challenges and perspectives toward icephobic research, including the significance 

of ice protection system, principles and basic theories of icephobicity and wettability. 

This chapter specifically reviews the fundamental knowledge related to icephobic 

mechanisms and the most up-to-date progress in relevant fields. 

 

Detailed methodologies including substrates, sample preparations, microstructural 

characterisation, and performance tests such as icephobicity and durability, are 

presented in Chapter 3. The details of microscopic, spectroscopic and icephobicity tests 

employed in this work have been described in this chapter.  

 

Chapter 4 reports the fabrication and optimization processes of Ni scaffold/PDMS with 

silicone oil addition (NP-SO) icephobic layer structure system. Primary investigations 

and characterisation have been carried out. Good mechanical durability and stability of 

icephobic performance for as-prepared structured surfaces have also been confirmed. 

The surface offers a mechanical solution and unfolds the potential of LIS. 

 

In Chapter 5, the mechanisms of phase change liquid modification on altering the 

surface icephobicity and durability are investigated systematically using liquids with 

different phase transition substances including silicone oil, groundnut oil and coconut 

oil. Multiple icephobicity evaluation methods focusing on anti-icing and de-icing 

aspects as well as the in-situ ESEM observation of water condensation and icing growth 
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and retardation processes will be applied to evaluate the icephobic performance. The 

underlying relationship between the changing icephobicity and the phase change liquid 

introduction are discussed in detail in Chapter 5.  

 

Chapter 6 adapts the design concept and construction of multi-phase layer structure 

with the combination of Ni scaffold/PDMS with ice depressing liquid incorporations. 

The multi-phase Ni scaffold/PDMS layer structures with glycol/glycerol modifications 

have been prepared with the uniformly distributed internal porosities to meet all aspects 

of the surface icephobicity simultaneously. The mechanical durability and icephobicity 

stability are significantly improved with the integrated use of Ni scaffolds and glycol 

and glycerol infusions.  

 

Finally, the key findings of the study are refined and summarised in Chapter 7. New 

design strategies for icephobic layer structures are proposed based on the investigation 

of relevant icephobic mechanisms and feasibility in this study. Recommendations for 

future work are also provided at the end of this chapter. 
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Chapter 2 Literature Review 

 

2.1 Background of Icephobic Surfaces 

Icing is a common phenomenon in nature. However, the unexpected icing phenomenon 

would often cause economic losses and pose serious safety risks in many areas. Icing 

would cause problems to the power system, such as the overweight problem of wires 

and pylons, fracture and collapse to the power transmission system, leaving huge 

damage to the power system and the national economy. For example, the 2008 snow 

disaster in southern China seriously damaged the local power system, the power supply 

in many provinces in China was reduced or cut off because large amounts of primary 

equipment such as transmission lines and power towers were damaged greatly under 

the fierce icing environment [12, 47]. Besides, according to the recent statistics data, 

the economic loss caused by the extreme icing weather has risen by an average of 10 

times in the past 40 years [48]. It has also been proved that the total energy loss of a 

wind generator blade in cold climate lies between 3% to 8% while the ice protection 

system could consume almost 3 percent of the total energy produced [49]. 

 

2.1.1 Hazards of icing phenomena 

 

Figure 2.1 Icing phenomenon on engineering surfaces (a) ice accumulation on the wing of 

aircraft surfaces, (b) undesirable ice accretion (Adapted from Ref [50] and [51]). 
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Icing poses great threat to aviation equipment and industry. When an aircraft flies at a 

speed of slower than a critical speed, it could easily encounter supercooled droplets in 

incoming air flow, they will hit and freeze in the important parts (windward surface) 

such as the leading edges of the wings and flat tails, resulting in aircraft control failure 

[52, 53], as shown in Figure 2.1. The serious icing phenomenon on different 

engineering surfaces including ice accumulation and accretion are illustrated in both 

Figure 2.1 (a) and (b), respectively. In the aviation industry, icing-related accidents 

account for more than 15% of aircraft crashes [54], especially in the aircraft industry 

with high safety standards. For air transportation, accidents in flight safety caused by 

unexpected icing phenomenon keep happening, and most of them would lead to 

disasters, resulting in extremely serious life and property loss. 

 

Icing of the aircraft is mainly affected by the shape of the aircraft and meteorological 

conditions [55, 56]. Ice tends to form on prominent parts of the aircraft, such as the 

windward surfaces of the wings, tails, windscreen, engine inlets, blades, airspeed tubes 

and antennas. The shape of the leading edge of the wings and tails could also have 

significant effect on icing. For temperature ranges from -20 °C to 0 °C, supercooled 

water droplets in cumulus and stratus clouds and updraft zones are highly susceptible 

to forming ice on the flyby aircraft. It could also cause water vapor to freeze when the 

aircraft flies from zone above zero degrees to zone below zero degree with high-

humidity air. Aircraft icing phenomenon could be divided into glaze ice, glaze and rime 

ice, and rime ice according to the hazard rating from high to low (as shown in Figure 

2.2). Glaze ice generally occurs within -10 °C to 0 °C environment. Surfaces with 

formed smooth, transparent and strong ice could be classified as the most harmful icing 

conditions. Glaze and rime ice are very rough and relatively strong and generally occur 

from -20 °C to -10 °C. Rime ice normally appears while aircraft move from a cold zone 

to a high-temperature area [57]. The specific classifications of ice are discussed in detail 

in Section 2.2.2.1. The dangers of aircraft icing could be diverse. When ice forms on 

airplane wings, they would change the shape of the wings, making it difficult to 

maneuver or even leading to a crash. If the engine air intake is frozen, the airflow would 

then change, leading to the reduction of engine efficiency and even sudden stop.  
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Figure 2.2 Ice formation within a cloud and the resulting probability of aircraft icing [58]. 

 

At the same time, engine blade formed ice or impact from fallen ice would also result 

in engine failure. Icing could be inevitable for many sensors due to their shapes. For 

example, a crash would easily occur if one of the facilities including the airspeed tube, 

elevation sensor, temperature sensor, atmospheric data sensor and other detectors and 

meters fails. The icing on the windshield of the aircraft will obstruct the pilot's vision 

seriously. Exactly like the icing phenomenon on radome and other parts, such as aircraft 

shells, turbofan and angle-of-attack vane, it will also increase the weight of the aircraft, 

causing serious incalculable consequences [57]. 

 

Icing brings a lot of danger to safe flying. Therefore, by understanding and studying the 

reasons and process of icing, then the de-icing technology could be developed, which 

to a certain extent, could overcome and eliminate the damage caused by unexpected 

icing. This not only has real world significance but also helps with the deeper 

understanding of interface interactions and materials.  

 

2.1.2 Current solutions for ice prevention  

Ice prevention includes two parts, anti-icing and de-icing: the anti-icing aspect normally 

exhibits some ubiquitous features: the inhibition of water condensation on the surface 
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and inhibition of the incoming water’s freezing, preventing the ice accrete on the object; 

while for the de-icing, it is related to the weakening of the adhesion strength of the 

formed ice, allowing the ice to melt or fall off or be easily removed [9, 59]. At present, 

there are many anti-icing/de-icing methods, which could be summarized into two 

methods: active de-icing and passive anti-icing. The active de-icing methods could be 

divided into three types. One is physical method such as mechanical de-icing with 

external force, then it is thermal method such as de-icing with heat input. The third one 

is chemical method including spraying anti-icing agents or de-icing liquids. The most 

common mechanical de-icing method is pneumatic de-icing, by installing airbags at the 

icy position such as the leading edge of the wings.  

 

Figure 2.3 Engineering parts on aircraft that require de-icing operations (including 

Windshield, Probe, Drain mast, Engine air intake, Wing) [60]. 

 

Figure 2.3 illustrates some of the engineering parts of aircrafts that require de-icing 

operations. There are two types of sources for thermal de-icing: hot gas generated by 

the engines and electrical heating. The exhaust hot air from the engines could be 

oriented through the internal piping network onto the engine inlets and leading edges, 

causing the ice to detach and then fall off. However, it also complicates the aircraft 

architecture severely [61]. Besides, the runback ice or continuous ice accumulation in 
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the uncovered areas may also pose a dangerous situation because it can drastically affect 

the aerodynamic loading conditions. Electrothermal de-icing method uses electrical 

energy to heat the surface of engineering parts to melt and detach the ice. It is usually 

utilized in windshields, radomes, and other parts of aircraft. But it also has several 

drawbacks: the electrical heating de-icing device consumes a large amount of energy, 

resulting in many heater elements leading to weight increase and timer complexity. It 

is suggested that the good de-icing performance could be achieved with a power input 

as high as 34 kW/m2 using 5 % heater-on/off cycle [62]. And the melted water can 

easily freeze again. An electrothermal de-icing system is heavy and requires large 

amounts of power (25 kW) [63]. The heat generated during the process can cause blade 

damage and delamination [64]. 

 

The other method, ultrasonic wave de-icing method is known as a new de-icing method 

which could achieve de-icing purposes by making relevant parts vibrate and generate 

heat. The sprayed anti-icing agents and de-icing liquids are still currently the most 

commonly used de-icing methods because of its easy operation [65]. With liquids 

possessing a lower freezing point on the surfaces of the engineering parts, the freezing 

temperature of the frozen parts would be lowered and the prevention or delay of icing 

phenomenon was then achieved. However, the ice protection effect is limited and ice 

accretion could take place again. Besides, the usage of de-icing fluid is also not 

environment friendly the discharge and improper handling of the chemicals could lower 

the oxygen levels in waterways and prevent fish and other aquatic creatures from 

breathing, the chemicals that end up in nearby waterways could slowly create 

waterways that would not support life [66]. This method is simple to operate, but it has 

limited effect and would do damage to the environment [67]. 

 

Although the above active de-icing methods have been widely used, they all have 

various disadvantages, which have placed huge burden on the structure and 

maintenance of the aircraft. Therefore, more and more attention has been paid to passive 

de-icing methods. It also becomes an important research direction in the field of aircraft 
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anti-icing [68]. Passive de-icing refers to the construction of surfaces or coatings with 

anti-icing/de-icing capabilities on aircraft which is more prone to icing. On the one hand, 

this method could make it difficult for water droplets to infiltrate the surface of the 

component and easily separate from the surface of the component. It could delay the 

icing time and reduce the amount of icing to achieve ice prevention. On the other hand, 

due to the low adhesion between the surface and ice, the formed ice would be easy to 

fall off from the surface, and the aim of passive ice protection is then achieved. There 

would be little increase in the weight of the aircraft with surface constructions using 

specific structures. The type of de-icing method also has high reliability and does not 

consume too much energy or excess manpower. 

 

There are some attempts on icephobic coatings undertaken which have been put into 

practical applications in the field of aviation [69-71]. For example, black coloured 

coating (StaClean) was applied onto the blades by Yukon Energy [72], which is abrasion 

resistant and suitable for high impact. In the aviation field, there remain several specific 

demands for icephobic coatings, including strong adherence to the substrate, wide 

temperature range resistance, chemical stability, mechanical durability and corrosion 

resistance. Among them, mechanical durability and thermal conduction should be 

emphasized during the design and preparation of icephobic coating. Good mechanical 

durability can ensure the service life of the coating since good durability could help to 

sustain the severe water impingement conditions and mitigate and/or resist 

microstructural damages, fewer cracks would generate on the coating surface under the 

external de-icing forces [73], good thermal conduction can increase the de-icing 

efficiency and reduce the overall energy consumption in the active de-icing [74]. The 

two properties are as important as the low ice adhesion strength in practical applications. 

Therefore, more systematic studies are needed in the field of icephobic coatings. 
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2.2 Icephobicity of Solid Surfaces 

Some scholars have identified that the design of icephobic surfaces could be motivated 

from the mechanisms of surface hydrophobicity, for example, the capability to repel 

water and the freeze delay effect [75, 76]. The assumption behind this is that the 

mechanisms of icephobicity and hydrophobicity are similar. By designing hydrophobic 

surface with large water contact angle or low surface energy, one can achieve weak 

adhesion between the surface and ice, and an icephobic surface could be obtained. Here, 

the detailed mechanisms from wettability to icephobicity are explained in detail. 

 

2.2.1 Wetting theory of solid surfaces 

In order to enable the surfaces with icephobicity, it is necessary to make it difficult for 

water droplets to infiltrate and remain on the coating surface, thereby preventing the 

water droplets from freezing and delaying the ice formation. The infiltration of water 

droplets on the surface is closely related to the water contact angle (WCA). Therefore, 

the anti-icing performance of different surfaces will be studied combined with the 

related wetting theory. 

 

2.2.1.1 Wetting on an ideal surface: Young’s equation 

The wetting phenomenon is a physical phenomenon in which droplets expand along the 

surface of the solid when the liquid and the solid contact with each other. From the 

energy perspective, there is cohesion between liquid molecules and also adhesion 

between liquid and solid. The adhesion between liquid and gas is relatively small. In 

the case of any molecule in the interstitial space between solid and liquid, if the solid-

liquid adhesion is greater than the cohesive force, the resultant force of the molecules 

would be perpendicular to the contact surface, pointing from the interior of the liquid 

to the outside. Under this condition, because the internal chemical potential of the liquid 

is large, the molecules inside the liquid would move to the area where the chemical 

potential is smaller at the contact surface, and eventually the area of the contact surface 
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between the liquid and the solid would increase. As the liquid in the contact surface 

gradually increases, the energy of the entire system becomes lower and lower, and the 

system tends to remain in a stable state. This would result in the extension of adhesion 

layer along the surface of the solid and wetting of the solid. It can be seen that the 

suspended liquid in air would appear as spherical if there is no gravity effect. The 

vertical tension between any two adjacent positions on the liquid surface and their unit 

distance critical line is defined as surface tension. Surface energy can be defined as the 

excess energy at the surface of a material compared to the bulk, or it is the work required 

to build an area of a particular surface. It can be explained as the required energy change 

a unit surface area. When a liquid phase comes in contact with solid phase, if the surface 

energy of solid phase is high, the liquid phase would tend to wet on the solid surface 

[77].  

 

 

Figure 2.4 Liquid in contact with solid surface [78]. 

 

When a water droplet comes in contact with an ideal smooth surface, it shows as a 

sphere with radius of R. The apparent contact angle between the bottom substrate 

surface and the ideally smooth surface is 𝜃, as shown in Figure 2.4. According to the 

geometric relationship, the specific expressions including the volume of the water 

droplet V, the contacting area of liquid-gas interface S, and the area of liquid-solid 

contact A can be obtained and the derivation processes are shown in equations (2.1) to 

(2.3) [79]: 

 

𝑉 =
𝜋

3
𝑅3(2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2                             (2.1)     

𝑆 = 2𝜋𝑅2(1 − 𝑐𝑜𝑠𝜃)                                     (2.2)     



Chapter 2 Literature Review 

19 

𝐴 = 𝜋𝑅2(1 − 𝑐𝑜𝑠2𝜃)                                    (2.3)     

 

According to basic thermodynamic theory [80], the Gibbs free energy of a water droplet 

can be expressed as equation (2.4): 

 

𝐺 = 𝛾𝑙𝑔𝑆 + 𝜋(𝑅𝑠𝑖𝑛𝜃)2(𝛾𝑠𝑙 − 𝛾𝑠𝑔) = 𝛾𝑆 − 𝜋(𝑅𝑠𝑖𝑛𝜃)2𝑅         (2.4)     

 

where 𝛾𝑙𝑔, 𝛾𝑠𝑙 and 𝛾𝑠𝑔 represent the surface tension between liquid and gas, liquid and 

solid and solid and gas interfaces, respectively. Here, the surface is assumed to be an 

ideally smooth surface. For the convenience of later use, the constant 𝛿 is then defined 

as equation (2.5): 

 

𝛿 = 𝛾𝑠𝑔 − 𝛾𝑠𝑙                                                  (2.5)     

 

Assuming that the volume of the droplet does not change, V is seen as a constant. Then 

the equations (2.1) and (2.2) were substituted into equation (2.5), and equation (2.6) 

could be obtained: 

 

𝐺 = [
9𝜋𝑉2

(1 − 𝑐𝑜𝑠𝜃)(2 + 𝑐𝑜𝑠𝜃)2
]

1
3

[2𝛾𝑙𝑔 − 𝛿(1 + 𝑐𝑜𝑠𝜃)]           (2.6)      

 

From the formula, it can be seen that Gibbs free energy G has only one independent 

variable at given temperature and pressure, 𝜃 represents the intrinsic contact angle. 

The derivative of G with respect to 𝜃 was shown as equation (2.7): 

 

𝑑𝐺

𝑑𝜃
= 2 [

9𝜋𝑉2

(1 − 𝑐𝑜𝑠𝜃)4(2 + 𝑐𝑜𝑠𝜃)5
]

1
3

(𝛿 − 𝛾𝑙𝑔𝑐𝑜𝑠𝜃)𝑠𝑖𝑛𝜃         (2.7)      
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When G takes the minimum value, the value of equation (2.7) is zero, then  𝛿 =

𝛾𝑙𝑔𝑐𝑜𝑠𝜃𝑌, which can also be written as equation (2.8): 

 

𝑐𝑜𝑠𝜃𝑌 =
𝛾𝑠𝑔 − 𝛾𝑠𝑙

𝛾𝑙𝑔
                                             (2.8)      

 

The above formula is Young’s equation, which explains why a liquid "stands" stably on 

an ideal smooth solid surface [81]. It can be seen from the formula that the contact angle 

could be increased by reducing the solid-liquid surface energy if the droplet and gas 

environment remains unchanged.  

 

Currently, a surface with a contact angle less than 90° is defined as a hydrophilic surface 

(good wetting), while a surface with a contact angle greater than 90° is defined as a 

hydrophobic surface (poor wetting), and surface with angle greater than 150° is always 

defined as a superhydrophobic surface. 

 

2.2.1.2 Wetting on a non-ideal surface 

The Young’s equation mentioned in the previous section is applicable for an ideally 

smooth surface. In fact, the homogeneous solid surface is normally rough, so the 

apparent contact angle of the same solid surface is different from the intrinsic contact 

angle calculated by Young’s equation. This phenomenon can be explained by the 

Wenzel’s model [82] in this section and the Cassie’s model [83] in the next section.  

 

 

Figure 2.5 Wenzel’s Model and Cassie-Baxter’s Model [84]. 

 

Wenzel’s model indicates that when the liquid contacts the rough solid surface, the 

contacting part of the liquid would completely fill in the asperities of the rough surface 
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of the solid, as shown in Figure 2.5. Wenzel’s model is an equation derived from the 

free energy change of the system and the principle of zero virtual work under the 

equilibrium state of constant temperature and constant pressure [85], as indicated in 

equation (2.9): 

 

𝑑𝐸 = 𝑟(𝛾𝑠𝑙 − 𝛾𝑠𝑔)𝑑𝑥 + 𝛾𝑙𝑔𝑑𝑥𝑐𝑜𝑠𝜃𝑤                       (2.9)     

 

where 𝑑𝐸 is the energy required for the contact line to move with an infinitely small 

amount of 𝑑𝑥. If 𝑑𝐸=0, the system energy is balanced, the relationship between the 

surface tension and the apparent contact angle 𝜃𝑤 can be obtained [86], that is shown 

as equation (2.10): 

𝛾𝑙𝑔𝑐𝑜𝑠𝜃𝑤 = 𝑟(𝛾𝑠𝑔 − 𝛾𝑠𝑙)                                  (2.10)     

 

where 𝜃𝑤 is the apparent contact angle of the Wenzel’s model, 𝑟 is the roughness of 

solid surface, which means the ratio of the actual liquid-solid contact area to the 

horizontal projected area, so 𝑟 ≥ 1. 

 

Then equation (2.8) was substituted into equation (2.10), and equation (2.11) was 

obtained as follow: 

 

𝑐𝑜𝑠𝜃𝑤 = 𝑟𝑐𝑜𝑠𝜃𝑌                                    (2.11)     

 

Since  𝑟  is no less than 1, when 𝜃 < 90° , 𝑐𝑜𝑠𝜃𝑤  would become larger with the 

increase in roughness. As 𝜃𝑤  decreases, the hydrophilic surface becomes more 

hydrophilic as the roughness increases. When 𝜃 > 90°, 𝑐𝑜𝑠𝜃𝑤 would decrease with 

the increase of roughness. As 𝜃𝑤 increases, the hydrophobic surface would become 

more hydrophobic with the increase of roughness. 
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Apart from the aforementioned homogeneous solid surface, heterogeneous solid 

surface also exists. So, Wenzel’s model is not applicable here. On this basis, Cassie and 

Baxter put forward their ideas. They proposed the concept of "composite contact" and 

established Cassie’s Model to deal with the composite wetting state of solid surface (as 

shown in Figure 2.5). 

 

Under the equilibrium state of constant temperature and constant pressure, according to 

the principle that the free energy of the system changes and the zero virtual work, it is 

concluded as equation (2.12): 

 

𝑑𝐸 = ∑ 𝑓𝑖

𝑛

𝑖=1

(𝛾𝑠𝑙 − 𝛾𝑠𝑔)
𝑖

+ 𝛾𝑙𝑔𝑑𝑥𝑐𝑜𝑠𝜃𝑐              (2.12)     

 

At the equilibrium state, dE was put to be 0, and it was substituted into Young’s equation: 

 

𝑐𝑜𝑠 𝜃𝑐
′ = ∑ 𝑓𝑖

𝑛

𝑖=1

𝑐𝑜𝑠𝜃𝐼                                  (2.13)     

 

where 𝑓𝑖 represents the area fraction of certain smooth media in all media and ∑ 𝑓𝑖
𝑛
𝑖 =

1. 𝜃𝐼 represents the intrinsic contact angle between the liquid and the smooth medium 

𝑖. 𝜃𝑐
′ is the apparent contact angle in Cassie’s model. For superhydrophobic surfaces, 

there are only two medias at the bottom of the droplet, the trapped gas between the solid 

and the surface structure. It is supposed that the area fraction of the solid is 𝑓, then the 

area fraction of the gas is (1 − 𝑓), the intrinsic contact angle between the liquid and 

the solid is 𝜃𝑌, and the contact angle between the liquid and the gas is 180°: 

 

𝑐𝑜𝑠𝜃𝑐 = 𝑓𝑐𝑜𝑠𝜃𝑌 − (1 − 𝑓)                                  (2.14)     

 

𝑓 =
𝑆𝑆

𝑆𝐵
                                                              (2.15)     
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where 𝑆𝑆  represents the liquid-solid contact area of the bottom surface, and 𝑆𝐵 

represents the horizontal projection area of the liquid bottom surface. It can be seen 

from equations (2.14) and (2.15) that the surface texture structure has a great influence 

on the apparent contact angle of Cassie’s Model. 

 

For solid surfaces with an intrinsic contact angle greater than 90°, both the Wenzel’s 

Model and the Cassie-Baxter’s Model could improve the apparent contact angle and 

hydrophobic performance by increasing the surface roughness. In addition, there is 

another criterion for hydrophobic performance, namely, contact angle hysteresis (CAH) 

[87]: 

 

𝐶𝐴𝐻 = 𝜃𝑎 − 𝜃𝑟                                             (2.16)    

 

where 𝜃𝑎 is the forward angle and 𝜃𝑟 is the backward angle, as shown in Figure 2.6. 

Due to the larger contact area between liquid and solid surface in Wenzel’s Model and 

the anchoring effect between liquid and rough surface, the CAH of liquid in this state 

becomes larger and its value is much higher than that of smooth surface. In Cassie-

Baxter state, the liquid underneath is in the composite contacting state. With both solids 

and gases, the liquid-solid contact area decreases and the droplets "hover" on the surface. 

In this way, CAH would be very small, the water droplets are easy to fall off, with a 

good hydrophobic effect. 

 

Figure 2.6 Contact angle hysteresis and rolling angle [88]. 
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When the surface of the droplet is tilted, the droplet begins to roll, and the tilt angle of 

the surface can be considered as the rolling angle 𝛼. Furmidge et al. [89] proposed the 

relationship between the advancing angle and receding angle as well the sliding angle: 

 

𝑚𝑔𝑠𝑖𝑛𝛼

𝑤
= 𝛾𝑙𝑔(𝑐𝑜𝑠𝜃𝑟 − 𝑐𝑜𝑠𝜃𝑎)                      (2.17)     

 

where 𝑚 is the mass of the droplet, 𝑔 is the gravitational acceleration, and 𝑤 is the 

width of the contact surface between the droplet and the solid surface that is 

perpendicular to the rolling direction. From this equation, it can be seen that the size of 

the rolling angle is independent of the absolute value of 𝜃𝑎 and 𝜃𝑟 that are related to 

CAH, but it also depends on the difference between the advancing angle and receding 

angle. 

 

2.2.1.3 Relationship between Cassie state and Wenzel state 

Under normal circumstances, the droplets would stay on the rough surface in a low-

energy contact mode to keep them in a stable state. For droplets with constant volume 

V, Young’s equation (2.8) could be substituted into the Gibbs free energy equation (2.6) 

to obtain equation (2.18) [90]: 

𝐺 = 𝛾𝑙𝑔[9𝜋𝑉2(1 − 𝑐𝑜𝑠𝜃𝑌)2(2 + 𝑐𝑜𝑠𝜃𝑌)]
1
3           (2.18)     

 

Figure 2.7 Relationships between the Gibbs free energy G, volume V and contact angle 𝜃𝑌. 
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This shows that the Gibbs free energy (G) of the droplet is an increasing function of the 

contact angle 𝜃𝑌, as shown in Figure 2.7. Therefore, smaller apparent contact angle 

corresponds to lower energy contact state, which also corresponds to the steady state of 

the droplet. Figure 2.8 indicates the relationship between the Cassie-Baxter state and 

the Wenzel state. In Figure 2.8, it is necessary to point out that the slope of the curve is 

𝑟 in Wenzel state, and the slope of the curve 𝑓 is in Cassie state. The intersection point 

of the two lines should satisfy both equations (2.11) and (2.14), showing that they are 

equal to each other, for the aim to obtain the threshold value 𝜃0. The critical contact 

angle of Cassie and Wenzel state transition is represented as follows: 

 

𝑐𝑜𝑠𝜃0 =
𝑓 − 1

𝑟 − 𝑓
                                                      (2.19)     

 

Figure 2.8 Relationship between Cassie-Baxter state and Wenzel state [91]. 

 

When 90° < 𝜃𝑌 < 𝜃0, the droplet in the Wenzel state would have the lowest energy, 

which is relatively stable. And when 𝜃𝑌 > 𝜃0, the droplet is in Cassie’s state with low 

energy and is relatively stable. However, as shown in the dotted line in Figure 2.8, under 

certain conditions, Cassie’s state will also exist between the intrinsic contact angle of 

90° and the critical contact angle when the surface still has contact between the captured 

air and water droplets. At this point, although the energy is higher, the droplet could 

still exist in stable state, which could be defined as a sub-stable state. At this point, if 

some energy has been provided to the droplet, it is possible for the droplet to change 
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into the Wenzel’s state (droplet is impaled on the surface asperities) from Cassie’s state 

(air remains trapped beneath the droplet), which is represented by the reduced contact 

angle. Since the trapped air inside the rough structure has been squeezed out, the water 

droplet then enter and wet the rough structures [92].  

 

In the case of medium hydrophobicity (usually in the presence of water, where Young’s 

contact angle 𝜃𝑌 does not exceed 120°), it is often observed that the air trapping state 

in Cassie’s state is metastable. By applying pressure to the droplet, it could be induced 

to another state with an irreversible transformation, which is Wenzel’s state. The contact 

angles in the two states are comparable (Wenzel's apparent contact angle was slightly 

less than Cassie's apparent contact angle, but both of them were significantly larger than 

Young's angle), the hysteresis phenomenon is significantly affected by the state change: 

the CAH values in Wenzel’s state is greater than that in the Cassie-Baxter state since 

the water droplet could stick to the surface, leading to a remarkable adhesive force [93]. 

 

One of the weaknesses of superhydrophobic materials is that if the air between the 

surface textures is squeezed out and filled with water, the material would lose its 

waterproof properties. There are many methods of invasion, such as droplet 

condensation, external pressure, condensation of a dew, moisture invasion and drop 

evaporation [94]. To avoid this phenomenon, 𝜃0 should be as small as possible, and 

𝜃𝑌 > 𝜃0, the droplets on the surface could remain in a stable Cassie state. Since 𝑓 is a 

parameter with phenomenological properties, this condition is not easy to create. If 

𝑐𝑜𝑠𝜃𝑌 < −1 𝑟⁄ , the 𝑟 value corresponding to the given hydrophobic material is large, 

the roughness is also large. In this way, this state could be realized. 
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2.2.2 Formation of ice 

2.2.2.1 Physical phenomenon of icing 

 

Figure 2.9 Phase diagram of water (Adapted from Ref [95]). 

 

 

Icing is a complex physical phenomenon with the comprehensive action of multi-factor 

parameters. It is believed that understanding and mastering the physical process of icing 

is the premise and foundation for the design of icephobic surface applications. The 

characteristics of water state are closely related to its pressure and temperature. Figure 

2.9 shows the phase diagram of water. O is the triple point (which corresponds to the 

ambient condition of 0.006 atm and 0.0075 °C), A is the critical point, B & C also 

indicate the points on the phase changing lines of solid-liquid and solid-vapour, while 

D shows the point on the extension of OA. OA, OB and OC are the two-phase 

equilibrium lines of gas-liquid, liquid-solid and gas-solid, respectively [95]. OD is the 

extension of AO line, which is the metastable equilibrium line of supercooled water and 

water vapor. Supercooled water is in a metastable state, and it would turn into solid ice 

as soon as a condensation core is present. It can be seen from Figure 2.9 that there are 

three main ways to form the solid phase of water: 1) the solidification of liquid water; 

2) the condensation and freezing of water vapor; 3) direct condensation of water vapor. 
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There are many solid forms of water in nature: glaze, rime, frost, snow and ice. The 

characteristics of ice are closely related to the formation conditions (as shown in Table 

2.1) [96]. Among them, the glaze/rime formed by freezing rain on near ground is the 

most harmful, and it is the main form of freezing problem on many types of equipment. 

 

Table 2.1 Ice-type of different conditions [97] 

Ice type Category Items Drop size Ice density Adhesion 

Glaze / Freezing rain 

70 µm to a 

few 

millimetre 

≥ 0.9g/cm3 Very strong 

Rime 
Hard rime Supercooled fog/cold 5-70 µm 0.6~0.9 g/cm3 Strong 

Soft rime / / 0.3~0.6 g/cm3 Weak 

Frost / Vapor / 0.05~0.3 g/cm3 Weaker 

Snow / Mixture of ice and water / low Weaker 

Ice / Liquid water / / Varied 

 

2.2.2.2 Supercooled water  

For most of the time, water still remains in stable liquid state and does not freeze even 

the temperature is much lower than 0 ℃. Although from the point of view of 

thermodynamic, water remains in the metastable state below 0 ℃, the formed ice is 

more stable than liquid water. The state of temperature below freezing point without 

becoming ice is scientifically acknowledged as supercooled [98]. The degree of 

supercooling could be expressed as follows in equation (2.20): 

 

∆𝑇 =  𝑇𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑖𝑧𝑒 − 𝑇𝑐𝑢𝑟𝑟𝑒𝑛𝑡                                    (2.20)    

 

where Tcrystailize represents the theoretical crystallization temperature, Tcurrent is the actual 

crystallization temperature. 
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The reason for the occurrence of supercooled state is that there are no growable 

nucleation points for ice growth formed when water try to crystallize to form ice in the 

system [99]. During the cooling process, the water molecules in liquid phase would 

keep swaying to produce thermodynamic fluctuations and lead to the spontaneous 

formation of ice germ microcrystals in the system. However, during this process, most 

of the microcrystals will dissolve back into the liquid state. The formation process of 

critical nuclei that can overcome the adverse interaction between the microcrystalline 

sequence and the environmental liquid molecules and would not be liquefied into water 

microcrystals could be called as nucleation. Once the critical nucleus is formed, it 

would grow irreversibly and eventually form ice with large sizes [100, 101]. But it takes 

some time for the nucleation and growth of the crystals, so that water could stay in 

supercooled state without freezing. 

 

2.2.2.3 Formation of ice crystal 

Ice crystals are formed by the orderly arranged water molecules as well as amorphous 

ice, which are bonded together by hydrogen bonds to form a loose rigid structure. Ice 

has more than 20 structural forms, which are usually marked by roman numerals with 

suffixes. The h and c behind the Roman numerals normally represent the hexagonal and 

cubic crystal systems, respectively, such as Ih and Ic. Among them, the Ih type ice is 

the most common existed. All of the common ice seen in the nature belong to Ih 

structure, while Ic structure only exists at very low temperatures. In Ih type ice, for 

every O atom, there would be four O atoms with tetrahedral coordination surrounded 

by, with bond length of O-O about 0.276 nm and bond angle of O-O-O about 109°, 

which is very close to the bond angle of ideal tetrahedron [102]. For the distribution of 

H atoms around O atoms, it can be either disordered or ordered. If the distribution of H 

atoms is disordered, there will be four H atoms with a space occupying degree of 0.5 

distributed around the O atom, the symmetry of the structure is relatively high and the 

space group is P63/mmc. If H atoms are orderly distributed, there are two H atoms 

around every O atom and the space group is P63cm (as shown in Figure 2.10) [103]. 
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Figure 2.10 (a) The disordered distribution (P63/mmc) and ordered distribution (P63/cm) of H 

atoms around O atoms in Ice-Ih structure; (b) Crystal structure of Ice-Ic (P63/cm) [103]. 

 

2.2.3 Ice nucleation mechanism 

2.2.3.1 Homogeneous nucleation and heterogeneous nucleation 

An icephobic material should have the ability to delay ice nucleation in terms of 

temperature (under continuous cooling) or time (under a constant temperature). The 

ability to prevent or delay ice nucleation on surfaces depends on whether water droplets 

in supercooled state (below 0 °C) could freeze at the interface and the delay effect it 

brings to the heterogeneous ice nucleation. The process is governed by ice nucleation 

and growth, which is consistent with the classical nucleation and crystal growth theories 

in material science [104]. 

 

According to the analysis of the classical nucleation theory, the crystal nucleation for 

water could be divided into two categories: nucleation theories on homogenous and 

heterogeneous surfaces. 

 

Homogeneous nucleation indicates the formation of critical crystal nuclei inside a 

uniform and metastable water phase. It could be categorized into random nucleation 
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and the nucleation occurs in all parts of the system showing the same probability. The 

reduction of system Gibbs free energy would occur spontaneously with the icing 

process. Under the thermodynamic driving force, the ice nucleation could take place 

once a large amount of relatively long-lived hydrogen bonds at the same location form 

a compact nucleus [105]. After that, the formed nucleus would keep changing the shape 

and size until it has reached a stage that allows the rapid expansion and crystallization 

of the whole system [106]. The three essential conditions of ice nucleation consist of 

supercooling, structure fluctuation, and energy fluctuation, which have been 

emphasized by molecular dynamics (MD) simulations. The ice nucleation on 

homogeneous surfaces could also be regulated by controlling the essential conditions 

to achieve anti-icing [107]. The critical nucleus radius 𝑟𝑐 could be obtained using the 

classical nucleation theory on a continuum scale, as indicated in equation (2.21):  

 

𝑟𝑐 =  
2𝛾𝐼𝑊

∆𝐺
                                                 (2.21) 

 

where γIW is the water/ice interfacial energy and ∆G is the free energy barrier of bulk 

ice vs bulk liquid, which conforms to the Gibbs-Helmholtz equation (equation 2.22) 

[108]: 

 

∆𝐺 =  
∆𝐻 (𝑇𝑚 − 𝑇)

𝑇𝑚
                                       (2.22) 

 

Furthermore, ∆𝐻  is the water volumetric enthalpy of fusion, and 𝑇𝑚  is the ice 

melting temperature at 1 atm. Combining equation (2.21) and equation (2.22), the 

critical ice nucleus radius 𝑟𝑐 could be calculated.  

 

It is generally assumed that the ice nucleation is difficult to occur in a completely pure 

and uniform water without any external changes and disturbances. This is also the 

reason why water with higher purity normally freezes at a lower temperature. A 

schematic illustration is given in Figure 2.11 for homogeneous nucleation, 

heterogeneous nucleation at solid/liquid 2D interface.  
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Figure 2.11 A schematic diagram of (a) homogeneous nucleation; (b) heterogeneous nucleation 

at the 2D solid/liquid interface; (c) heterogeneous nucleation along the 3D solid/liquid/vapor 

triple-phase contact line(adapted from Ref [109]). 

 

While for heterogeneous nucleation, the ice nuclei often preferentially appear in those 

inhomogeneous parts of the system, such as defects, special chemical structures and 

impurity particles, etc. It is more easily triggered with lower nucleation free energy on 

solid surfaces in a practical situation due to the reduction of the energy barrier. Ice 

nucleation could also be delayed if the surface roughness is smaller than the critical 

nucleus size on a very low surface energy surface.  

 

In the heterogeneous nucleation between solid/liquid interface, the free energy barrier 

∆Gc′ is reduced by a geometric factor f (θ) compared with the free energy barrier ∆GC 

for homogeneous ice nucleation, and the relationship is well given through the classical 

nucleation theory, as shown in equation (2.23) [110]: 

 

∆𝐺
𝐶′

∆𝐺𝐶
=  𝑓 (𝜃) =  

2−3 𝑐𝑜𝑠 𝜃+ 𝑐𝑜𝑠3 𝜃

4
 ≤ 1                        (2.23)     

 

If the heterogeneous ice nucleation takes place on a perfectly flat surface, it is only 

related to the contact angle (θ), and the variation of geometric factor f (θ) with CA is 

shown in Figure 2.12. 
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Alizadeh et al. have investigated the nucleation rates (including homogeneous and 

heterogeneous) with different icing conditions as a function of surface wettability [111]. 

The delay effect for ice nucleation derived from the reduced water-solid contact area is 

more effective at moderate supercooling state. The nucleation effects in both bulk and 

the air-water interface become equally important. Icephobic surface with a relatively 

long icing delay effect could be designed upon the aforementioned conditions. It is also 

suggested that rational design frameworks could be used to develop and design 

icephobic surfaces focusing on preventing heterogeneous nucleation and prolonging 

icing delay [112]. 

 

Figure 2.12 Geometric factor f (θ) for a heterogeneous ice nucleation as a function of contact 

angle θ on a flat surface [110]. 

 

In general, the occurrence of heterogeneous nucleation is easier than that of 

homogeneous nucleation, thus leading to the higher temperature of heterogeneous 

nucleation. Therefore, the ice formation is mostly induced by the heterogeneous 

nucleation of supercooled water. The ice would nucleate preferentially at the "defect" 

positions on solid substrates when the water build in contact with the substrate, the 

water molecules around the crystal nucleus would be ordered and arranged by hydrogen 

bonding and further form ice with macroscopic size. 
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In consequence, the influence of the properties of solid substrate on icing and thorough 

understanding of the intrinsic state of the relationship could be one of the core problems 

in icephobic coating systems. 

 

2.2.3.2 Effect of surface roughness on ice nucleation 

Here, the impact of surface roughness on water freezing process needs to be 

investigated. Some research results claim that there is no obvious difference towards 

the nominally lowest unfrozen temperature of water on surfaces with different surface 

roughness within a small range (0.017-0.146 μm) [113]. But for rougher surfaces, the 

increase of surface roughness in substrates could introduce some difficulties to the 

supercooling process of the water on the surfaces. For example, Wakomoto et al. [114] 

studied the effect of roughness on the supercooling and icing processes of the attached 

water on the substrate by using hydrogen peroxide etching methods on Cu substrate. 

The results indicate that the supercooled water on the substrate surface could reach its 

maximum supercooling degree by gradually increasing the etching frequency and 

lowering the surface roughness under continuous cooling condition, which actually 

shows an inverse relationship between the surface roughness and supercooling 

enhancement. Further research reported that the freezing of supercooled water is more 

likely to take place on surfaces possessing higher surface roughness with respect to 

surfaces having low surface roughness [115]. Similar to many other studies, surface 

roughness has a great influence on the supercooling phenomenon. The lower the 

roughness is, the higher the supercooling degree could reach, and the less likely the 

solution is to freeze [116]. 

 

The reason for the effect of surface roughness on water supercooling and freezing 

process may be ascribed to the fact that the contacting angle (θ) at the liquid-solid 

interface is largely related to the roughness. The relationship between the phase 

transition free energy threshold and the wetting contact angle was proposed by Papon. 

et al., as shown in equations (2.24) and (2.25) below [117]: 
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 ∆𝐺𝑛
∗ =

16𝜋𝛾3𝑇𝐼𝐹𝑃
2

3𝐿2∆𝑇2
 𝑓(𝜃)                                (2.24)      

 𝑓(𝜃) =  
1

4
 (2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2                     (2.25)      

 

where θ is the contact angle (°), ∆𝑇 shows the temperature change (°C), L is the latent 

heat of fusion of ice (J/kg), γ is the radius (m), TIFP shows the temperature of initial 

freezing point (°C), ∆𝐺𝑛
∗ represents the threshold of phase transition free energy (J). 

 

2.2.3.3 Effect of surface free energy on ice nucleation 

The surface free energy of the substrate could directly affect the water infiltration on its 

surface. By changing the substrate surface energy, the contact angle, contact area and 

adhesion force between water droplets and surfaces will also change. The freezing of 

supercooled water droplets or condensed water droplets on the substrate surface is 

accompanied by the mass and heat transfer processes of crystal nucleus formation and 

ice crystal growth. These processes are associated with the solid-liquid contact state of 

the water-substrate interfaces. Therefore, the surface free energy of the substrate would 

also pose certain impacts on the supercooling and freezing processes. Zhang et al. [118] 

studied the effect of substrate surface energy on supercooling and icing processes of 

water. By avoiding the effect of contacting area and heat/mass transfer derived from the 

difference in surface free energy, the influence of surface energy on supercooled water 

freezing could be investigated independently. Because the rates of surface nucleation 

and heat transfer could affect the interfacial areas and pose impact on the ice's 

heterogenous nucleation ability, which further affect the surface free energy [119]. For 

drops with volume lower than 10 μL, the supercooling degree of water would increase 

with the decrease of surface energy and the increase of contact angle. While for large 

droplets in the case of 300 μL, the surface free energy is independent of the freezing 

temperature, which is mainly because the increasing volume of water leads to the 

weakening of surface nucleation compared with bulk nucleation [120]. 
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2.2.4 Ice adhesion on solid surface 

Ice adhesion is determined by dividing the maximum breaking force value by the cross-

sectional area of the ice–substrate interface [9]. For ice adhesion, it is difficult to explain 

the principle of ice adhesion with a single model or mechanism, which actually may be 

caused by a combination of physical and chemical factors. At present, there are four 

widely recognized mechanisms for ice adhesion, namely chemical bonding, physical 

adsorption, mechanical interlock and diffusion mechanism. Generally, the ice adhesion 

is mainly caused by the combination of multiple mechanisms, it cannot be explained by 

a single mechanism. The importance of different mechanisms is also different according 

to the physical and chemical characteristics of specific icing surfaces. 

 

2.2.4.1 Chemical bonding mechanism 

There are certain chemical bonds between ice and the substrate, which improves the ice 

adhesion on the substrate surface. It is assumed that the covalent chemical bonding 

directly associated with the ice surface can also be considered, but it is limited to very 

short distances (0.1-0.2 nm) and is only a factor for solids with specific chemical and 

crystal arrangements. Ice consists of polar water molecules that strongly interact with 

any solid substrate which has dielectric permittivity different from that of ice. There is 

a great deal of theoretical and experimental evidence for the existence of a surface 

charge in ice [121]. Furthermore, the surface charge can also interact with the substrate. 

For example, Ryzhkin et al. [122] studied the correlations between chemical bonding 

mechanism and electrostatic mechanism. The experimental values of adhesion energy 

of the ice/metal interfaces of four different metals were measured, as indicated in Figure 

2.13. The results are comparable to or higher than experimental results. It indicated that 

the chemical bonding mechanism plays few role in affecting the adhesion energy, while 

the electrostatic mechanism is significantly more important than the chemical bonding 

when the distance is larger than 0.276 nm. They proved that the electrostatic interaction 

between ice and metals supplies energy that is significantly higher than chemical 

bonding energy and van der Waals forces at distances greater than intermolecular ones. 
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Figure 2.13 Graph illustrating the adhesive energy of the ice/metal interface per surface unit 

Wa, as a function of distance, z [122].  

 

2.2.4.2 Physical adsorption 

Physical adsorption refers to the mutual attraction between ice and substrate through 

electrostatic interaction or van der Waals forces to improve the bond between the two. 

Electrostatic interaction is the coulomb force when charge transfer occurs between two 

material surfaces. Jaccard et al. [123] thought that the charge on ice surface is caused 

by the defect of proton/hydrogen nucleus, which comes from the deviation of protons 

from the normal arrangement of ice crystal structure. As shown in Figure 2.14, the 

proton point defects include D defects (two protons on hydrogen bond) and L defects 

(no proton on hydrogen bond). Both of these are collectively known as Bjerrum defects, 

which are caused by the deflection of protons around the oxygen atom. There are also 

ionic defects in the ice crystals, known as proton transfer: the transfer of a proton from 

a water molecule to another water molecule, resulting in a positively charged 

hydronium ion H3O
+, and a negatively charged hydroxide ion, OH-. These point defects 

are similar to electrons and holes in semiconductors, which could cause the charge on 

the surface of the ice crystal. 
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Figure 2.14 Bjerrum and ionic defects in the ice crystal structures [124]. 

 

The mirror force F that derives from the charge of point defects near the iced surface to 

the attached object was inferred as: 

 

𝐹 =  
𝑞2

16𝜋𝜀0𝜀𝑧2

𝜀𝑖𝑐𝑒−𝜀

𝜀𝑖𝑐𝑒+𝜀
                     (2.26) 

 

where q is the content of electric charge, (C); ε is the equivalent dielectric constant of 

attached object, non-dimensional; 𝜀𝑖𝑐𝑒 is the equivalent dielectric constant of ice, non-

dimensional; 𝜀0 represents the absolute dielectric constant in vacuum, C2/(N·m2); z 

indicates the distance between the electric charge and interface, (m). Petrenko et al. 

[124] reported that the adhesion energy range between ice and metal was about 0.08~1.3 

J/m2. It is also found that the mirrored charge derived from the iced surface onto 

insulators is smaller than that on metal. Normally, the lower the dielectric constant is, 

the lower the electrostatic force effect is. For example, polytetrafluoroethylene has a 

lower dielectric constant (~2.1 C2/(N·m2)), leading to a lower ice adhesion strength 

[121]. 

 

Van der Waals force is also known as the intermolecular force with the action range of 

0.3~0.5 nm, it could pose important effect on the melting point, boiling point, surface 

tension and other physical and chemical properties. The schematic diagram of Van der 

Waals force is also displayed in Figure 2.15. Van der Waals force consists of the oriented 

forces (inherent dipoles), dispersive forces (instantaneous dipoles) and induced forces 
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(induced dipoles). The bond energies of Van der Waals range from a few to tens of 

kJ/mol, which is 1-2 orders of magnitude lower than the chemical bond energies. The 

dispersion force is widely-existed among all molecules, which is also the nonpolar 

intermolecular interactions. The interaction between the polar and non-polar molecules 

are the combination of the dispersion force and induced force. For example, Wilen et 

al. [125] studied the effect of van der Waals force on ice accumulation adhesion strength 

and found that the influence of electrostatic force on ice accumulation adhesion strength 

was greater than that of van der Waals force. The sketch map of van der Walls force is 

also displayed in Figure 2.15. 

 

 

Figure 2.15 Sketch map of van der Walls force in sandwich model of an adsorption water layer 

between attracting surfaces of ice and adsorbent at temperatures below the freezing point [126]. 

 

Another type of physical adsorption, the hydrogen bonding also needs to be introduced. 

Water molecules are easily attracted to electrically positive hydrogen atoms in another 

water molecule through an oxygen atom with unshared electron pairs. Thus, one water 

molecule could statically attract four water molecules and form the tetrahedral structure 

[127]. For hydrogen bonding, the sum of electrostatic attraction between oxygen and 

hydrogen atoms as well as the van der Waals force is named as hydrogen bonding, the 

structure is also indicated in Figure 2.16. The figure showed the spatial structure 

relationship between the two water molecules, where the dashed line represents the 

formed hydrogen bond between two water molecules. 
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Figure 2.16 Snapshot of the hydrogen bond between water molecules (Adapted from Ref [128]). 

 

Compared with the bond energy of intramolecular covalent bonds (e.g. the bond energy 

of C-C bonding is about 607 kJ/mol), hydrogen bond energy is relatively weak, about 

15~33 kJ/mol [127]. Nevertheless, the intermolecular and intramolecular hydrogen 

bonding still exist abundantly in water solutions, ice crystals, and protein molecules, 

and play crucial roles. For example, hydrogen bonding contribute to the transformation 

liquid water into solid ice and make it exist stably as a crystal structure, the more 

ordered arrangement of hydrogen bonding which leads to the liquid-solid phase 

transition [129]. The abnormal changes of water at the melting point and boiling point 

are also closely related to hydrogen bonds. Water molecules could also form hydrogen 

bonds with other molecules, which plays an important role in the conformation, 

function and other properties of biological molecules. 

 

2.2.4.3 Mechanical interlock 

Mechanical interlock mainly appears on surfaces with certain rough structures, the 

formed ice on the surface could join together with the certain position and lead to the 

increase of adhesion area and adhesion force.  

 

Because material surfaces cannot be ideal surfaces, there would be concave, convex, 

steps, grooves and fractures existing. Once the surface structure was affected by the 

water droplet or water vapour condensation, there would be mechanical interlocks 

taking place at the ice/solid areas after freezing [130]. Therefore, some scholars think 

the existing mechanical interlock will also affect the adhesion behaviour of ice. Figure 
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2.17 displayed the interlocked ice formed between the hierarchical structures on coating 

surfaces. Mechanical interlocks are not the essential factor of ice adhesion, but they can 

be used to explain the proportional relation between the ice adhesion force and surface 

roughness. 

 

Figure 2.17 (a) Wenzel state of water droplets on a solid surface. (b) Existing mechanical 

interlocks between the hierarchical structures on a patterned substrate [131]. 

 

2.2.4.4 Diffusion mechanism 

It is thought that the regular arrangement of water molecules at the boundary of ice 

crystals could be affected by the interface, resulting in the disordered distribution of 

water molecules at the interfacial region and the characteristic similar to liquid water. 

Therefore, an amorphous transition layer (as liquid-like layer, as illustrated in Figure 

2.18) exists between the ice and adhered material [132, 133]. Depending on the ambient 

temperature and adhered material, the thickness of the liquid-like layer ranges from 

several nanometres to hundreds of nanometres. Wilbert et al. [134] found that the 

spectral response on iced surface was similar to that of supercooled water when ice was 

cooled to -28 °C, confirming the existence of a liquid-like layer. Jellinek et al. [135] 

reported that the tensile adhesion strength at the ice-steel interface is around 15 times 

higher than that of the shear adhesive strength under the same conditions. The reason 

here could be ascribed to the additional pressure caused by the surface tension of the 

liquid layer, which leads to a difference between atmospheric pressure and internal 

pressure of the liquid layer. In this way, the tensile strength of interfaces is much larger 

than the interfacial shear strength since the pressure difference needs to be overcome 

when conducting tensile tests, and shear tests only need to overcome the friction that is 

much smaller. 



Chapter 2 Literature Review 

42 

 

Figure 2.18 Representation of a liquid-like layer between ice and substrate [132]. 

 

2.3 Simulation of Surface Icephobicity 

With the development of computer technology, computational simulation is being 

widely used to guide and verify the experiments. Because of the lack of details about 

icephobic mechanisms at the current stage, there are still much work needed to be done. 

 

Figure 2.19 The molecularly-simulated hydrogen bond network structures of pure water [136]. 

 

The simulation of icephobic coating is mainly divided into the simulation of ice 

nucleation on the surface and the mechanical analysis of ice detachment. Delaying the 

freezing process is a significant method for anti-icing. An icephobic material should 

have the ability to delay ice nucleation or lower the icing temperature (under continuous 

cooling) [137]. The water freezing process was illustrated by molecular dynamics 

simulation (MD simulation) in Matsumoto’s research [136]. They found that the 
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formation of long-lived hydrogen bonds is the key to driving homogeneous ice 

nucleation as shown in the yellow circle region in Figure 2.19. An initial nucleus is 

formed in the region circled in yellow circle. MD simulation visually exhibits the water 

freezing process, which further emphasised the three essential conditions of ice 

nucleation, i.e., supercooling, structure fluctuation and energy fluctuation [107]. 

Molecular dynamics is a multi-body simulation method. Through the simulation of the 

motion states of molecules and atoms in a certain period, the behaviour of the system 

evolution over time is investigated dynamically. Although MD simulation can describe 

phenomena that cannot be observed experimentally, due to the relatively slow 

computing speed, especially for large systems (e.g. with tens of thousands of atoms or 

even more), the time of physical change that can be simulated is very short. The system 

size that can be simulated by MD is also very small, making it difficult to combine with 

the specific experiments due to the several orders of magnitude difference between the 

simulation results and the macro results. 

 

Figure 2.20 A time-vs length-scales map of models developed in engineering science [138]. 

 

Comparing to the simulation of anti-icing surface, the mechanical analysis of ice 

detachment for de-icing surface is on a more macroscopic scale (shown in Figure 2.20 

[138]). The experimental results could be in good agreement with the simulation results. 
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The finite element (FE) method is developed as a kind of approximate numerical 

method which is based on the rapid development of modern computers, and it could be 

used to solve mechanics, mathematics with specific boundary conditions of the partial 

differential equation (PDE) problems. The partial differential equation is common in 

engineering practice, it is also the basis of solid mechanics and fluid mechanics 

problems. The FE analysis is suitable for simulation of the loading process and stress 

distribution at the ice-material interface. Zhang’s group used FE simulation to illustrate 

a concept called macro-crack initiator (MACI) (as shown in Figure 2.21) [139]. This 

concept introduces stiffness inhomogeneity in both perpendicular and tangential 

directions to dramatically weaken the ice-solid interface and maximize the crack length 

underneath the ice. 

 

Figure 2.21 2D plane strain FE analysis to illustrate the MACI mechanism [139]. 

 

2.3.1 Finite element theory 

Finite element theory is an efficient and commonly used numerical analysis method. It 

is usually necessary to solve a variety of differential equations in the field of scientific 

computation, and it is also difficult to obtain the analytical solutions of many 

differential equations. After discretizing the differential equations using finite element 

theory, some programs can be coded to solve the problem using computer-aided 

analysis. The finite element theory was developed on the basis of the earlier variational 

principle. It has been widely applied in various physical fields described by Laplace 
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and Poisson equations. It is one of the most widely used numerical methods in the 

engineering area, as well as a numerical simulation and digital simulation technology 

[140, 141]. The basic idea is to change the problem from obtaining the solution of the 

given Poisson equation into solving the extreme value problem of solution function. 

 

Because of the application of finite element, a lot of scientific theories have been 

realized in technological fields, and the development level of human technological 

ability is constantly being improved. Finite element method is widely used in aerospace, 

national defense, military and other different fields, as well as in consumer goods, daily 

necessities and other aspects of daily life. After determining the mathematical models 

of engineering or physical problems (e.g. basic variables, basic equations, solution 

domains or boundary conditions, etc.), finite element theory is used as one of the 

numerical methods for analytical mathematical calculation. The basic idea is mainly 

simplified into two aspects: the core knowledge of finite element theory is to find 

approximate solutions and discretization of PDE [142]. 

 

(1) To determine the approximate solutions of PDE. All of the partial differential 

equations in both mechanical and engineering problems could only be solved by simple 

analytical solutions before the invention of finite element methods. The approach is 

mathematically demanding and relies heavily on some idealized assumptions. For 

example, the assumptions of plane section, small strain and ideal plasticity would 

appear in the calculation of beams and columns in civil engineering. In fact, there are 

actually quite large differences between the assumptions and actual 

mechanical/engineering problems. If the problem is slightly more complicated, the 

analytical solution cannot be obtained directly, or the error of the analytical solution is 

so large that it could lead to the error in the calculation results. The finite element theory 

discretizes the overall complex structure into finite elements, and then idealization 

assumptions and mechanical governing equations could be applied to the elements in 

the structure. Then the total stiffness equation of the structure could be obtained by 

element analysis and the total response of the structure is obtained by the boundary 
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conditions and other constraints. The reactions of each unit in the structure can be 

mapped from the total reaction one by one, thus directly avoiding the mechanical and 

mathematical models of complex structures. The whole analysis process could be 

summarised in Figure 2.22. 

 

 

Figure 2.22 Analysis process diagram of finite element simulation. 

 

In the process of finite element analysis and internal reaction analysis, the shape 

function interpolation and Gaussian quadrature are used to approach the response of 

any point in the element. This is an important expression form of finite element 

numerical approximation. In general, the higher the order of the shape function, the 

higher the approximation accuracy. Besides, the number of unit control points and the 

number of required Gaussian integration points is also higher. However, the more 

accurate the finite element accuracy of the above two elements is, the more obvious the 

unit division will be, and the more accurate the result is, the more rapid increase in the 

amount of calculation. 

 

(2) The continuum has been divided into several simple basic geometric units (elements) 

with discretization method. These elements are connected to each other through nodes. 

The process is often referred to as meshing. For each element, the problem can be 

solved using the method of the previous section. And then the results of the elements 

can be integrated into the results of the whole domain through the relationships between 

the nodes, which are named the combined stiffness matrix [143]. 
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2.3.1.1 Characteristics of finite element theory 

Some basic characteristics of finite element theory are mainly reflected in the following 

four aspects. Firstly, some very complex structures or related structures are often 

encountered in the daily practical engineering process. And any structure can be 

discretized into the finite element model expressed by the element assembly. This is 

because the elements can be multi-dimensional in spatial structure, and each element 

can have different types and different connected forms. The characteristic is called the 

adaptability of finite element theory. Secondly, finite element theory is applicable to 

various physical problems in current disciplines, such as different elastic problems, 

fluid problems and corresponding mechanical, heat conduction, acoustic problems, as 

well as various coupling problems in different physical phenomena [144]. The unknown 

field function in the whole solution domain is expressed piecewise by the approximate 

function in the element, which neither restricts the form of equation satisfied by the 

field function nor restricts the same form of corresponding equation of each element. 

The characteristic is called the applicability of finite element theory. Thirdly, the degree 

of approximation of the finite element solution could become larger with the increase 

of the degree of element freedom (i.e. the order of the interpolation function). 

 

If the elements conform to the convergence principle, the approximate solution would 

eventually converge to the exact solution of the original mathematical model. By using 

the variational principle or weighted residuals method, due to the finite element 

equation, it can be mathematically proved that the equivalent integral form of 

differential equation and boundary conditions are appropriate. So as long as the 

mathematical model of the original problem is correct, the calculation method of the 

finite element equation is stable and reliable, the characteristic is then called the 

reliability of the finite element theory. 

 

Fourthly, with the rapid development of computer hardware technologies and the 

emergence of new numerical calculation algorithms, the finite element analysis of 

large-scale complex problems in the actual production process has become an essential 
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step in the field of engineering technology [145]. Since the steps of finite element 

analysis could be expressed in a standardized matrix form, the efficiency of the finite 

element method is very high. And the solved equation can be unified into a standard 

matrix algebraic problem, especially in the application of computer programming and 

execution. It can be referred to as the high efficiency of finite element theory. 

 

2.3.1.2 Influencing factors upon the analysis accuracy using finite element method 

Using the finite element method to analyze the structure, the smaller the error of the 

calculation results, the closer it is to the actual working state of the structure. This is 

also related to the accuracy of finite element analysis method, which is closely related 

to the following factors: 

 

(1) Solid model. The basis of structural analysis is the correct establishment of the solid 

model, the 3D solid model established by computer-aided modeling software needs to 

use the largest restore entity. Meanwhile, some necessary simplifications are needed to 

meet the corresponding computational requirements. 

 

(2) Unit type. The accuracy and calculation amounts of different unit types are 

completely different. The more complex the shape of the divided unit type is, the larger 

the scale of the calculation and the higher the accuracy of the calculation. Also, it could 

meet more complex structure, and the longer the calculation time is, the higher the 

requirements for the computer, and vice versa. Therefore, the appropriate cell type 

should be selected according to the actual demand, so that the accuracy of calculation 

would not be affected, and the calculation efficiency can be well guaranteed. 

 

(3) Grid division. The finer the grid, the better the accuracy of the calculation. But the 

requirements for computers are also higher, which could be quite time-consuming, and 

it will affect the correctness of the calculation results directly. 
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(4) Boundary conditions. The setting of structural boundary conditions is another key 

point that affects the finite element analysis. Especially, beginners often make mistakes 

in the imposition of boundary conditions, resulting in the failure of the final calculation 

results with large errors [146]. 

 

2.3.2 Application of finite element theory in ice protection areas 

Finite element theory is a traditional numerical method. With the development of finite 

element theory and the practical analysis in the specified application of the mechanical 

engineering issues, the finite element theory method has gradually upgraded from the 

initial validation functions to the optimum design with the incorporation of intelligent 

computer-aided design technology. It also becomes an effective tool to solve the daily 

practical problems in mechanical engineering aspects. Because of the advantages in 

solving complex design and problem analysis in engineering aspects, the finite element 

method is being more widely used in different types of engineering fields, which has 

also become an important tool in both engineering design and analysis [147, 148]. By 

simulating the structure with finite element method, it can further provide guidance for 

solving practical engineering problems. The application of finite element method in 

mechanical structure analysis mainly includes the following aspects: 

(1) Structural statics analysis 

The structural statics analysis refers to the analysis of structure under static load. Here, 

the static load means that the load applied to the structure does not change with time, 

or the load could change very slowly over time [149]. The equivalent stress, strain and 

total deformation of the structure under load can be obtained from the resulting cloud 

map by carrying out the static analysis of the structure using finite element analysis 

software. Therefore, the analysis method is the most common method in finite element 

analysis [150, 151]. 
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(2) Structural dynamics analysis 

Apart from the static load, the structure also needs to suffer from the dynamic load 

during the whole movement. When the external excitation is close to or equal to the 

natural frequency of the structure, there would be resonance effect generating, and 

further lead to structural damage with different degrees and even structural failure, so 

as to affect the normal movement of the structure. Hence, in the design and material 

selection of the structure, apart from the check on the structure that can meet the 

requirements of static stiffness, the dynamic stiffness of the key structure needs to be 

checked again. At present, the mainstream finite element analysis software on the 

market provides a variety of dynamic analysis tools to users, which could complete the 

analysis and simulation of various dynamic phenomena [152, 153]. 

 

To sum up, the main advantage of finite element theory mainly consists of its wide 

application range, high efficiency and convenience. It can not only express the physical 

formulas and mathematical equations visually, but also effectively simplify the 

difficulty of user operation, which is a relatively rare structural analysis method. 

2.4 Developments of Icephobic Surfaces 

In the previous sections, the multiplicity of icephobicity definitions and related 

mechanisms on ice nucleation, icing delay, and ice/solid interaction have been 

demonstrated. The present part will focus on the discussion of the current progress of 

mainstream icephobic surfaces. 

 

During the last few decades, studies on preparing icephobic surfaces have caused great 

interest all over the world [154]. The wide application of icephobic surface could be the 

key solution for effectively addressing the undesirable icing problems on engineering 

surfaces [155, 156]. The design concepts based on the icephobic structure mainly 

include: 1. for anti-icing, by applying hydrophobic effect to delay or inhibit the 

nucleation of water droplet [157, 158]; 2. for de-icing, by using the soft-based or 
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polymeric systems to lower the fracture toughness of ice at the interfaces [159, 160]; 3. 

for de-icing, by decreasing the ice adhesion strength using the oil layer from the slippery 

liquid-infused porous surfaces (SLIPS) [161, 162]. 

 

2.4.1 Strategies for designing icephobic surface 

 

Figure 2.23 Schematics of ice protection systems (anti/de-icing) (Adapted from Ref [163]). 

 

The ideal active icephobic mechanism is reflected in the following three aspects: firstly, 

it helps the supercooled water droplets to roll off the surface quickly before the ice 

solidifies; secondly, it could help to delay the crystallization process of supercooled 

water droplets; thirdly, when supercooled water droplets freeze into ice, the ice adhesion 

between the interfaces should be small [164]. Icephobic coating is a passive icephobic 

method based on the above mechanisms, with the advantages of low cost, low energy 

consumption, simple system structure and easy implementation. It has already attracted 

wide attention and become a research hotspot in recent years [131, 165, 166]. It is 

difficult to implement all of the icephobic mechanisms to one surface, so icephobic 

coatings are mainly divided into the following two categories according to their 

different icephobic mechanisms (as shown in Figure 2.23): 1) Anti-icing surface, its 

main purpose is to extend the freezing time of remaining water droplets in supercooled 

state or to remove the supercooled water droplet out of the surface easily before its 

solidification using external force [167]. 2) De-icing surface, the main focus is to ensure 
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low ice adhesion strength (reduction of the ice adhesion) and the formed ice could easily 

slide off or be removed [23]. 

 

Detailed discussions on the icephobic mechanisms are presented below:  

 

1) Direct removal before freezing. Direct removal of water droplets is one of the main 

features of ice-proof surface, which is embodied in the following three aspects: the 

direct roll-off of water droplets, self-propelled bounce-off of condensed water droplets 

and rolling of the liquid lubrication layer. The direct rolling of moving water droplets 

is mainly aimed at the phenomenon when water droplets or streams on macroscopic 

scale hit the surface. Since the surface has a low contact angle hysteresis (CAH < 5°), 

the droplets are in Cassie’s state or lubricated state which is easy to roll when contacting 

the surface. This phenomenon causes the moving water droplets to bounce or roll off 

the surface before freezing. The self-propelled jump of condensed water droplets refers 

to the self-migration of tiny water droplets formed by microscopic condensation of 

water vapour under the condensation environment due to the decrease of surface energy 

during the superhydrophobic surface merging process. Or the droplets on the lubricated 

surface jump off the surfaces due to the smaller critical rolling radius [168]. 

 

2) Nucleation is inhibited during freezing. Once the droplets stick to the surface, 

preventing them from nucleating becomes the second barrier. Compared with ordinary 

surfaces, the contact area between droplets and substrates on superhydrophobic surfaces 

is smaller, the possibility of inhomogeneous nucleation is lower. In addition, the air or 

other medium captured in the surface structure act as thermal resistance, impeding the 

energy transfer between the two material and delaying the occurrence of ice [169, 170]. 

 

3) Reduces ice adhesion after freezing. Under the meteorological conditions of low 

temperature, high humidity and high-speed impact, the superhydrophobic surface may 

easily lose its hydrophobic and anti-icing characteristics, resulting in the loss of the first 

two stages and the final surface freezing. The ice adhesion also increases with surface 
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roughness [171]. Water could penetrate the air layer between the solid-liquid interface 

on the rough surface and increase the ice adhesion after quick freezing. De-icing, which 

helps to reduce the adhesion between the ice tube and surface, is the only control 

measure. The mechanism of de-icing on the surface is that the ice could be released 

from the surface under the action of external forces after ice formation (including wind, 

gravity and applied force field as well as chemical measurements) by reducing the 

adhesion between the surface and ice. 

 

2.4.2 Superhydrophobic surfaces 

Since the discovery of "lotus leaf effect" in 1997 [172], the bionic superhydrophobic 

surface has developed rapidly. Its hydrophobic characteristics have attracted attention 

of researchers, who designed and studied a series of anti-icing surfaces [173-175].  

 

Figure 2.24 Transient temperatures of 4 μL deionised (DI) water droplet freezing on 

superhydrophobic surface [170]. 

 

The superhydrophobic surface can prevent icing phenomenon by slowing down the 

crystallization process of condensed water droplets. The crystallization process of water 

could be divided into two stages: nucleation stage and crystal growth stage. Most anti-

icing techniques slow down the crystallization of water by inhibiting nucleation. 

Alizadeh et al. [170] used infrared measurement and high-speed camera technology to 

track the freezing process of liquid droplets at room temperature after hitting the surface 

at low temperatures (the volume of the impinging water droplet was maintained at 4 μL 

with the velocity and the temperature of the substrates was -20 ºC) (as shown in Figure 
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2.24). The contacting area of solid and liquid on the super-hydrophobic surface is very 

small, which results in the very high nucleation energy barrier of droplets, and it also 

reduces the possibility of heterogeneous nucleation at the solid-liquid interface. In 

addition, the air layer between the solid-liquid interfaces greatly reduces the heat 

exchange between the surface and droplets, making nucleation difficult. The results 

show that the superhydrophobic surface with a suitable surface structure and chemical 

modification could effectively delay the freezing process in a low humidity 

environment. 

 

Figure 2.25 Schematic of ice on a superhydrophobic anti-icing surface. The asperities with tips 

indented into the ice (indicated by arrows) are very likely to be damaged during icing (water 

solidification) and/or de-icing (ice removal). Ice on the same surface sitting lower on the 

asperities during the following icing events [176]. 

 

Since the performance of super-hydrophobic surfaces (SHS) in low temperature and 

high humidity condensation environments will be inhibited by condensation droplets, 

the condensate conditions correspond to temperature lower than -10 ºC and relative 

humidity higher than 90% [177]. Researchers successively proposed composite two-

dimensional and three-dimensional structural surfaces since samples with multiple 

rough tier exhibit robust Cassie state and it could prevent the surface from being wetted 

by incoming droplet with a speed over 2 m/s [178, 179]. However, although the surface 

of this multistage layered structure enhanced the removal behavior of condensed 

droplets and improved its adaptability, the mechanical strength and stability of the 
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surface of the structure were damaged. Kulinich et al. conducted 24 freezing/de-icing 

cycles on the tested samples in the ice wind tunnel with sprayed supercooled 

microdroplets (with an average size of 80 μm) on the aluminmum-based 

superhydrophobic surface spun in the centrifuge at constantly increasing speed. The as-

prepared superhydrophobic surface is not suitable for all working conditions of anti-

icing, especially the damage to the superhydrophobic structure caused by low wear 

resistance (as shown in Figure 2.25) [176].  

 

Based on this, the researchers successively proposed various designs to enhance the 

mechanical stability of superhydrophobic surface microstructures. For example, the 

superhydrophobic surface of T-shaped structure proposed by Tuteja et al. [180]. (as 

shown in Figure 2.26 (a)) and the super-hydrophobic surface with T-shaped double-

concave angle structure designed by Liu et al. [181] (as shown in Figure 2.26 (b)). The 

specific doubly reentrant structure could enable low liquid-solid contact fraction and 

render surfaces with good repellency. Also, the wettable material with micro- and 

nanostructure could make it superomniphobic and bounce off all available liquids. 

Under this structure, the contact area between droplets and solid surface is smaller, and 

the supporting effect with the suspension force is stronger. 

 

 

Figure 2.26 (a) Critical role of reentrant curvature (A and B) schematics show the formation of 

a composite interface on surfaces with re-entrant topography. The geometric parameters R, D, 
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H and W characterizing these surfaces are also shown. The blue surface is wetted while the red 

surface remains nonwetted when in contact with a liquid whose equilibrium contact angle is θ 

(< 90°). (C and D) SEM images for two surfaces having square and circular flat caps, 

respectively. The samples are viewed from an oblique angle of 30°);  

(b) Liquid suspension on surface structures of three different topologies: (A) Simple structures 

require θY >90° to suspend water. Δp is the pressure difference between the liquid and air. (B) 

Reentrant structures allow θY <90° to suspend oils or solvents. They would fail if θY ~ 0°, as 

surface tension acts parallel to he horizontal overhangs with little vertical component to suspend 

the liquid. (C) Doubly reentrant structures allow θY ~ 0° to suspend any liquid, as surface 

tension acts on the vertical overhangs with a substantial vertical component. If the liquid-solid 

contact fraction is small enough, the surfaces would also repel the liquids (Adapted from Ref 

[180] and [181]). 

 

Inspired by the phenomenon that the external strong impact force could be alleviated 

by the continuous vibration of lotus leaves, ZnO nanorods with extraction capability 

were prepared by crystal growth method (sol-gel) on the surface of PDMS flexible 

micron structure modified with solid-phase micro-extraction fiber [182]. The efficient 

droplet removal performance (removed easily with high contact angle of 170.2º, 

advancing angle of 124.3º ± 3.1º and receding angle of 112.6º ± 2.8º) was demonstrated 

in low-temperature environments (~ -5 ºC). However, the general solid surface is in a 

relatively static state, and its position stability cannot be changed. The change of local 

structure cannot fundamentally solve the problem of the mechanical structure stability 

of the superhydrophobic surface with micron and nanometer scales. In addition, the 

efficiency of surface energy conversion to kinetic energy (KE) is also very low during 

self-propelled jump of water condensed droplets, the conversion efficiency of 

coalescence-induced droplet are characteristically smaller than those of a solid disc 

transitioning to a sphere, which is around 20% [183]. When the droplets hit the super-

hydrophobic surface at a high speed, the droplets could interpenetrate into the surface 

microstructure, resulting in the change of droplets from Cassie state to Wenzel state. 

Therefore the droplets no longer bounce off from the surface and lose their icephobic 

characteristics. 
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According to existing literatures [184-186], superhydrophobic surface can only play a 

role in icing delay, but cannot inhibit icing completely. In view of the disadvantages 

and shortcomings of superhydrophobic surfaces, the methods to reduce the surface 

adhesion between the ice cubes are important.  

 

2.4.3 Elastomer coatings 

For elastomer based smooth coatings such as polysiloxane based coatings, 

fluoropolymers based coatings and polyurethane based coatings, they normally possess 

the virtue of having a very large WCA and exhibiting little sticking to formed ice. A 

myriad of reports has been published on elastomer smooth coatings which could be 

classified into the following categories. 

 

2.4.3.1 Soft-based coatings 

 

Figure 2.27 Comparison between interfacial slippage and lubrication: (a) Variation of ice 

adhesion strength with the number of icing/de-icing cycles; (b) Variation of ice adhesion 

strength with oil viscosity; (c) Atomic Force Microscope (AFM) phase images and optical 

micrographs of the PU coating with 15 wt % safflower oil; (d) AFM phase images and optical 

micrographs of the PU coating with 10 % silicone oil [187]. 
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Soft-based coatings (or surfaces with low elastic modulus which is generally lower than 

2 MPa) are newly developed icephobic coatings based on mechanical concepts in recent 

years. The interfacial adhesion energy is reduced by introducing low surface energy 

materials, while the elastic modulus could be modified using softening agent, plasticizer, 

swelling method, etc. In this way, the crosslinking density of polymer is also reduced 

(crosslinking density is the number of moles of crosslinking points per cubic centimetre, 

representing the degree of crosslinking of polymer chain). For example, Golovin et al. 

prepared the soft-based icephobic coatings with low crosslinking density and low 

elastic modulus possessing ice adhesion strength as low as 10 kPa by adding different 

soluble oil-based polymers into polyurethane (PU), as shown in Figure 2.27 [187]. 

Jamil et al. [188] prepared the superhydrophobic coating with low elastic modulus by 

dispersing the candle ash particles into silicone rubber matrix. The low elastic modulus, 

superhydrophobicity and stress-localization concepts were utilized in the coating with 

the acquired ice adhesion strength of only 18 kPa. 

 

Due to the low crosslinking density, the mechanical strength of soft based surfaces may 

be insufficient, so improving mechanical strength and durability is the main focus for 

current soft coating development. 

 

2.4.3.2 Surfaces with low surface energy 

Low surface energy coating is a coating which can reduce the adhesion strength of ice 

accumulation by introducing low surface energy materials. Its main functional 

components are polymers containing fluorine (F) and silicon (Si) because polymers 

containing fluorine and silicon are the two materials known to have the lowest surface 

energy of all substances in nature. The contact angle of low surface energy materials is 

greater than 90°, showing normal hydrophobicity. Previous research results indicate 

that the order of surface energy of different groups from high to low is: -CH2> -CH3> -

CF2> -CF3 [189]. The surface energy of the surface closely arranged by CF3 groups 

could reach as low as 6.7 mN/m with the water contact angle of 119° [190]. Therefore, 

119° is the upper limit of static contact angle for low surface energy smooth materials. 
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The surface energy of PDMS is about 25 mN/m [191], while the value of typical 

fluoropolymer polytetrafluoroethylene (PTFE) is about 18 mN/m. 

 

The low surface energy of PDMS mainly comes from the fact that methyl groups (-CH3) 

surround and shield the Si-O backbone with high energy, while -CH3 rotates freely and 

arranges itself outward on the surface. The symmetrically arranged -CH3 shows low 

polarity and has low interaction with other molecules [192]. While for PTFE, the low 

surface energy is mainly caused by the C-F structure. The bond energy of C-F bond is 

larger than that of other chemical bonds. Fluorine atoms are densely surrounded by the 

C-C main chain. Due to the strong binding effect of fluorine nucleus on its external 

electrons and bonding electron cloud, C-F bond shows low polarization, so PTFE has 

very low surface energy. Normally, silicone coating has lower ice adhesion strength 

than fluoride coating, because the electronegativity of fluorine atom is bigger and is 

easier to form hydrogen bonding with water molecules [193]. Besides, the preparation 

of fluorinated polymers is difficult, with more complicated molding and preparation 

parameters (e.g., high temperature melting). Some of the intermediate components may 

even cause cancer, which makes it difficult to unlock large-scale applications of PTFE. 

Therefore, the majority of low surface energy icephobic coatings are mainly 

organosilicon polymers (mainly PDMS). It needs to be known that the ice adhesion 

strength is generally not less than 150 kPa solely by reducing the surface energy for 

common low surface energy coatings [194]. 

 

2.4.3.3 Low interfacial toughness surface 

Recently, Golovin et al. [195] developed a new type of icephobic coating used for large-

scale de-icing. Polyvinyl chloride (PVC) with low interfacial toughness, PDMS with 

low interfacial toughness and polystyrene (PS) with low interfacial toughness were 

prepared by adding different contents (0%, 5%, 10%, 50%, weight percent) of medium-

chain triglyceride oil into different polymers. Considering the low interfacial toughness 

(<1 J/m2, it refers to the ability of an interface between two materials to resist crack 

propagation under applied loads, low interfacial toughness indicates that the interface 
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cannot easily withstand crack propagation, the structural integrity can easily lose) at the 

ice-solid interfaces, there is no relationship between the iced area with required external 

force for de-icing aim, especially when the icing area reaches a certain extent. So the 

large-scale de-icing could be realized. Besides, low interfacial toughness also 

contributes to less snow accumulation and ice accretion, as shown in Figure 2.28 [196]. 

 

 

Figure 2.28 Comparison of snow coverage during periods of dry snowfall on an uncoated 

module, modules coated with MC2 and MC6, over a range of temperatures between -6 and -

35 °C. (Green drop points highlight major snow-shedding events as defined in the text. b-d) 

Images from specific timestamps show thin sheets (thickness < 2 mm) of dry snow coverage 

and shedding corresponding to data shown in (a).) (Adapted from Ref [196]). 

 

PDMS with low interfacial toughness was coated on an aluminum alloy plate with the 

dimension of 1 m × 1 m. After freezing at -7 °C (thickness of about 1 cm), the aluminum 

plate was placed at an inclination of 98°. The ice detached and fell off under its own 

gravity without any external force, demonstrating the large area de-icing ability of the 

coating with low interfacial toughness. The type of coating could be further applied in 

large structures such as aircraft, ships, large wind turbines and other equipment. 
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2.4.4 Slippery liquid-infused porous surfaces and lubricant infused surface 

In 2011, Aizenberg et al. [23] first proposed and designed the slippery liquid infused 

porous surface (SLIPS) based on the principle of catching insects in the colorful labial 

leaves of pitcher plants (as shown in Figure 2.29). Compared with SHS, SLIPS replace 

the air layer in the rough structure of SHS with a low surface energy material. The 

SLIPS replaces the air layer in the rough structure of SHS with a low surface energy 

material to form a liquid-liquid interface, such as porous Teflon membrane, e.g. 3M 

Fluorinert FC-70, γB = 17.1 mN·m−1 or DuPont Krytox oils. The surface has high 

pressure stability, small CAH (< 2.5°), rapid self-repaired damaged structure (0.1~1 s). 

It can also overcome the influence of SHS microscopic condensation of water and gas 

on ice suppression performance and the lack of poor structural mechanical stability. 

 

Figure 2.29 (a) Schematics showing the fabrication of SLIPS by infiltrating a functionalized 

porous/textured solid with a low-surface-energy, chemically inert liquid to form a physically 

smooth and chemically homogeneous lubricating film on the surface of the substrate; (b) 

Comparison of the stability and displacement of lubricating films on silanized and non-silanized 

textured epoxy substrates. Top panels show schematic side views; bottom panels show time-

lapse optical images of top views. Dyed pentane was used to enhance visibility [23]. 

 

Unlike the superhydrophobic surface, the slippery liquid infused porous surface uses 

low-surface energy polymer liquids such as lubricating oil to replace the surface micro-

nano structure of the air layer. The former gas-liquid-solid three-phase system has also 

changed into the gas-liquid lubricant-liquid-solid four-phase system, it is not easy to 

change the infiltration state, since the lubricant layer could tightly adhere to the 

substrates [197].  
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The liquid is trapped in the pores of the rough surface by capillary forces, forming a 

smooth and homogeneous surface on which the CAH is extremely small. In addition to 

the low CAH value, SLIPS also exhibit anti-wetting behaviour to almost all fluids and 

show temperature and pressure stability, the stability of SLIPS is largely determined by 

the thermal stability of the liquid used to prepare the slippery surfaces, For example, 

SLIPS made using perfluorinated liquids such as perfluorodecalin or perfluoropolyether 

are stable at low temperatures and can withstand temperatures up to -196 °C [198]. It 

demonstrated stability under the environment with pressure ranging from 400 to 1400 

Pa). The liquid-like transition layer at the surface could reduce the pinning effect of 

water droplets (it corresponds to the ability to stop the three-phase contact line at the 

edges of pillars or holes and increases the contact angle) [199]. The lubricating layer 

could lower the ice adhesion strength, for example, the ice adhesion strength could be 

lowered to 30.0 kPa (sample with aqueous lubricating layer) from 800 kPa (aluminum 

alloy 6061) [29]. At lower temperatures, there would be a change in the molecular 

configuration of the transition film, which would increase the ice adhesion to a very 

large scale (~1192 ± 195 kPa, which is six times as large as that on the substrate (flat 

neat hydrophilic silicon wafer surface) ~ 202 ± 34 kPa) [200]. So, keeping a non-frozen 

liquid-like layer on the surface could help the surface with low ice adhesion strength. 

Various types of oils have been chosen as lubricants and deposited on substrates with 

different types of material to fabricate SLIPS. These surfaces are all lubricant-

impregnated with a small water droplet sliding angle (normally < 10º) [201].  

 

For example, Kim et al. [202] reported a new type of SLIPS, where a stable, smooth, 

low-hysteresis lubricant layer via infusing a water-immiscible liquid into a chemically 

functionalized nanostructured surface on Al surfaces. They demonstrated that the 

SLIPS-coated Al surfaces not only suppress ice/frost accretion but also exhibit at least 

an order of magnitude lower ice adhesion (measured to be 15.6 kPa) than state-of-the-

art materials ~165 kPa [203]. Li et al. [204] fabricated a robust SLIPS by infusing 

silicone oil into the prepared superhydrophobic surface via one-step spraying 

suspension process which manipulated both the surface roughness and surface energy. 
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The surfaces also showed good liquid repellency (WCA of as high as 156 ± 1° and SA 

of as low as 5.5 ± 0.4°), anti-corrosion (the Icorr of the SLIPS on the Mg substrate 

decreased by 1 order of magnitude compared with that of the bare Mg substrate), anti-

icing performance with intensified durability (the SA of the SLIPS maintained 

relatively constant at around 106.3° after the anti-icing/de-icing cycles), the schematic 

of the preparation process and liquid repelling was also indicated in Figure 2.30. 

 

Figure 2.30 Schematic of the preparation process and liquid repelling of SLIPS 

(APT[Mg5Si8O20(OH)2(OH)4·4H2O] with natural micro-nano porous structure was 

functionalized with octadecyltrimethoxysilane and bonded by aluminum phosphate binder, the 

SHS was fabricated by spraying APT-OTMS-AP suspension on the AZ31B Mg sheet and cured 

in the oven. The SLIPS was prepared successfully by infused silicone oil into the as-prepared 

SHS with a stabilized layer of the lubricant remained on the surface) [204]. 

 

Varanasi et al. [205] pointed out that the adhesion strength of the ice on the surface of 

SLIPS decreased with increasing surface microstructure density, and the ice adhesion 

strength was inversely proportional to the amount of lubricant on the surface. For 

example, the ice adhesion strength of the highest-texture-density LIS is about 2 times 

smaller than that of a smooth surface coated with PEMA-FluoroPOSS. Besides, it is 

also 4 to 5 times smaller than that of a smooth surface coated with 

octadecyltricholorosilane. At present, most researchers usually adopt hydrophobic 

polymers as liquid lubricants, such as total fluorine oil, silicone oil and hydrocarbon. 

Erbil et al. [206] used hydrophilic polymer glycol, formamide, glycerol-water and so 

on as lubricants. By comparing the performance of hydrophobic polymer lubricants 
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with that of hydrophobic polymer lubricants in ice wind tunnel, the results showed that 

hydrophilic lubricants, especially water-glycerol, possessed low ice adhesion strength 

(only 16 ± 3 kPa) under the experimental conditions of temperature of -2 °C and relative 

humidity of 56-83%. 

 

However, under the action of capillarity, the liquid layer on the surface of the material 

is easy to lose along with the cycle of icing/melting during the process of release, 

resulting in the attenuation of ice inhibition. In addition, the released droplet lubrication 

layer may also pose a hazard to the environment because the nonsolid phases are 

sacrificial and they can leak into the surroundings, causing significant environmental 

problems [35, 207, 208]. Inspired by the ice skating (since the adhesion strength 

between the skate blades and the ice decreases substantially due to the existence of a 

self-lubricating liquid water layer between the ice and the blades [209]), Wang's team 

proposed and designed a water-lubricated layer of ice-repellent coating, which is 

constructed by the addition of hydrophilic acrylic acid inside a superhydrophobic 

microstructure and water absorption to form a water-lubricated layer on the surface of 

the substrate. The ice wind tunnel experiment shows that the adhesion strength of the 

substrate surface of the water-based lubricating layer is only 60 ± 16 kPa with a probe 

speed of 0.5 mm/s at -15 °C, while the ice adhesion on an equivalent hydrogel grafted 

flat surface was 113 ± 21 kPa, and its ice inhibition performance has not been affected 

basically after 30 ice-freezing/ice-melting cycles [200]. 

 

2.4.5 Recent concepts of icephobic surface and design 

Research progress on icephobic surfaces has developed rapidly due to the advancement 

of nanomaterials, coating fabrication methods and biomimetics, and more in-depth 

understanding of ice nucleation and ice adhesion mechanisms. Many new designs and 

concepts have also been proposed and promoted the development of icephobic surfaces. 

For example, Zarasvand et al. [210] introduced the new concept of metallic plate 

buckling for durable and scalable icephobic surface design (as indicated in Figure 2.31, 
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the ice was dislodged due to its own weight by tilting the surface), the sparsely confined 

metallic sheets were used and the surface buckling instability was tailored. Here, the 

elastomer-like ability indicates the elastic mismatch using elastomers which exhibit low 

ice adhesion via interfacial cavitation and the surface instability could promote the de-

bonding at the interface [187]. The acquired buckling elastomer-like anti-icing metallic 

surfaces exhibit low ice adhesion and the mechanical resilience of metals. These newly 

developed surfaces supply a new paradigm for developing icephobic surfaces.  

 

Figure 2.31 (a) A 30 mm thick piece of ice adhered to scaled beams (L=W=200 mm and t= 0.05 

mm); (b) The ice dislodgement from the beams under its own gravity by tilting the surface 

(Adapted from Ref [210]). 

 

Ayres et al. [211] prepared a titanium alkyd sol system that contains tripropylene glycol 

ether (TPG) and glycerol ligand using TPG, glycerol and isopropoxytitanium (TIP). It 

was then embedded into a common hydrophobic coating substrate. The TPG and 

glycerol could then slowly release by the hydrolysis and condensation reaction of 

titanium alkyd. The two molecules can help to achieve the purpose of icephobicity by 

reducing the freezing point of water and inhibiting the formation of ice nucleation. 

There would be some small molecules released from the sacrificial coating and it could 

further inhibit the crystallization of supercooled water, for example, the addition of 

specific lubricants (polyampholyte with carboxyl and amino groups) could depress the 

freezing point of water and the nucleation of ice could also be inhibited, the delay 

duration could reach up to 7800 s [212]. The lubrication of ice and material surface 
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would increase and the adhesion strength of ice accumulation would be lowered, 

leading to the detachment of ice naturally. 

 

2.5 Challenges and Perspectives towards Icephobic Surfaces 

2.5.1 Durability of icephobic surfaces 

While the main research driving forces focus on preventing ice nucleation and icing 

delay, as well as lowering the ice adhesion strength, it still cannot make good balancing 

of the trade-off of the limited durability of icephobic surfaces under various harsh 

environmental conditions. The constructed surface micro/nano structures might easily 

be damaged with the exposure to different conditions including mechanical abrasion 

and wear, sand or droplet impact, chemical contaminants, ambient temperature 

variation, and long-time sun exposure (for example, the infused liquid would diminish, 

besides, the black coating after silanization remained superamphiphobic even after its 

top layer was damaged by sand impingement) [213, 214]. The mechanical, chemical 

and environmental durability of icephobic surfaces needs to be guaranteed. The ability 

that the surfaces possess that could keep its surface topography intact and the low 

surface energy under practical working conditions is defined as durability. It is 

encouraging to see emerging efforts are devoted to addressing the long-term durability 

issues of icephobic surfaces as well as the main expected figures of merit in practical 

use. Even though there are significant progress already made among the theoretical and 

experimental aspects in icephobic surfaces, it still remains a big challenge to solve the 

existing problem. Surfaces showing a high extent of icephobicity in certain conditions 

may not perform well in others. For instance, in aerospace, aeroplane wings and turbine 

blades can be bombarded by droplets, dust or sand particles and thus can be subjected 

to excessive shear force [215]. Furthermore, it should be noted that the surfaces that are 

optimal for one specific requirement may not necessarily be the most effective for 

another [216]. A bulk of research studies have been focused on this, and the progress is 

still not satisfactory. 
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First and foremost, there are concerns about issues of robustness and surface fragility, 

both thermodynamic and mechanical [217], especially on the polymeric coatings. To 

achieve low ice adhesion strength, compromises may need to be done for the stiffness 

of the current polymeric surfaces. Normally, low stiffness leads to low durability, while 

stiffness refers to the ability to resist elastic deformation when stressed, it can be used 

to characterize the difficulty of the elastic deformation, and the stiffness of certain 

material is usually evaluated using the elastic modulus [218]. Many research interests 

have been drawn onto the non-durability issues, which focus on the design and 

development of durable icephobic coatings, for example, the recently developed 

textured solids s impregnated with liquids are able to circumvent these durability issues. 

Apart from this, by manipulating the aspect ratio of the surface pattern, the shear could 

be limited for the aim to retain their lubricating properties [208, 219].  

 

To ensure good icephobicity and practicality, the poor mechanical stability of the 

microscopic surface topography in polymeric surfaces needs to be overcome since the 

surface icephobicity degrades gradually along with the depletion of lubricant via 

external mechanical forces, for example, the PDMS layer on Al surfaces suffered 

breakage after the 30 icing/de-icing cycles [27, 187, 220]. The fragile micro- and nano- 

hierarchical structures are prone to be destroyed after a slight scratch, abrasion, 

impacting, and even finger touch [221], to say nothing of peeling with adhesive tape or 

the abrasion by the sandpaper. For the aim of foreseeing the immediate, worldwide 

applications of such extremely durable, icephobic coatings across various industrial 

sectors, academic disciplines and engineering endeavours, consistent efforts are still 

needed for enhancing the durability of polymeric icephobic surfaces. For instance, 

designing double networks or energy dissipating networks to enhance the toughness (it 

maintained a reasonable extensibility and recoverability of the strain, up to 4 

megapascals and 9 kilojoules per square meter [222]) of soft coatings against 

mechanical damage [223, 224]. Meanwhile, the UV-durability and anti-corrosion 

properties are equally crucial for practical outdoor use, which mainly depends on the 

surface chemical composition and surface structures [225]. 
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2.5.2 Attempts toward durable icephobic surfaces 

Currently, towards the development of icephobic coatings, a number of strategies 

aiming to solve the durability issues have been proposed and developed in recent years: 

 

 

Figure 2.32 (a) and (b) Schematic views of hierarchical micro and nano structures with 

protective pillars; (c) and (d) SEM images of the fabricated structures on the PP surfaces; (e)-

(f) the design schematics of fine-scale surface topographies with positioning of the replacement 

grids (Adapted from Ref [226]). 

 

1. Icephobic surfaces constructed with protective pillars. The design concept with 

protective pillars is mainly focusing on the isolation of hierarchical structures and avoid 

the compression or abrasion forces. For instance, Pakkanen et al. [226] protected the 

fragile fine-scale surface topographies against wear by superhydrophobic 

polypropylene (PP) surfaces with larger scale sacrificial micropillars, as illustrated in 

Figure 2.32. If the protective pillars are made of harder materials such as metals or 

inorganic oxides, the mechanical performance could be better, the wetting properties of 

the as-prepared samples (static contact angle ~ 150° and sliding angle ~ 10°) remained 

unchanged after 30 cycles of mechanical compression up to 20 MPa and abrasive wear 

tests up to 120 kPa. 
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Figure 2.33 (a) Sketch diagram of the preparation procedures of superhydrophobic surfaces 

using grafting; (b) Sketch of the solid-liquid-air three phase contact line; (c) High resolution 

TEM image of two neighbouring silica capsules connected by a silica bridge; (d) AFM height 

image of the superhydrophobic surface; (e) Photograph of static contact angle on the surface 

(Adapted from Ref [227]). 

 

2. Using grafting and/or crosslinking methods. The mechanical properties of the 

polymer components could be enhanced through the incorporation of monomers and 

create cross-linking sites. Cross-linking could either be incorporated homogenously 

throughout the thickness of the polymer or graded in concentration. For example, 

Vollmer et al. [227] prepared transparent and mechanically-durable superhydrophobic 

surfaces using porous silica capsules by chemical vapor deposition in an environment 

of ammonia for the aim to chemically crosslink dip-coated polystyrene nanoparticles. 

Figure 2.33 indicated that the superhydrophobicity could be maintained after the sand 

impacting tests (sand grains with the size from 100 to 300 μm hit on the surfaces from 

impact heights up to 30 cm) and tape adhesion tests (pressed with double sided adhesive 

tape at the pressure of approximately 10 kPa). 
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Figure 2.34 (a) schematic depiction of a nanoporous alumina substrate and filling in 

hydrophobic perfluorooctyl acid; (b)-(d) SEM images of anodized alumina without nanopores; 

(c)-(e) SEM images of anodized alumina with high density nanopores. (The insets are snapshots 

of representative liquid droplets on the perfluorooctyl acid loaded nanoporous alumina: (I) 

water, (II) glycerol, (III) CH2I2, (IV) hexadecane, (V) rapeseed oil.) (Adapted from Ref [228]). 

 

3. Create damage-tolerant, protective icephobic surfaces that are self-repairable upon 

mechanical damage or other external force. These damage-tolerant superhydrophobic 

surfaces typically normally have low surface energy and textural features that extend 

throughout the bulk materials. However, the progressive loss of superhydrophobicity 

and potential icephobicity upon prolonged wear conditions could also be unavoidable. 

The main reason here should be ascribed to the physical wear and tear from the surfaces, 

including abrasion, scratching, or other types of physical damage that can alter the 

surface morphology and reduce the superhydrophobicity. Besides, the presence of 

micro- or nanoscale surface features to repel water and other liquids could also be 

affected by the accumulation of contaminants. In addition, prolonged exposure to harsh 

environmental conditions such as UV radiation, extreme temperatures, or chemical 
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exposure can also lead to the progressive loss of superhydrophobicity and icephobicity 

[229]. So, designing icephobic coatings with self-replenishing capabilities could help a 

lot with the recovery of potential hydrophobicity and icephobicity loss. Wang et al. [228] 

prepared the superhydrophobic coatings with chemical perfluorooctyl acid 

encapsulated by the nanoporous anodized alumina substrate. The release of the 

perfluorooctyl acid from nanopores and subsequent migration to the surface was the 

main causing factors to regain the superhydrophobicity, as indicated in Figure 2.34. The 

main limitations for self-repairable coatings include: 1. the number for self-repair 

ability is limited, it is often difficult to achieve self-repairing at the same area more than 

once, and the reason is that once the healing agent is released out, the self-repair ability 

would lose. 2. If the broken area on the coating surface is too large, it may be difficult 

for the self-repair ability taken into effect [230]. 

 

4. Synergic combinations of mechanically-durable structures and low surface energy 

materials. Methods with durable structure preparation with low surface energy material 

incorporation have gained popularity because of their versatility. For example, Park et 

al. [231] reported the preparation of a dual-hole patterned superhydrophobic surface 

which is made up of a non-fluorinated composite of PDMS and carbon nanotubes 

(CNTs) using a pre-structured nickel stamp. The honeycomb-like structure remained its 

morphology and hydrophobicity even after 600 cycles of rubber tip sliding tests under 

the load of 1.5 N, showing effective durability against physical damage. 

 

Apart from the above-mentioned durability strategies on increasing the durability of 

icephobic coatings, surfaces prepared with metallic-based substrate incorporated with 

low surface energy layer could also be a good option. In recent years, metallic-based 

coating systems are keeping attracting significant attention considering their 

mechanical durability and possible multi-functionalities. For example, Tan et al. [232] 

prepared a Cu-based composite surface using electrodeposition method which exhibited 

good hydrophobicity (contact angle of around 160º and sliding angles of nearly 1º), 

environmental adaptability, high anti-corrosion ability, and good mechanical property 
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(the as-prepared surface morphology maintained after abrasion of 400 mm and no 

obvious delamination or detachment of the coating was observed within the square 

lattice). Raeissi et al. [233] reported that with the construction of micro-nano flower-

like surface structure, the obtained Ni-Co coatings exhibited durable performance, 

chemical stability and self-cleaning effect. The superhydrophobic aluminum surface 

treated with anodisation and surface modification methods displayed a water contact 

angle of 156° and a sliding angle (SA) as low as 2.5°. The anti-corrosion resistance 

(highly durable against chemical corrosion in different pH solutions) and icing delay 

effects (the icing process with 4 μL droplet was 23 s on SHS compared to bare Al 

surface (2 s)) were also obtained [234].  

 

With the synergic effect of metallic scaffolds strengthen effect and good 

hydrophobic/icephobic performance from the deposited low surface energy layer, the 

metallic-based coating systems could ensure the good mechanical and environmental 

durability. Boinovich et al. [235] reported a multimodal roughness textured SS surface 

modified with 2D polymer network of fluorooxysilane showing good icephobicity (the 

contact angles formed by iced drops on as-prepared coatings ranged around 160°, and 

the drops demonstrated delayed freezing in comparison to freezing time for drops of 

supercooled water atop the untreated steel surface) and remaining stable after 100 

icing/de-icing cycles accompanied with mechanical stresses. Deng et al. [185] designed 

and constructed surfaces with interconnected micro-frame structures constructed on Si 

substrate which have two different length scales for the aim to protect the fractal 

fluorinated SiO2 nanoclusters, as shown in Figure 2.35. Relevant research could provide 

important theoretical and technical guidance for the preparation of polymeric composite 

coating systems. 
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Figure 2.35 Micro-nano superhydrophobic surface structures constructed through micrometer 

scale frame protective structures and nano-SiO2 clusters (Adapted from Ref [185]). 

 

For the aim to acquire long-time mechanical, chemical and environmental durability, 

the metallic-based coating systems could be considered, it is one of the most promising 

research directions and is of great significance to be widely studied. The new design 

concepts of non-wetting, liquid-infused and hydrated surfaces have also inspired the 

large-scale development of icephobic surfaces. For example, Irajizad et al. [236] 

reported the stress-localization physical concept, minimising the solid adhesion on 

certain surfaces with the implementation of elastomers. The new form of icephobic 

surface is composed of a matrix with high shear modulus (it varies, around 80 kPa) as 

phase Ι and a highly dispersed phase ΙΙ with low shear modulus (around 1-2 kPa). The 

schematics are shown in Figure 2.36. Phase I is a silicon elastomer and phase ΙΙ is a 

silicon-based organogel. To ensure the major role of the matrix in long-term mechanical 

durability, it is very important to choose an elastomer (phase I) with high shear modulus. 

For the aim to form a homogenous material, compatibility of the matrix and the 
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dispersed phase II is also very important. Phase II would be responsible for cavitation 

and crack initiation at the interface. Stress-localization leads to a shear force at the 

interface. The interfacial cracks could then form at the coordinate of phase II, which 

easily detaches the ice from the material. 

 

Figure 2.36 (a) Stress-localized icephobic surfaces (b) Schematic of formation of crack at the 

coordinate of phase II with minimal forces [236]. 

 

Low-interfacial toughness materials used for effective large-scale de-icing with good 

mechanical durability could also be a good research direction. Golovin et al. [195] has 

verified the concept that the force needed to remove an ice layer reaches an asymptotic 

value if the interface is long enough. Materials (mainly polymers) that exhibit low-

interfacial toughness (LIT) with ice could lead to the low forces that are required to 

remove large areas of ice from systems and is independent of the iced area. The reasons 

could be ascribed to: (1) The low bonding energy between the ice and coating, a lower 

bound on this energy could be 0.1 J/m2, corresponding to van der Walls interactions 

[237]; (2) Another reason could come from the localised losses among the as-prepared 

coatings, associated with the high-stress region at the crack tip. The research describes 

a class of materials that are made of such low-interfacial toughness that allows ice to 

be shed readily from large areas merely by self-weight. Another significant example 

was proposed by Cheng et al. [238], they combined the hydrophobic PTFE coating with 

nickel sheet and the frame can effectively protect the brittle and easily worn coating 

surface and fluoride silane substances, as shown in Figure 2.37. The interconnected 

metal frames could guarantee that the coating remains hydrophobic even after 1000 

times of linear wear at a local pressure of 0.12 MPa.  
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Figure 2.37 Sketch map of the micropatterned composite metal-polymer hydrophobic surface 

structure (by integrating a mechanically durable nickel skeleton with an interconnected 

microwall array filled with hydrophobic PTFE) [238]. 

 

Compared with the traditional coating design, the developed concepts of combination 

using flexible and mechanically durable metallic-based skeletons with fragile 

hydrophobic/superhydrophobic materials incorporation could be implemented in a 

broad range of material systems to minimize adhesion of any solid, including bio-

species, salt, dust and gas hydrates, and on surfaces with no compromise in mechanical 

properties. New icephobic coating design could be developed towards the inspiration 

of the demonstrated concepts. It is envisioned that newly designed and developed 

surfaces could help with a wide range of applications including aviation systems, 

oceanic sciences, energy systems and bio-sciences. 

 

2.6 Summary 

When facing the challenge of ice accumulation, durable icephobic structures have been 

demonstrated as an effective passive approach. By elucidating the fundamental 

principles of surface wetting and icephobicity, this chapter presented the design 

principles and associated limitations of icephobic structure from a theoretical 

standpoint. Initially, hydrophobic structures were considered as a potential anti-icing 

approach, especially superhydrophobic structures (SHS, WCA˃120º) with high surface 
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roughness [18, 239]. Surface roughness can enhance water repellency by trapping air 

in the surface void valley, resulting in an early roll-off of water droplets [240]. However, 

certain environmental conditions can transform water droplets into the Wenzel state 

[241, 242], leading to a substantial contact with the surface and increased energy 

required to break mechanically interlocked ice formed around surface asperities [243], 

which can pose challenges for hydrophobicity-induced icephobicity applications, 

particularly in sub-zero temperatures [244]. These performance challenges may lead to 

a reduction in the effectiveness of hydrophobicity in inducing icephobicity.  

 

Ice nucleation can be significantly delayed or eliminated by utilizing surface roughness 

patterns that are similar in size to or smaller than critical ice nuclei [245]. Smooth 

surfaces are preferred over rough surfaces due to their increased durability and reliable 

icephobic performance in icy conditions [246]. The absence of surface roughness-

induced hydrophobicity also eliminates the possibility of damage during ice shearing 

processes. 

 

Lower surface roughness can enhance ice adhesion due to increased interfacial contact, 

and therefore, material chemistry and properties are crucial in reducing ice adhesion. 

Minimizing ice anchoring points alone is insufficient, and a synergistic effect of low 

surface energy or a softer interface is necessary for inducing low ice adhesion. 

Smoother and functionalised surfaces can lower the free energy barrier and promote 

homogeneous ice nucleation, leading to significant delays in freezing [110]. 

 

Polymeric surfaces and coatings, including the implementation of liquid infused 

surfaces (LIS), have gained significant attention among researchers for their potential 

in passive ice protection. Several studies have reported lower ice adhesion strengths on 

polymeric coatings and surfaces [13, 247]. Polymer coatings with lower modulus 

enable easy release of ice, thanks to the large moduli difference that causes mismatch 

in strain under stress [248]. Additionally, functionalization with low surface energy 

chemicals or the infusion of lubricating liquids can reduce the probability of 
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heterogeneous ice nucleation [249]. However, the durability of these coatings, liquid 

replenishment within the material matrix, and the ability to maintain icephobic 

performance after microstructural damage require more research. Therefore, 

considering the long-term service requirements of icephobic materials in the aviation 

field, the current research focus should be on ensuring the mechanical durability of 

icephobic structures, while simultaneously improving their anti/de-icing performance 

and icephobicity stability. 

 

Effective approaches for the research and development of icephobic coatings could 

involve exploring smoother surface structures, incorporating lubricating 

liquids/hydrophobic functionalization, utilizing nano- and micro-particles, and 

employing polymeric coatings with reduced elastic moduli [247, 250]. Once low-

adhesion polymers or composite materials are pre-selected, the next step can be carried 

out to modify them in order to improve the durability and erosion resistance of the 

coating, while ensuring its sustained icephobic performance. To fundamentally improve 

the mechanical properties of icephobic materials, this study proposed the concept of a 

two-phase icephobic structure based on the inspiration of framework-protected surface 

structure design [40]. The mechanical properties and durability of the filled polymer 

were enhanced by introducing metal scaffolds. Based on this two-phase structure, new 

multi-phase icephobic structure system was designed and improved in order to obtain 

durable icephobic structures. 
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Chapter 3 Methodologies 

3.1 Raw Materials and Chemicals 

3.1.1 Raw materials 

Two types of metallic samples were used in this project, including: (1) T2024 

Aluminium alloy (Aluminium 2024, Smith Metal Centres Ltd, Biggleswade, UK) was 

purchased from GoodFellow Cambridge Ltd (Huntingdon, UK), and the detailed 

elemental composition is also supplied and is shown in Table 3.1. Here, the T2024 Al 

was used as the substrate for the preparation of reference samples. The reason here that 

T2024 was chosen is due to their high strength (tensile strength: ≥390 MPa, yield 

strength ≥245 MPa) and good fatigue strength (long fatigue life [251]) and their wide 

applications in aircraft structures including the aircraft envelope, propeller components 

and so on; (2) Nickel (Ni) foam was obtained from TMAX Battery Equipment Ltd 

(Xiamen, China), with larger specific surface area and higher internal porosity (over 

95%), as well as the extensibility of lengthwise ≥ 5%, widthwise ≥ 12%, tensile strength 

lengthwise ≥ 1.25 N/mm2, widthwise ≥ 1.00 N/mm2.  

 

Table 3.1 Detailed elemental compositions of T2024 aluminmum alloy substrate. 

T2024 Si Fe Cu Mn Cr Zn Ti 

Wt (%) 0.5 0.5 3.8-4.9 0.3-0.9 0.1 0.25 0.15 

 

3.1.2 Chemicals 

All of the involved chemicals in this study have been displayed in Table 3.2. PDMS 

was selected as the prepolymer during the whole study. The specified PDMS (Sylgard 

184: two-part silicone elastomer dispersed in xylene) was purchased from Dow Corning 

Technology (High Wycombe, UK). Sylgard 184 would be useful for coating small parts 

that would fit in and withstand the temperatures in an oven. All of the chemicals were 

analytical grade reagents and used as received. Xylene was applied to add into the 
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precursors to adjust the viscosity of the as-prepared PDMS polymer precursor and it 

was purchased from Fisher Scientific UK Ltd (Loughborough, UK).  

 

Table 3.2 Lists of chemicals. 

Items Features Origin Specification 
Viscosity 

(mPa·s) 
Other Info 

Aluminiumoxid 

C 
Powder AEROXIDE 85-115 m2/g / Aerogel 

Silicone oil Liquid 
Merck Life 

Science 
0.967 g/mL 100 Infused oil 

Groundnut oil Liquid Sainsbury 0.914 g/mL 1000 Infused oil 

Coconut oil Liquid Sainsbury 0.922 g/cm3  Infused oil 

Glycol Liquid 
Merck Life 

Science 
1.113 g/cm³ 22.13 

Anti-freezing 

liquid 

Glycerol Liquid 
Merck Life 

Science 
1.261 g/cm³ 1499 

Anti-freezing 

liquid 

PDMS Silicone 

Sylgard 184 
Liquid 

Dow Corning 

Ltd 
1.04 g/cm³ 3500 Two parts 

Xylene Liquid 

Thermo 

Fisher 

Scientific 

0.86 g/cm³ 0.75 Washing 

Deionised water Liquid 
Produced in 

Lab 
1.0 g/cm³ 1.01 Solvent 

Formamide Liquid 

Thermo 

Fisher 

Scientific 

1.133 g/cm³ 2.93 
Free energy 

measurement 

Methylene 

Iodide 
Liquid 

Thermo 

Fisher 

Scientific 

3.238 g/cm3 3.35 
Free energy 

measurement 
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For the research work of Chapter 4, several different types of oil were chosen as the 

infused additive including Silicone oil (Merck Life Science UK Ltd, Gillingham, UK); 

Groundnut oil (Sainsbury, London, UK); and Coconut oil (Sainsbury, London, UK). 

Groundnut oil shows a viscous liquid state with clear yellow colour and has a density 

of 0.91 g/mL at 20 °C. For coconut oil (also purchase from Sainsbury, London, UK), it 

is low-melting solid with almost white colour, and the melting point is around 20-28 °C. 

It would remain in solid state during the whole test. For the candidates of anti-freezing 

liquid, the glycol and glycerol were both chosen as the ice depressing liquids. The 

melting point of glycol (purchased from Merck Life Science UK Ltd, Gillingham, UK) 

is around -11.5 °C and it can be mixed with water, ethanol, acetone and other organic 

solvents in any ratio. But for glycerol (from Sigma-Aldrich), the melting point is 

18.17 °C, it would stay in a solid state under the testing condition. It can also be miscible 

with water and ethanol in infinite proportions. Aluminiumoxid C powder (AEROXIDE, 

Degussa AG) was used to prepare the aerogel. 

 

To establish a solid foundation for material selection, the choice of Ni scaffold was 

justified by multiple factors. Initially, the porous Ni scaffold exhibits high porosity 

(around 95%, as-received), specific strength (around 1 MPa·m3/g) and superior 

mechanical properties (yield strength: 0.3 MPa, tensile strength: 0.65 MPa) [252]. The 

Ni scaffolds exhibit remarkable ductility, exhibiting an elongation of at least 5% along 

the longitudinal axis and 12% along the width. The tensile strength along the 

longitudinal axis is at least 1.25 N/mm2, while in the widthwise direction it is at least 

1.00 N/mm2 [253]. Highly porous Ni scaffold can reduce the impact of the Ni scaffold 

on the surface properties of PDMS by accommodating a larger volume of the material. 

The incorporation of the Ni scaffold may enhance the mechanical strength of the 

multiphase structure due to its specific strength and superior mechanical properties. 

Additionally, the use of nickel scaffold offers an economic advantage due to its lower 

cost compared to copper foams (the price per unit of copper foam is over 10 times 

higher than that of Ni scaffold) [254]. 
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PDMS is often chosen for icephobic applications due to its ability to maintain 

elastomeric physical properties at extreme temperatures (it can be maintained to as low 

as -120 ºC) [255, 256]. PDMS has also been extensively tested in extreme 

environmental conditions. For example, PDMS that has been distressed to simulate 

wear, thermal aging, and humidity and salt spray exposure continues to perform better 

than Teflon (the industry low-friction material standard) [257]. Silicone-based coatings 

may be effective in withstanding sand erosion and are resistant to many fuels, lubricants, 

cleaners, and deicing fluids. Besides, PDMS also shows the good compatibility with 

different substrate surfaces and does allow ice to break easily from surfaces [258]. 

 

Silicone oil could be a good candidate for lubricant and obtain slippery properties and 

improved icephobic performance, the introduction of silicone oil is safe for biological 

environments due to its low toxicity [259]. After the pre-experiments, the silicone oil 

could be completely infused into the porous interconnected network [260, 261]. It is 

reported that a hydroxyl-terminated silicone oil -PDMS composite surfaces show ice 

adhesion strength of roughly 12 kPa throughout the 12 icing/de-icing cycles [262]. The 

silicone oil with low viscosity (~0.65 cSt) [263] is also widely used as a lubricant for 

LIS for the aim to possess anti-icing/de-icing properties [264]. 

 

Groundnut oil exhibits a freezing point ranging from -5 °C to -3 °C, a melting point 

within the range of 25 °C to 30 °C, and an enthalpy change of 36 kJ/mol during the 

solidification process [265, 266]. Coconut oil, on the other hand, has an enthalpy change 

of approximately 180 kJ/mol and a freezing point of 22 °C to 26 °C (with a melting 

point of 24 °C to 27 °C) [267]. The infusion of lubricants with appropriate enthalpy 

changes can effectively regulate energy exchange during freezing by releasing heat, 

thereby reducing the energy requirement for ice melting or removal from surfaces. 

Additionally, lubricants with low freezing points prevent solidification at low 

temperatures. For instance, coconut oil remains in a liquid state well below freezing, 

making it a practical choice for use in cold climates [268]. 
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Groundnut oil and coconut oil have been previously investigated for their ice adhesion 

reduction and icephobicity enhancement properties, despite being distinct types of 

natural oils. For example, the coconut oil is solidified and could be locked in the 

textured structure, which could be used for the infused lubricant in this study [269]. The 

groundnut oil-infused porous PDMS surfaces reduced the ice adhesion strength (~22 

kPa) compared to uncoated surfaces, with the degree of reduction varying depending 

on the surface type and oil concentration [270]. He et al. reported that groundnut oil can 

reduce ice adhesion strength by up to 40% on aluminum surfaces, indicating the 

promising icephobic potential [271]. Because the two oil lubricants are derived from 

natural sources and are biodegradable. They are non-toxic and do not pose risk to 

human health or environment. Besides, they are relatively inexpensive compared to 

synthetic materials like silicone oil, making them a cost-effective option for icephobic 

applications [272].  

 

Glycol and glycerol are widely employed as anti-icing agents for engineering surfaces 

in icy conditions due to their low freezing points (glycol: -13 °C, glycerol: -36.6 °C) 

[273], which facilitate the depression of freezing points and the reduction of ice 

adhesion [274]. Glycol and glycerol can act as freezing point depressants by reducing 

the freezing point of water, thereby impeding the formation of ice. Additionally, their 

relatively high viscosity and thick, adhesive properties enable them to adhere 

effectively to surfaces and form a protective layer [275]. The hydrophilic nature enables 

that it has strong affinity for water molecules, which allows them to compete with water 

molecules on surfaces, preventing them from forming ice crystals [276]. The molecules 

can absorb onto the surface, forming a thin layer that can help to prevent ice from 

forming a strong bond with the surface, reducing the amount of ice that forms on a 

surface in the first place, acting as a barrier to supercooled water droplet and prevent 

the ice formation. The two liquids also show good chemical stability, they could resist 

degradation from exposure to sunlight, oxygen, and water, making them reliable and 

long-lasting icephobic candidates. For example, Pan et al. reported the icephobic 

construction by integrating a superhydrophobic copper mesh with anti-freezing agent 



Chapter 3 Methodologies 

83 

composing ethylene glycol and water [277]. Memon et al. proposed the glycerol-

infused fiber reinforced polyurethane coatings, the inclusion of glycerol delayed water 

droplet freezing duration by 659 %, demonstrating the icephobic potential [43]. Besides, 

the two mentioned ice depressing liquids are non-toxic, environmentally friendly and 

biodegradable without harmful chemicals, which are safer and more environmentally 

friendly alternative [278]. They are also relatively inexpensive and widely available, 

making them cost-effective solutions for icephobic constructions. 

 

3.2 Preparation of Ni/PDMS Based Samples 

All of the substrates were machined into applicable shapes for later surface/layer 

preparation according to their as-received form. T2024 Al was processed into 50 mm × 

20 mm × 1 mm rectangle plates. The Ni foam was cut into 50 mm × 20 mm × 0.3 mm 

rectangle plates. To ensure the comparability, all substrates were manually sandblasted 

to an average roughness using Guyson Formula 1200 cabinet (F220 with alumina, 

average size 68 µm) with the following parameters: 7.3 bar for gas pressure, 5 cm 

distance between the nozzle and the specimen and 30 s for sandblasting duration. The 

sandblasted samples were cleaned with diluted hydrochloric acid for 2 min to remove 

the surface oxide and oil contamination later, then followed by cleaning using deionized 

water. They were finally dried using the compressed air and were ready for subsequent 

experiments. Laboratory-grade II+ deionised water with a resistivity of 18.2 MΩ•cm 

was used throughout the whole process of coating preparation for the ice block 

preparation. 

 

The rectangular plates of the substrates were prepared with dimensions of 50 mm × 20 

mm × 0.3 mm. The substrates underwent a cleaning process involving three cycles of 

ultrasonic cleaning using acetone and deionized water, followed by drying with 

compressed air. Sandblasting is a process that uses high-pressure abrasive material to 

clean or shape metal surfaces. It serves to remove accumulated rust, paint or surface 
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coatings, and can roughen the surface, increasing adhesion to subsequent coatings or 

materials [279]. The Al plate coated with a PDMS layer required sandblasting treatment 

prior to the coating preparation, whereas the T2024 Al reference sample was utilized in 

its as-received state without undergoing sandblasting treatment. 

 

Table 3.3 Typical physical properties of Sylgard 184 PDMS [280]. 

Uncured 

Viscosity 3600 cPs 

Work time > 72 hr 

Cured 

Shore hardness, Type A 40 

Tensile strength 900 psi 

Elongation 100% 

Tear strength 15 psi 

Thermal conductivity 3.5×104 cal/(°C/cm) 

Coefficient of linear thermal expansion (-55～150 °C) 3.0×10-2 1/K 

Coefficient of volumetric thermal expansion (-55～150 °C) 9.6×10-2 1/K 

 

Sylgard 184 is a two-part elastomer that shows low surface adhesion, around 19.18 

mN/m [281], when in contact with ice. Part A of the precursor mixture contains the 

prepolymer component required for curing inside a silicone base and Part B is made up 

of crosslinker and inhibitor in xylene. The detailed physical properties are shown in 

Table 3.3. The two individual components would be thoroughly stirred prior to addition 

to ensure the homogeneity. The two medium viscosity parts would then be blended in 

a 10:1 ratio (Part A: B). 
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3.2.1 Ni/PDMS with silicone oil additions 

For the preparation of Ni scaffold/PDMS-silicone oil sample system (NP-SO system), 

the detailed preparation process is shown in Figure 3.1. In the set of experiments, Part 

A and Part B of PDMS (Sylgard 184) were mixed together using the weight ratio of 

10:1 (A: B) applied with magnetic stirring to ensure the solution uniformity, which is 

named as mixture 1. The resulting mixture of Sylgard 184 was viscous. Then different 

weight percentages (with respect to the total solution) of silicone oil (0, 10, 20, 30, 40, 

50 wt%) were gradually introduced and mixed into the precursor mixture (PDMS-SO) 

solution during the stirring, respectively. The solutions were magnetically stirred for a 

further 30 min. The mixture solution was then degassed inside a vacuum oven (vacuum 

degree: 0.1 bar) at room temperature for a duration of 30 minutes to remove the existing 

air bubbles among the porous structure. The samples were then conducted with post-

baking treatments inside a vacuum oven set at 85 °C for 4h. The as-fabricated NP-SO 

samples could be obtained after cooling down. Additional PDMS-SO mixture solutions 

were later applied onto the pre-prepared samples by the spin coater to smoothen the 

surface morphology. Here, the spinning coating is mainly used to prepare uniform thin 

films in the thickness range of micrometers to nanometers. It consists of several stages, 

such as fluid dispense, spin up, stable fluid outflow, spin off, and evaporation, 

respectively [282].  
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Figure 3.1 Process flow chart of preparation process of NP-SO. 

For reference samples, as-received Al plate was selected and ultrasonic cleaned and 

ready for use. As for Al-PDMS, the pristine Al plate was first undergone the sandblast 

treatment, and then mixture 1 was also applied onto Al plates using spinning coater at 

the speed of 1000 rpm (revolutions per minute) for 90 s. While for Ni/PDMS samples, 

the whole preparation process was similar to that of NP-SO samples. The same vacuum 

impregnation and followed spinning process were also conducted during the sample 

preparation. The differences mainly lied in the applied solution and the curing treatment 

parameters (120 min at 65 °C). 

 

Ni-PDMS samples with 10, 20, 30, 40, 50 wt% silicone oil addition were designated as 

NP-10SO, NP-20SO, NP-30SO, NP-40SO and NP-50SO, respectively. For reference 

samples, pristine as-received Al substrate was named as Al, while Al substrates with 

PDMS coverage were abbreviated as Al-PDMS. Pure PDMS samples with 10, 20, 30, 

40, 50 wt% silicone oil addition were designated as PDMS-10SO, PDMS-20SO, 

PDMS-30SO, PDMS-40SO and PDMS-50SO, respectively. While the sample that is 

made up of Ni scaffolds and PDMS filling was designated as Ni-PDMS.  
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3.2.2 Ni/PDMS modified with phase change oils 

For Ni/PDMS with different phase-change oil infusions, the detailed preparation 

process is shown in Figure 3.2. The Aluminiumoxid C aerogel powder was first mixed 

inside the different types of oils (including silicone oil, coconut oil and groundnut oil, 

etc) with a weight ratio of 3:20 and magnetically stirred for around 2 h, as mixture 2. 

Then mixture 2 was put into the low-vacuum oven (Vacutherm, Vacuum Heating and 

Drying Ovens, ThermoFisher, Waltham, MA USA) overnight for the aim to ensure 

adequate absorption of the oil content. Then the two parts of the PDMS (Sylgard 184) 

prepolymer were mixed with a 10:1 ratio and magnetically stirred for 3 h. Two more 

hours of magnetic stirring were carried out after mixing the two solutions, and the 

overall weight percentage between mixture 1 and 2 was 23:77, which means that the 

weight of aerogel accounts for 3 % of the overall mass and 20 % for oil addition. The 

resulting mixture 3 was viscous. The Ni scaffolds substrates were put into mixture 3 to 

make it fully immersed. Then it was transferred into the vacuum oven (0.1 bar) for 30 

min at the temperature of 40 °C (for the aim to ensure the liquid state of coconut oil) to 

degas the existing air bubbles among the porous structure, followed by post-baking 

treatment at 85 °C for 360 min (elevated curing temperature). The degassing process 

would decrease the number of air bubbles generated during the curing process 

effectively. Additional mixture 3 solution was later applied onto the pre-prepared 

samples again by the spin coater (KW-4A, Chemat Group, Northridge, CA, USA) to 

make the surface morphology soft and smooth. The spinning process was later carried 

out on the pre-prepared samples again. Same curing treatments were carried out on the 

samples after the spinning process.  
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Figure 3.2 Process flow chart of preparation process of Ni/PDMS modified with phase-

change oils. 

 

Several types of samples were prepared and further studied in this part of the 

experiments: the sample prepared with Ni scaffolds, PDMS filling and Aluminiumoxid 

C aerogel with silicone oil, groundnut oil and coconut oil additions were named as 

20SO3Al, 20GO3Al and 20CO3Al, respectively. The reference samples were also 

prepared using the same preparation parameters mentioned in Section 3.2.1 including 

Al, Al-PDMS and Ni-PDMS. 

 

3.2.3 Ni/PDMS with ice depressing liquids 

For this set of work, the same Ni foam porous substrates were first cleaned using 

ultrasonic bath in deionised water for 10 min. In this set of experiments: PDMS 

(Sylgard 184) was applied and mixed together using the weight ratio of 10:1 (A: B) 

applied with magnetic stirring to make the solution uniform. Then 20 wt% of glycol 

and glycerol were added into the PDMS precursor mixture, respectively. The mixture 

solution was then degassed inside the vacuum oven at room temperature for around 30 
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minutes to drive away the existing air bubbles. Then the Ni foams were immersed in 

the well-distributed Ni/PDMS-glycol or glycerol mixtures under vacuum conditions 

(vacuum degree: 0.1 bar) for around 30 minutes with the aim to drive away the existing 

air inside the porous structures of Ni foam. The post-baking treatments were then 

carried out on the samples using a vacuum oven set at 40 °C for a duration of 24 h. 

Followed by air-cooling, the as-fabricated Ni/PDMS-glycol or glycerol samples were 

then obtained. Same as before, the additional PDMS-glycol or glycerol mixture 

solutions were further applied onto the pre-prepared samples again by the spin coater 

to smoothen the surface morphology at the speed of 700 rpm for 90 s. The process flow 

chart of the whole preparation process was shown in Figure 3.3. In this series of 

experiments, the reference samples were also prepared using the same preparation 

parameters mentioned in Section 3.2.1 including Al, Al-PDMS and Ni-PDMS.  

 

Several types of samples were prepared and further studied in this work: Ni foam 

samples with glycol or glycerol incorporations were designated as NP-glycol and NP-

glycerol, respectively.  

 

Figure 3.3 Process flow chart of preparation process of Ni/PDMS with ice depressing liquid. 
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3.3 Microstructural Characterisation 

3.3.1 Optical microscope (OM) 

Metallography mainly refers to the material discipline branch that analysed, studied and 

characterised the microscopic structure, low-power structure and fracture structure of 

materials with the help of optical (metallographic) microscope and stereomicroscope. 

It includes not only the imaging and qualitative and quantitative characterization of the 

microscopic structure of materials but also the necessary sample preparation, 

preparation and sampling methods [283].  

 

In this study, the OM examinations were carried out using an optical OM (ECLIPSE 

LV100ND, Nikon, Japan), including the microstructure of substrates and as-prepared 

samples, the dimension of specific surface textures was also calculated using the 

bundled software. Using the bundled software inside the OM system, the dimension of 

surface texture could be obtained, for example, the dimension of the remaining cavities 

in Ni scaffolds. 

 

3.3.2 Scanning electron microscopy (SEM)  

The surface morphologies of the involved samples were characterised by a JEOL-

6490LV SEM operated with 20 kV voltage. A 10 mm working distance was always kept 

during the observation. The spot size of the electron beam was adjusted to a proper 

scale with the aim to reduce the deadtime when conducting energy dispersive X-ray 

analysis. The backscattered electron (BSE) mode was also utilized to characterize the 

samples to give better revelation for elements difference and cross-sectional areas of 

as-prepared samples. For the involved polymeric surfaces, to give better imaging and 

prevent charging by the electron beam, Pt layer needs to be deposited onto the samples 

in advance using a Quorum and Polaron Platinum Sputter Coater. The cleaning 

treatment also needs to be carried out to improve the imaging quality of SEM 

observation using the Plasma Cleaner (Model 1020, Fischione) to quickly remove the 
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remaining dust and residue on the sample surfaces with gas mixture of 25 vol% oxygen 

and 75 vol% argon. 

 

3.3.3 Surface roughness (3D topography) 

Surface roughness refers to the quantitative measurement and characterization of 

irregularities, deviations, or variations present on the surface of a material or object at 

a micro or nanoscale level. It represents the spatial arrangement and distribution of 

surface features, such as peaks, valleys, and asperities, which deviate from the ideal or 

smooth surface [284]. It is commonly quantified using parameters of mean roughness 

(Ra). The parameter is calculated by measuring the vertical distance between the actual 

surface profile and a reference line or plane over a specified sampling length. It provides 

objective and quantitative assessments of the surface irregularities, enabling 

comparisons between different surfaces and facilitating the characterization of their 

roughness properties [285]. The mathematical equation (equation 3.1) for Ra is shown 

as follows: 

 

𝑅𝑎 =  
∑|𝑍𝑖−𝑍𝑎𝑣𝑔|

𝑁
                         (3.1) 

 

where N is the number of data points, 𝑍𝑖 represents the height of each data point, and 

𝑍𝑎𝑣𝑔  is the average height of the surface profile. These mathematical formulations 

provide objective measures to characterize and compare the roughness of different 

surfaces. 

 

In this study, a non-contact optical profiler (Zeta-20, KLA-Tencor) was applied to 

measure the sample surface roughness. The measurement system is designed for critical 

analysis of high precision applications. The limitations also exist and are mainly related 

to light properties and its behavior at the interface. The maximum detectable slope is 

rather small, and always limited by the finiteness of the objective lens numerical 

aperture [286]. It delivers an in-depth understanding of characteristics such as radius, 
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form, surface smoothness, contour and dominant wavelength, providing important 

feedback for improvements in design and production [284]. The values of surface 

roughness would be determined by the average value of several measurements and Ra 

is measured over an area stretching across the observed surface. Normally smaller Ra 

leads to smoother surfaces. 

 

3.4 Chemical Composition Characterisation 

3.4.1 Fourier transform infrared (FTIR) spectra  

The spectrometer is mainly developed based on the principle of Fourier transform of 

infrared light after interference. As indicated in Figure 3.4, the source light is divided 

into two beams by a beam splitter (similar to a semi-transparent and semi-reflective 

mirror). One beam is transmitted to the moving mirror and the other beam is reflected 

to the fixed mirror. The two beams are both reflected by the fixed mirror and the moving 

mirror respectively and then back to the beam splitter. The moving mirror moves in a 

straight line at a constant speed, so the two beams that are separated by the beam splitter 

could form optical path differences and produce interference. The interference light 

would pass through the sample pool after the beam splitter is assembled, while the 

interference light containing the sample information reaches the detector after passing 

through the sample. Then the signal would be processed by Fourier transform 

mechanism, and finally, the infrared absorption spectrum of transmittance or 

absorbance with wave number or wavelength is obtained. 

 

Figure 3.4 Detailed mechanism of FTIR spectrum (Adapted from Ref [287]). 
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In this study, the variations in the chemical composition of surfaces were qualitatively 

analysed using a FTIR spectrometer (Spectrum One, Perkin Elmer, Akron, OH, USA). 

The analysis was carried out using an attenuated total reflectance (ATR) sample holder 

(GladiATR, PIKE Technologies, United States) with a diamond crystal. Surfaces were 

directly placed in contact with the crystal for the analysis. The FTIR spectra were 

measured using attenuated total reflection mode in the wavenumber range of 650 cm-1 

and 1400 cm-1 in the air at room condition, recording 32 scans with a resolution of 0.02 

cm/s. 

 

3.4.2 Differential scanning calorimetry (DSC)  

Differential scanning calorimetry is a kind of thermal analysis method, which mainly 

measures the power difference (e.g. in the form of heat) between the input to the sample 

and reference in relation to temperature at a programmed temperature. The DSC curve 

corresponds to the recorded curve by the differential scanning calorimeter, the ordinate 

is the heat flow rate dH/dt (unit millijoule/second), which is also the sample heat 

absorption or heat release rate. The schematic diagram and images of the DSC facility 

was also shown in Figure 3.5 (a) and (b), respectively. While the abscissa is temperature 

(T) or time (t). The method could measure a variety of thermodynamic and kinetic 

parameters. The method has a wide temperature range (-175 ~ 725 ℃), high resolution 

and less sample consumption, which is suitable for analysis of inorganic matter, organic 

compounds and medicines [288]. 

 

Figure 3.5 Schematic diagram of DSC with power compensation mode [288]. 
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The thermal unfolding of the polymeric components of involved samples was 

monitored by SETARAM Micro DSCII calorimeter. All experiments were conducted 

between 0 and 100 °C. The heating rate was 0.3 K/min in all cases. Conventional 

Hastelloy batch vessels were used during the denaturation experiments with 850 μL 

sample volume in average. The sample and reference samples were equilibrated with a 

precision of ±0.1 mg. There was no need to do any correction from the point of view of 

heat capacity between sample and reference samples [289]. The repeated scan of 

denatured sample was used as baseline reference, which was subtracted from the 

original DSC curve. Calorimetric enthalpy was calculated from the area under the heat 

absorption curve by using two-point setting setaram peak integration. 

 

3.5 Evaluation of Surface Performance 

3.5.1 Wettability evaluation 

 

 

Figure 3.6 Contact angle measurement system (FTA200, First Ten Angstroms). 

 

The wetting behaviour of the as-prepared samples was evaluated using a contact angle 

goniometer (FTA200, First Ten Angstroms, Inc., Portsmouth, VA, USA) with pumping 

out rate of 1 µL/s using micro-pipettor and a fixed droplet volume of 5 μL, as illustrated 
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in Figure 3.6. It includes static water contact angle (WCA), advancing WCA (Adv) θA 

and receding WCA (Rec) θR and contact angle hysteresis (CAH) (CAH=θA-θR). All of 

the measurements were conducted at room temperature and humidity conditions. To 

ensure the data accuracy, a minimum of five measurements were performed for every 

sample at a controlled time point. 

 

The equilibrium contact angle described by the Young-Laplace equation is measured 

from a static state. A given substrate-liquid-vapour combination yields a continuous 

range of contact angle values in practice. The typical WCA measurement as well as the 

detailed spreading situation of liquid staying on common solid substrate are illustrated 

in Figure 3.7. It also indicates the ability of liquids to form boundaries with solid phases. 

For the initial step of the WCA measurement, the baseline needs to be determined, 

which is between the water droplet and the sample surface, showing as yellow. The 

tangent lines along with the boundary of the water droplet are determined. After 

confirming the two specific lines, the static contact angle could be acquired. 

 

 

Figure 3.7 Schematic diagram of static water contact angle measurement (including base line, 

tangent line and contact angle labels). 

 

CAH could be calculated by the subtraction between advancing angle and receding 

angle. The advancing contact angle can be described as a measurement of the liquid-

solid interfacial contacts while the receding contact angle is a measurement of liquid-

solid adhesion. The advancing and receding contact angles are measured from the 

dynamic experiments where droplets or liquid bridges are in movement [290]. The 
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pumping out rate of the water droplet is 1 µL/s. The whole process is monitored by the 

camera of the goniometer with an image every 0.5 s. The sketches of the advancing 

angle and receding angle measurement processes were shown in Figure 3.8. With the 

liquid in movement, the WCA still remains in a steady state. For advancing angle and 

receding angle, the size of water droplet would keep becoming larger or smaller, while 

the shapes of the droplet show little change. In this way, the advancing angle or receding 

angle could then be determined. It could be inferred that the adhesion energy varies 

locally according to the Young-Dupré equation. Thus, the liquid needs to overcome the 

existing local energy barriers to wet the surfaces. One consequence of these barriers 

corresponds to CAH: the extent of wetting as well as the observed contact angle 

(averaged along the contact line), depending on the real-time state that the liquid stays, 

which includes advancing state and receding state. 

 

 

Figure 3.8 Schematic diagrams displaying (a) advancing angle and (b) receding angle 

measurements. 

 

3.5.2 Measurement of surface free energy  

The surface energy of the coating is an important parameter for the icephobic surface. 

Owens-Wendt approach is one of the most commonly used methods for calculating the 

surface free energy of the materials. In this work, Owens-Wendt method was applied to 

measure the surface energy of the coatings [291]. In this method, it is assumed that the 

total surface free energy is the sum of the two components: dispersion components 

𝛾𝑆
𝐷 and polar components 𝛾𝑆

𝑃, as indicated in equations (3.2) and (3.3) below: 
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1

2
(1 + cos 𝜃)𝛾𝐿 = (𝛾𝑆

𝐷 ∙ 𝛾𝑙
𝐷)1 2⁄ + (𝛾𝑆

𝑃 ∙ 𝛾𝑙
𝑃)1 2⁄                                       (3.2) 

𝛾𝑆 = 𝛾𝑆
𝐷 + 𝛾𝑆

𝑃                                                               (3.3) 

 

where 𝜃 is the contact angle between the liquid droplet and coating surface, 𝛾𝐿 is the 

liquid total surface tension, 𝛾𝑙
𝐷 is the dispersion component of liquid surface tension, 

and 𝛾𝑙
𝑃  is the polar component of liquid surface tension. 𝛾𝑆

𝐷 is the dispersion 

component of the solid surface free energy. 𝛾𝑆
𝑃 is the polar component of the solid 

surface free energy. And 𝛾𝑆 is total surface free energy of the solid surface. All of the 

values of surface tension of liquids and their two components are referred to standard 

conditions of ambient temperature and pressure at sea level. (T= 20 °C, P= 1 bar) [292]. 

 

Table 3.4 Detailed parameters of liquid surface tension of three different liquids. 

Liquids 𝜸𝑳 
(mN/m) 𝜸𝒍

𝑫 (mN/m) 𝜸𝒍
𝑷 (mN/m) 

Distilled Water 72.8 21.8 51.0 

Formamide 58.0 39.0 19.0 

Methylene Iodide 50.8 50.8 0 

 

The liquids employed are given in Table 3.4. Three liquids including distilled water, 

formamide and methylene iodide (analytical reagent) were employed to determine the 

surface energy. Six droplets of each liquid were deposited on each sample. The volume 

of each droplet is 5 µL. All of the measurement processes were conducted under 

atmospheric conditions at temperature of 20 °C and pressure of 1 bar. 

 

3.5.3 Shore hardness tests 

The measurement of hardness on elastomers could basically be divided into two types, 

one is International Standards Organisation (ISO) test, which employs a spherical 

indenter; the other one is shore hardness test, employing truncated cylinder, containing 

two hardness tests, Shore A and Shore D, covering different hardness ranges [293]. 
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In the study, the hardness measurement is conducted using shore hardness tests with a 

SAUTER durometer that is attached to the SAUTER test stands TI-AO and TI-D for 

Shore hardness A and D scales, respectively. The shore hardness A scales were used in 

this work, the indenter is a truncated cone with a conical angle of 35º, with the apex 

plane diameter of 0.79 mm [293]. For every sample, 10 separate measurements were 

carried out to confirm the average penetration (Shore) value and minimize the existing 

error. 

 

3.5.4 Tensile test of mechanical characterisation 

The tensile tests were conducted using an Instron 5969 Dual Column Tabletop 

Universal Testing Systems (Instron, High Wycombe, UK) equipped with the utilised 

clamps (Instron 2710-101). The samples were cut into rectangular bars with dimensions 

of 20 mm × 0.3 mm among the cross-sectional area. A Hildebrand rubber thickness 

gauge with the length of 6 mm was used to measure the thickness and width. 

 

In practice, the process of obtaining the thickness measurement was complicated by the 

viscoelasticity and high compliance exhibited by the elastomers as the rubber thickness 

gauge probe applied a small force, causing the material to deform. Therefore, to 

calculate the thickness in the absence of the probe force, the elastic solution developed 

by Lebedev and Ufliand was used to correct the deformation [294]. 

 

The rectangular specimens were attached to the apparatus with staple-like clips. Strain 

was then applied to the specimens using the counter-rotation of the drums. To check 

whether the specimen is straight before the tests, a small torque was applied to the 

specimens. The tensile tests were then conducted with the applied motion rate 1.0 

mm/min at room temperature (18 ± 1°C) and humidity (50 ± 5%). The raw data obtained 

from the tests could be utilized to determine the nominal strain and the nominal load. 
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3.6 Studies of Icephobicity 

Generally, the icephobicity could be reflected from both anti-icing and de-icing aspects. 

Anti-icing performance refers to the ability to prevent and delay ice nucleation and 

formation and adherence of supercooled droplets on sample surfaces. While de-icing 

performance normally means low adhesion strength between formed ice and solid 

surface, leading to easy detachment of formed ice from certain surfaces. 

 

3.6.1 Evaluation of anti-icing performance 

3.6.1.1 Droplet icing delay 

The ice formation time is an important parameter for icephobicity evaluation because 

it reflects the length of time a supercooled water droplet takes to freeze on certain 

surfaces [15]. The larger the freezing delay time, the lower the probability of the droplet 

freezing on the specific surfaces as the external forces can expel the droplet away. So 

the ice formation tests were carried out to better evaluate the anti-icing performance of 

as-prepared samples. 

 

The cold plate (Para Cooler O, Weinkauf Medizin und Umwelttechnik, Hallerndorf, 

Germany) with an adjustable temperature was utilized to provide an icing environment 

with temperature maintained at -20 °C, as shown in Figure 3.9. The insulated and 

transparent plastic sheets were used to minimize the environmental effect and give 

intuitive observation of the experiment procedure. The samples were first put inside the 

cold plate overnight for pre-cooling. Droplet icing tests were carried out by determining 

the duration of ice formation from water droplets with a volume of 4 µL using micro-

pipettor on five different points on the as-prepared samples. The corresponding 

substrates were also involved for comparison. The whole process was also video 

recorded to determine the icing duration. The average icing duration was recorded to 

evaluate the anti-icing performance and the detailed icing process could also help to 

explain the mechanism.  
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Figure 3.9 Schematic diagram of droplet icing test. 

 

3.6.1.2 Icing test under frost environment 

To better evaluate the anti-icing property of coatings under the actual working condition, 

the rotary dynamic frost formation tests would be carried out. During the test, to 

guarantee equal icing area, the uncoated parts including the backside and side areas of 

the samples were completely covered by insulation tape and they were peeled after the 

tests. To ensure same icing conditions, the tested samples were placed at the same 

distance from the sprayer output point. A custom-built metal rotor with six seats for 

samples was used for rotary tests. The samples were fastened by means of a screw, and 

the rotor was spun at the speed range between 30 to 300 rpm. The cold plate would be 

set at -25 °C, which can easily obtain glaze. An aerosol generator (Ultrasonic Nebuliser 

NE-U17, Omron, Inc) with deionized water was utilized to produce moisture. Two 

electric fans were also applied to ensure the uniform distribution of the moisture. Due 

to the cold temperature inside the cold plate, the moisture would become glaze during 

the movement. There would be glaze that keeps forming on the tested samples. The 

whole experiments last 60 min. The mass difference of the samples before and after the 

experiment was monitored. The mass of formed glaze per unit area would be calculated. 

Samples with less glaze formation per unit area could explain the good anti-icing 

performance. Several experiments would be carried out on one sample to make sure the 

data's accuracy. 
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Figure 3.10 Schematic diagram of icing test under frost environment. 

 

3.6.2 Water condensation and icing study using environmental scanning 

electron microscopy (ESEM) 

In-situ water condensation and ice formation process was observed by an ESEM 

equipped with a Peltier cooling stage (FEI Quanta 650, ThermoFisher). By means of a 

differential pumping system and a gaseous secondary electron detector (GSED), the 

hydrated samples could then be imaged. The ESEM column is equipped with a multi-

stage differential pressure pumping unit. The pressure in the upper part is about 10-6 to 

10-7 Torr, but pressure ranges from 1-6.5 Torr can be maintained in the observation 

chamber. When the electron beam (primary electrons) ejects secondary electrons from 

the surface of the sample, the secondary electrons collide with gas molecules in the 

ESEM chamber, which in turn function as a cascade amplifier, delivering the secondary 

electron signal to the positively biased GSED. The positively charged ions are attracted 

toward the specimen to neutralize the negative charge produced by the electron beam 

[295].  
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Figure 3.11 Schematic diagram of three zones of ESEM vacuum system (Adapted from Ref 

[296]). 

 

If the water condensation observation were conducted at room temperature, it could be 

seen from Figure 3.11 that the required pressure to maintain saturated vapour in the 

chamber is high. So, it is still not practical to imaging under these conditions. To achieve 

the saturation state, it is more proper to decrease the temperature of the cooling stage to 

a bit higher or just above freezing, which could be reflected from the phase diagram 

shown in Figure 3.11, and then only a modest gas pressure is needed to stabilize water 

[297]. To ensure a better thermal stability, it would be beneficial to place sample in a 

well or covering with a washer. The tighter the contact, the better the heat conduction 

during the observation. 

 

By controlling the pressure and temperature simultaneously, the in-situ wetting and 

icing could be monitored. Samples that are not thermally conductive would have a 

larger temperature gradient than thermally conductive samples, mounting can play an 

important part in minimizing the difference and making an experiment successful. The 

voltage of the electron beam was 15 kV and the distance of the specimen from the final 

aperture was about 6-8 mm. During the ESEM observation, the water vapour pressure 

and humidity of the chamber, the temperature of the cooling stage could be adjusted 
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according to the phase diagram in Figure 3.12, which would help the water 

condensation and ice formation and diminishment on sample surfaces. The water 

condensation and in-situ icing process on different sample surfaces would be analysed 

in a controlled environment with a certain temperature and humidity. In this study, the 

water condensation and in-situ icing process of the samples were recorded, at 

temperature range of -20.0 ~ 20.0 °C and relative humidity of 90 ~ 100%. 

 

 

Figure 3.12 Pressure/temperature phase diagram for H2O (Adapted from Ref [298]). 

 

3.6.3 De-icing evaluation aspects 

3.6.3.1 Ice adhesion strength 

Ice adhesion strengths were also measured using a horizontal shear test system (as 

shown in Figure 3.13) with a pre-prepared ice block (volume: 1.31 mL) attached to the 

sample surface in an environment-controlled cold plate. In essence, the shear test 

system mainly consists of a force probe, a motion controller as well as the prepared ice 

block (with diameter of 5 mm) attached to the tested samples. The detailed diagram of 

the test system is shown in Figure 3.13 (a) for detail. De-ionized water was added into 

a silicone mould with volume of 1.31 ml using liquid-moving machine. The mould was 

covered onto the tested samples. They were then kept inside the cold plate with 
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temperature of -20 °C for 4-6 h, to produce repeatable samples of pure glaze ice on each 

sample substrate. The iced area between the mould and the sample was 1.38 cm2. 

 

 

Figure 3.13 (a) Schematic diagram and (b) Pictures of the ice adhesion test setup. 

 

With the induction of the rotor’s movement, the prepared ice block/substrate sample 

would stay with uniform horizontal motion, the force probe was used to propel the 

ice/sample with a velocity of 0.1 mm/min during the ice adhesion test, and the detailed 

facility setup was shown in Figure 3.13 (b). The ice would detach from the sample once 

it is enough to overcome the adhesion strength of the ice to the substrate. With the 

horizontal shear force keep increasing, the glaze ice block would overcome the shear 

strength and finally detach from the sample surface. The applied force could be obtained 

from the probe, ice adhesion strength could then be determined from the equation (3.4) 

[299]: 

 

τ=F/A                             (3.4) 
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where τ represents the shear strength (Pa), F refers to applied force (N), and A is the 

contact area of the ice block on the coating (m2). Five ice adhesion strength tests were 

carried out for each tested sample to ensure the data confidence, the standard error was 

also applied for the tested data. 

 

3.6.3.2 Cyclic icing/de-icing tests 

Ice adhesion strength tests measure the force required to detach ice from a surface, 

usually under controlled laboratory conditions. These tests involve pulling a thin layer 

of ice from a flat or curved substrate, and the results can be used to evaluate the 

effectiveness of icephobic coatings or anti-icing materials. They can also be used to 

study ice adhesion mechanisms and develop new strategies for preventing ice buildup 

[300]. The ice adhesion strength was reported as the average and standard deviation of 

several parallel samples during each icing accretion process. Corresponding test 

reference surfaces (T2024 Al) were used to guide and monitor the ice adhesion at each 

accretion event, considering possible variations in icing conditions [301]. The ice 

adhesion strength and mass change versus the cyclic tests were also recorded to evaluate 

the impact of freezing time on surface icephobicity.
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Chapter 4 Microporous Metallic Scaffolds Supported Liquid 

Infused Icephobic Constructions 

 

In recent years, the slippery liquid-infused porous surfaces (SLIPS) and liquid-infused 

surfaces (LIS) have drawn a lot of attention [23, 302]. By entrapping liquid inside a 

porous media through capillary forces, the liquid surfaces would be developed and the 

smooth nature of the infused lubricants could improve the icephobicity [303]. The 

liquid surfaces then mitigate the pinning effect of the remaining water droplets and lead 

to a reduction in ice adhesion strength [304]. But the disadvantages of SLIPS also exist 

since the liquid layer could be depleted and the ice adhesion then increases inevitably. 

For example, Rykaczewski et al. reported that the water droplet infused into the bulk of 

oil where they formed interfaces with solid and the oil film was depleted as they moved 

onto the nanostructured SHS surfaces [208]. While for LIS, the internal porosities have 

been substituted with lubricant, the liquidous layer forming on the top surface could 

prolong the ice formation and reduce the ice adhesion [208, 249]. For the preparation 

of LIS, it follows three basic principles: 1) sufficient roughness and chemical 

compositions are needed for the substrates to ensure that the lubricant could adhere to 

the substrate stably; 2) the infused lubricant requires a better affinity with the substrate 

than with other liquids and therefore it cannot be replaced with other liquids; 3) the 

selected lubricant cannot be miscible with the liquid to be repelled [305]. Apart from 

this, the Cassie-Wenzel wetting state conversion under complex conditions could also 

be prevented by the formed liquid film [306, 307]. Besides, LIS could enable the rapid 

recovery ability once the surface suffers damage, which is known as self-healing ability 

derived from the fluidity of the liquid film [308].  

 

New types of LIS design concepts by infusing other materials into the internal structures 

have also indicated their good icephobic prospects. The infusion of lubricants could 

delay the ice formation and decrease the ice adhesion strength. Yamazaki et al. used the 

ethylene glycols in superhydrophilic matrix to prepare the LIS which exhibited low ice 
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shear strength of only 17 kPa [309]. Similarly, Sandhu et al. fabricated LIS by infusing 

perfluoroalkane wax as lubricant into gels, the ice adhesion strength could be as low as 

19.6 kPa due to the weaker intermolecular bonding [310]. LIS prepared on polymeric 

substrates could decrease the ice adhesion strength obviously. Liu et al. used the rubber 

surfaces to prepare LIS by the electrospray method as well as phase separation [207]. 

The obtained LIS not only prolong the icing process, but also decrease the ice adhesion 

by 1 to 2 orders of magnitude compared to conventional materials. 

 

However, the continuous depletion of surface oil layer during the multi icing/de-icing 

processes could lead to the emergence of degradation in icephobic performance. The 

serious depletion of lubricants inside the structure is because of the various factors 

including evaporation, shedding accompanying droplet or bulk ice, mechanic abrasion, 

etc. For example, the ice adhesion strength of LIS using UV-cured cross-linked silicone 

resins onto porous anodic aluminum oxide (PAAO) surfaces increased sharply from 10 

kPa to 50 kPa after seven icing/de-icing cycles since the resin-oil layer was removed 

from surfaces under the de-icing process [39]. The interlocks between bulk ice and 

structure not only increase the ice adhesion strength, but they also result in irreversible 

damage to the structure under the de-icing process [245, 311]. Therefore, based on the 

consideration of urgent need of durability improvement, the focus of current research 

should be paid onto the durability improvement of the icephobic structure which also 

combines with the excellent icephobicity. 

 

For the aim to combine effective icephobicity and durability in icephobic surface 

systems, the microporous metallic scaffolds was introduced into the LIS construction 

to unfold the potentials. Ni scaffolds and PDMS modified silicone oil system were 

chosen for the LIS construction. The PDMS with silicone oil modification is a typical 

candidate for LIS construction, but the disadvantage lies in the icephobicity degradation 

derived from the lack of mechanical durability [32]. With the incorporation of Ni 

scaffolds, the assumption of mechanical durability enhancement could be achieved. In 

addition, different distortions could initiated locally from the mismatch in elastic 
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modulus among Ni scaffolds and LIS polymer matrix, which would further induce the 

micro-cracks at the ice/solid interface under external loads. Besides, the oil depletion is 

also expected to be largely alleviated, making contribution to the enhanced durability. 

Detailed analysis of icephobic performance were also conducted from three different 

aspects including the formation, growth and removal of ice on sample surfaces, which 

illustrated the potentials of new LIS construction. 

 

Characterisation details 

 

Several microscopic techniques including OM and SEM were used to investigate the 

surface morphologies of the as-prepared samples. The microstructural analysis of the 

different zones was observed by OM (ECLIPSE LV100ND, Nikon, Japan). The image 

acquisition was conducted at 500× magnification. For SEM observations, they were 

operated at the voltage of 20 kV, the working distance was maintained at 10 mm. 

Backscattered electron (BSE) mode was also used to give better revelation for elements 

difference and cross-sectional areas of as-prepared samples. The 3D surface topography 

and surface roughness of the samples were measured using a non-contact optical 

profiler (Zeta-20, KLA-Tencor). For every sample, several separate measurements were 

carried out to calculate the average penetration (Shore) value and minimise the testing 

error. 

 

Shore hardness tests were conducted with a SAUTER durometer attached with 

SAUTER test stands TI-AO and TI-D for Shore hardness A and D scales, respectively. 

The Shore hardness A scale was used in this part of work. The tensile properties were 

measured with an Instron 5969 Dual Column Tabletop Universal Testing Systems 

(Instron, High Wycombe, UK) with utilised clamps (Instron 2710-101). The dimensions 

of cross-section areas of all tested samples were 20 mm × 0.3 mm. The length of the 

gauge was 6 mm. The applied motion rate was stabilized at 1.0 mm/min. 
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Water contact angle of the surfaces was measured by the contact angle goniometer 

(FTA200, First Ten Angstroms, Inc) at room temperature. The static water contact angle 

was measured with a fixed droplet volume of 5 μL and the pumping out rate was 

stabilized at 1 μL/s. The surface free energy of the sample surfaces was acquired using 

Owens-Wendt method [292]. Three testing liquids including distilled water, formamide 

and methylene iodide were chosen to determine the surface energy. All of the 

measurements were conducted under atmospheric conditions at the temperature of 

20 °C and the pressure of 1 bar. 

 

Droplet icing tests were performed by observing the icing process of supercooled water 

droplets on the sample surface in a cold chamber at -20 °C. The volume of the droplet 

was kept at 4 μL and five different spots on each sample were chosen for comparison. 

The whole icing process was recorded to determine the icing behaviours and durations. 

Ice growth on the sample surface was investigated by an environmental scanning 

electron microscopy (Quanta 650 FEG-ESEM, FEI). Water condensation, ice formation 

and growth were studied under the condition: -10 ~ -2 °C, relative humidity: 90-100%, 

and pressure: 380~700 Pa. The ice growth rate was calculated from equation (4.1) [312]:  

 

                             𝑣 =
𝐿

𝑡
                           (4.1)  

 

where 𝐿 is the ice growth length (as observed on the ice growth direction) (µm), 𝑡 is 

the time (s), and 𝑣 is the ice growth rate (µm/s). 

 

Ice adhesion strengths were measured using a horizontal shear test system with a pre-

prepared ice block (volume: 1.31 mL) attached to the sample surface in an 

environmental chamber with temperature of -20 °C. For ice block preparation, a 

silicone mould was fully filled with 1.31 ml deionised water using pipettor and carefully 

covered onto the sample surface. Then the samples were kept inside the cold chamber 

at -20 °C for 3 h, to produce glaze ice block on the samples. The iced area between the 
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mould and the sample was 1.38 cm2. The shear test system mainly consisted of a force 

probe (with diameter of 5 mm), a motion controller, and an ice block attached on tested 

samples. The force probe was used to propel the ice/sample with a velocity of 0.1 

mm/min during the test.  

 

With the increase of the shear force, the glaze ice block would overcome the bonding 

strength and finally detach from the sample surface. The applied force was monitored 

from the probe, and the ice adhesion strength could be determined using equation (4.2) 

[313]: 

 

𝜏 =
𝐹

𝐴
                              (4.2) 

 

where τ represents the shear strength (Pa), F refers to the applied force (N), and A is the 

contact area of the ice block on the sample (m2). Five samples were measured to ensure 

the data confidence. Most of the samples underwent 50 icing/de-icing cyclic tests with 

3-hour re-freezing intervals, while for some reference samples, the anti-icing and de-

icing process caused surface damage, and the number of cycles did not reach 50. 

Therefore, the ice adhesion values from the first 30 cycles were selected for analysis. 

The ice adhesion strength and mass change versus the cyclic tests were also recorded. 

 

ANSYS software was selected to conduct the comparative 2D plane strain simulation 

under shear force and gravity on PDMS and Ni-PDMS samples. A combined force 

including the gravity could be resolved into vertical uniform surface pressure and 

horizontal shear. An identical force was applied to the two samples.  

 

Calculation methods of internal porosity of Ni scaffolds. The porosity of the Ni 

scaffolds is measured by the drainage method [314]. The calculated porosity is around 

95.6 %. 
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All sample values were expressed with standard deviation to indicate the range of error. 

The standard deviation is a commonly used measure of variability in statistical analysis. 

It is calculated by first finding the mean of a dataset and then computing the square root 

of the sum of the squared differences between each data point and the mean, divided by 

the sample size minus one. Mathematically, the formula equation (4.3) for calculating 

the standard deviation is as follows [315]: 

 

s = √(
∑(𝑥𝑖−𝑥̅)2

𝑛−1
)                        (4.3) 

 

where s is the standard deviation, Σ is the sum, 𝑥𝑖 is the value of the 𝑖th data point, x̄ 

is the mean of the dataset, and n is the total number of data points. 

 

Initially, the pure PDMS was weighed both before and after the curing process, and 

subsequently, the mass loss proportion resulting from the curing process was calculated 

in relation to the total mass of PDMS. This proportion was utilized to determine the 

actual content of silicon oil in each sample, and the resultant findings are presented in 

Table 4.1 below: 

 

Table 4.1 Weight percentages of added silicone oil in PDMS after curing. 

Sample In the uncured resin 

solution (wt%) 

In PDMS after 

curing (wt%) 

PDMS-10SO 9.98 10.01 

PDMS-20SO 19.85 20.02 

PDMS-30SO 29.95 30.03 

PDMS-40SO 40.01 40.04 

PDMS-50SO 49.98 50.04 
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4.1 Morphological and Microscopic Charactisations of As-received Ni 

Scaffolds and NP-SO Samples 

4.1.1 Micro-structures of Ni Scaffolds and NP-SO Samples 

 

 

Figure 4.1 SEM images of (a) surface morphology (b) amplified image of Ni scaffold. 

 

Figure 4.1 shows the SEM images of surface morphology and amplified images of Ni 

scaffold. It clearly shows the highly porous structure of the Ni scaffold with calculated 

porosity of around 95% (80-110 pores per inch). The pores in the scaffolds range in size 

from 200-400 μm. The existing numerous pores and foam skeletons could help with the 

impregnation of hydrophobic/icephobic substances. The material exhibits the 

uniformity of Ni scaffolds in the entire density range [316]. 
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Figure 4.2 (a) Optical microscope images (top view) of Ni-PDMS; (b) SEM surface 

morphology of Ni-PDMS; (c) SEM cross-sectional images of Ni-PDMS; (d) BSE images of 

the cross-sectional areas of Ni-PDMS. 

 

The optical and SEM microstructural images of Ni-PDMS surfaces were shown in 

Figure 4.2. It could be observed in images (a) and (b) that the surface of the Ni scaffolds 

was completely covered by the infused PDMS, showing as a single layer of PDMS. The 

internal porosity has also been filled, while no sharp and deep surface pores remain on 

the surface, which could be beneficial for the later de-icing process [130]. Images (c) 

and (d) illustrated the SEM and BSE images of the cross-sectional areas of Ni-PDMS. 

It could be found that the area with obvious edges were Ni scaffolds as well as the areas 

highlighted with light colour in BSE images. The Ni scaffolds were completely covered 

by the infused PDMS and the PDMS was also protected by the Ni scaffolds, leading to 

tighter incorporation between the PDMS and metallic frames. 



Chapter 4 Microporous Metallic Scaffolds Supported Liquid Infused Icephobic Constructions 

114 

 

Figure 4.3 (a) Optical microscope images (top view) of NP-40SO; (b) SEM surface morphology 

of NP-40SO; (c) SEM cross-sectional images of NP-40SO; (d) BSE images of the cross-

sectional areas of NP-40SO. 

 

Figure 4.3 showed the optical images and SEM images of NP-40SO (NP-40SO was 

chosen here as a representative of the studied samples). From Figure 4.3 (a), there was 

no obvious difference observed, it exhibited smooth and flat throughout the whole 

modification process. With the PDMS layer on top, the displayed surface morphology 

still showed as flat and smooth, as depicted in Figure 2 (b), and few surface cavities 

could be found. No sharp metallic feature could be observed, as well as the profile of 

the Ni scaffolds cannot be detected from the image. There was also no void and crack 

on the surface, showing good surface integrality and uniformity. The cross-sectional 

areas of NP-40SO were also indicated in Figure 4.3. The area with light colours in BSE 

images were Ni scaffolds, while the areas with dark colours were PDMS, which was 

the same as that in Ni-PDMS. No voids or cracks could be found on the cross-sectional 

areas, indicating the good adhesion. With the interconnected network structures 
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constructed by Ni scaffolds and PDMS filling, the protective effect of the as-prepared 

icephobic structure could be easily realized. It is thought that the impact energy, wear 

and shear abrasion from external environment could be decreased effectively. 

Furthermore, these impacts could be further dispersed and transferred to other larger 

regions through the interconnecting skeleton [40].  

 

4.1.2 Element composition with EDX spectrum 

 

Figure 4.4 SEM images (a) and EDX element mapping results (b) Ni, (c) C, (d) O, (e) Si on 

NP-40SO. 

 

Figure 4.4 was the EDX spectrum results of the surface of NP-40SO. Figure 4.4 (b) to 

(e) indicated the element distributions of Ni, C, O, and Si, respectively. On the sample 

surface, the C, O, Si elements confirmed the PDMS fillings and all these elements were 

distributed uniformly on the viewfield. Very few Ni could be found on the surface. This 

confirmed that all Ni scaffolds were fully covered by the top PDMS layer. The Ni 

scaffold underneath was difficult to observe even though considering the strong 

penetrability of EDX spectrum. For the other three elements, it was clear to find that all 

of the mapping results showed uniform distribution. Especially for Si, with the silicone 

oil addition, there were quite a lot of Si elements on the sample surface, which was also 

very tightly distributed. 
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4.1.3 Shore hardness results of PDMS-SO samples 

 

Figure 4.5 Shore hardness results of pure PDMS, PDMS-10SO, PDMS-20SO, PDMS-30SO, 

PDMS-40SO and PDMS-50SO samples. 

 

The shore hardness results of as-prepared samples with different silicone oil additions 

were shown in Figure 4.5. The representative values of shore hardness were related to 

the elastic modulus measured by other typical methods [317]. In comparison, the pure 

PDMS exhibited a hardness of 37.6 ± 1.1 (Shore A hardness). While for samples with 

silicone oil incorporation, the hardness (Shore A hardness) of PDMS-10SO, PDMS-

20SO, PDMS-30SO and PDMS-40SO were about 33.4 ± 2.1, 29.9 ± 1.2, 24.5 ± 1.2 and 

19.8 ± 0.7, respectively. The measured shore hardness showed a steady decreasing trend 

with increasing silicone oil, which indicated the softening effect of silicone oil infusion. 

The hardness of PDMS-50SO finally decreased to only 17.1 ± 0.6 (Shore A hardness) 

when the percentage of oil addition reach 50 wt%. The reason here could be ascribed 

to the increased gaps among the macromolecular chains [318], leading to the decrease 

in cross-link density. The description of the microstructure for this phenomenon was 

also illustrated in Figure 4.6. 
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Figure 4.6 Structural changes after the infusion of silicone oil inside the PDMS matrix. 

 

Once the curing process was finished, the PDMS polymer would form a regular matrix, 

acting as the polymer network. With silicone oil infusion, some of the silicone oil would 

stay in the cross-linked PDMS matrix. As indicated in the image, with silicone oil 

infusion, some silicone oil chains remained in the polymer network [318]. This could 

introduce some soften effect to the sample and lead to a continuously decreasing shore 

hardness value. 

 

4.2 Detailed Investigation of Involved Surface Properties of NP-SO 

Samples 

4.2.1 Wetting behaviour and roughness of NP-SO samples 

Surface roughness of the as-prepared samples has been characterised and compared in 

Figure 4.7. The surface roughness of as-received Al substrate was 1.40 ± 0.01 μm. 

While for Al-PDMS, with the PDMS layer on top, the measured Ra was 0.75 ± 0.04 

μm. The as-prepared PDMS layer was smooth and flat, resulting in the decrease of the 

surface roughness. The average surface roughness of another reference sample-Ni-

PDMS was about 0.77 ± 0.07 μm, very close to that of Al-PDMS. Regarding the NP 

samples with different oil additions, only small variations of their surface roughness 

could be found, ranging from 0.78 to 0.83 μm. The infused silicone oil would keep 

diffusing into the PDMS cross-linked network, forming a lubricated silicone oil 
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overlayer [319]. The thin oil layer could alleviate the small surface undulation caused 

by the combination of soft polymer and Ni scaffolds, which finally led to the similar 

surface roughness on different samples. 

 

Figure 4.7 Surface roughness and of PDMS, Ni-PDMS and NP-SO series samples. 

 

For the as-prepared NP-SO and the reference samples, water contact angle and contact 

angle hysteresis (CAH) were measured and shown in Figure 4.8. The static WCA of Al 

plate and Al-PDMS were 101.2 ± 2.5° and 106.1 ± 0.9°, respectively. The minor 

deviation from the ordinary wettability of pure Al here could be the result of the surface 

gaseous adsorption derived from the time-dependent wettability [130, 320]. For Ni-

PDMS, the WCA value reached 105.6 ± 0.6°, which was also consistent with the 

inherent wettability of pure PDMS (normally around 104° [321]). While for NP-SO 

series samples, the measured WCAs were normally at the WCA range between 100 to 

110°, for NP-10SO, the WCA was 108.6 ± 3.0°, and 110.6 ± 1.0° for NP-20SO, 110.8 

± 1.7° for NP-30SO, 111.8 ± 2.1° for NP-40SO and 116.0 ± 2.0° for NP-50SO, 

respectively. They showed a steady increasing trend with higher silicone oil addition. 

The reason for the WCA increase could be the variation in surface energy. The 

incorporation of silicone oil also played an important role in lowering the surface 

energy [322], which finally indicated the increased WCAs. 
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Figure 4.8 Wettability of PDMS, Ni-PDMS and NP-SO series samples. 

 

The CAH of NP-10SO, NP-20SO, NP-30SO, NP-40SO and NP-50SO were 13.5 ± 0.2°, 

11.2 ± 0.3°, 7.3 ± 0.1°, 4.2 ± 0.3° and 3.1 ± 0.1°, respectively. The detailed advancing 

and receding WCA results were shown in Table 4.2. With more silicone oil addition, 

the CAH values also had a clear decreasing trend in Figure 4.7, it could be easier for 

the sample to present slippery behaviours, the CAH of NP-SO samples kept decreasing 

to lower than 10°. The excess silicone oil could gradually cover the surface, converting 

a heterogeneous solid-liquid interface to homogeneous liquid-liquid interface and 

eliminating the ice pining points, which further leads to a reduced liquid-solid contact 

area [37]. The NP-SO samples exhibited nearly defect-free surfaces, as shown in Figure 

4.3. The interlocked points at the ice interfaces were reduced, which was favourable to 

low the adhesion of the ice layer. 
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Table 4.2 Dynamic contact angles of different samples. 

Samples Adv/° Rec/° CAH/° 

Al-PDMS 110.1±1.6 93.8±1.7 16.3±0.3 

Ni-PDMS 112.5±2.0 97.3±2.4 15.2±0.1 

NP-10SO 113.6±1.9 100.1±2.2 13.5±0.2 

NP-20SO 114.3±2.0 103.1±1.7 11.2±0.3 

NP-30SO 116.4±2.5 109.1±2.6 7.3±0.1 

NP-40SO 114.7±2.9 110.5±2.7 4.2±0.3 

NP-50SO 119.7±3.1 116.6±2.9 3.1±0.1 

 

4.2.2 Effect of silicone oil addition on surface free energy 

The surface free energy of the sample surfaces is a very important parameter for the 

surface. Surfaces with low surface energy would not only lower the molecular 

interaction between water and coating surface, but also help with the surface wettability 

enhancement [323]. As is known, the surface free energy may be defined as the increase 

in Gibbs free energy of the whole system per unit increase in the interfacial area [324, 

325]. It is conceived that the increasing addition and later release of infused silicone oil 

would affect the surface energy. The detailed values of surface free energy of different 

samples have been measured and calculated using Owens-Wendt method. 

 

Table 4.3 Surface free energy measurements of Al-PDMS, Ni-PDMS and NP-SO series 

Samples Surface free energy (mJ/m2) 

Al-PDMS 38.2±0.4 

Ni-PDMS 38.6±0.3 

NP-10SO 34.0±0.5 

NP-20SO 33.2±0.3 

NP-30SO 32.7±0.3 

NP-40SO 31.8±0.4 

NP-50SO 29.8±0.5 
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As shown in Table 4.3, the surface energy of reference sample Al-PDMS was 38.2 ± 

0.4 mJ/m2, while the value of Ni-PDMS was 38.6 ± 0.3 mJ/m2. The fairly low surface 

energy should come from the PDMS layer, while the slight difference came from the 

surface morphology difference. For NP-SO series samples, the measured surface energy 

was obviously lower than the two reference samples. They kept decreasing with the 

increase of silicone oil, from 34.0 ± 0.5 mJ/m2 (NP-10SO) to 33.2 ± 0.3 mJ/m2 (NP-

20SO) to 32.7 ± 0.3 mJ/m2 (NP-30SO) to 31.8 ± 0.4 mJ/m2 (NP-40SO) to 29.8 ± 0.5 

mJ/m2 (NP-50SO). The reason here should be that the incorporation of silicone oil also 

played an important role in lowering the surface energy [322], which resulted in the 

increased WCAs. 

 

4.2.3 Mechanical performance of as-prepared samples using tensile tests 

 

Figure 4.9 Load-extension curves of Ni scaffolds, PDMS, Ni-PDMS and NP-SO series samples 

 

The tensile test results of the samples including Ni scaffolds, PDMS, Ni-PDMS and 

NP-SO series have been presented in Figure 4.9, showing as the variation curves 

between load and displacement. The Ni scaffold had the maximum load of 57.7 N, as 

indicated in the amplified inset. The metallic structures have enough mechanical 
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properties to withstand the applied load. For the pure PDMS with the same dimensions 

and thickness, it demonstrated a feature of high elongation, and the fracture strain could 

reach 268%, while the applied load was only 3.1 N. For Ni-PDMS, with the integration 

of Ni scaffold and PDMS filling, the sample suffered a much higher load than pure 

PDMS, which was 62.4 N. The NP-SO series samples had a similar response as Ni-

PDMS. The maximum applied loads ranged from 58.5 to 61.9 N, indicating the obvious 

enhancement in mechanical properties. This also verified the significant importance of 

the icephobic construction design compared with pure PDMS. 

 

4.3 Determinations of Surface Icephobicity and Durability 

4.3.1 Icing delay performance of water droplet 

 

Figure 4.10 Icing process of condensed water droplets on Ni-PDMS surface under -7 °C. 

 

The water droplet icing test was performed by monitoring the icing process of 

supercooled water droplets on as-prepared samples using a cold plate. As a comparison, 

most of supercooled droplet icing tests reported previously in related literature were 

normally conducted at the environment temperature of around -7 ºC [326]. Here, the 

reason for the selection of temperature -20 ºC was that it really took so long for the 

supercooled droplet to finish the icing process on NP-SO series samples at the 

temperature of -7 ºC, as indicated in Figure 4.10. The supercooled water droplet 

remained in liquid state even after 750 s. It did not start the solidification process until 

the external impact on the droplet. In this way, the ambient temperature inside the cold 

chamber was maintained at around -20 ºC. The reason for the occurrence of the 

supercooled state was the fact that the sample surfaces were fairly smooth and the 
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surface energy was quite low, which made it difficult for the sessile droplet to find 

proper nucleation points on the tested surfaces exposed inside the low-temperature 

chamber [327]. As reported in the literature, the freezing process for a supercooled 

droplet could be proceeded in two sequential stages [328]: partial solidification of the 

droplet and isothermally remaining liquid freezing process. The existing supercooled 

state before icing could mainly be ascribed to the hydrophobic surfaces. The fairly 

smooth surface morphology (Ra < 0.81 µm) and low surface free energy of PDMS-SO 

surfaces [329] could firstly delay the absorption process of the released heat by the 

liquid, and further lowered the rate of heat conduction to the substrate and dissipation 

to the environment by convection [330]. Also, higher silicone oil addition helped with 

lower surface roughness and produced reduced CAH and stickiness (it refers to the 

nonspecific interactions between hydrophobic ligands and binding sites [331]) (as 

shown in Figure 4.8). Furthermore, the low stickiness of the surface also contributed to 

fewer ice nuclei formations which could have initiated droplet freezing [94]. 

 

Figure 4.11 Icing process of water droplets on different surfaces: Al plate, Al-PDMS, Ni-

PDMS, NP-SO series under -20 °C. 
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The integrated icing process of supercooled water droplets on different samples was 

illustrated in Figure 4.11. It was obvious that the icing layer always formed from the 

solid-liquid interface and spread to the top region of the droplet. The ice nucleus was 

first initiated at the interface, and it then gradually grow into large ice crystals upwards, 

and finally the whole droplet formed into ice. The water droplet took the shortest time 

to freeze on pure Al plate, with a duration of only 9 s. While for Ni-PDMS, the total 

icing duration was prolonged to 61 s. As the two samples possess the same PDMS top 

layer, the freezing delay was mainly ascribed to the difference in thermal resistance of 

the different samples. Once the sessile droplets (still at room temperature) were dripped 

onto the sample surfaces, heat exchange took place. The heat would be released along 

with the ice-solid interfaces, as shown in Figure 4.12. The prepared top PDMS layer on 

Al-PDMS and Ni-PDMS have the similar thickness, bringing no difference to the 

thermal resistance. While for the bottom layers, it was obvious that the thermal 

conductivity of pure Al substrate (237 W/m·K [332] ) was much higher than that of 

Ni/PDMS composite structure (the thermal conductivity of the PDMS filling is only 

0.15 W/m·K [333]). So the thermal resistance was much higher than that of Al-PDMS, 

leading to a longer icing duration. 

 

Figure 4.12 Schematic diagram for thermal conduction of Al-PDMS and Ni-PDMS. 
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As indicated in Figure 4.11, the formed ice on pure Al plate is clear white. As a 

comparison, the ice on the NP-SO series samples turns out to be transparent with 

floccule formed inside. The causing factors for the formed white ice in Al sample could 

be the introduced impurity or the existing internal air bubbles. The icing process from 

liquid to solid was accompanied by the heat release. Considering the actual icing 

condition, the freezing would start from the external surface to the middle centre region. 

Once the external surface becomes solid, it could introduce stress to the internal region 

of the supercooled droplet, and pose restrictions to the remaining air bubbles when the 

system tried to drive them away. In this way, the unremoved bubbles would act as the 

nucleus for later ice formation. Some special structures with non-uniform density 

distribution would form around the nucleus (existing air bubbles) that is mainly made 

up of water molecules, leading to the adsorption and scattering of the incident light and 

the non-transparency of the formed ice [334].  

 

 

Figure 4.13 Ice blocks formed on the surfaces of (a) Al-PDMS; (b) Ni-SO series. 

 

But for NP-SO series samples, the whole icing duration had been prolonged, the 

freezing rate is also much slower than that in Al plate sample, the introduced stress was 

not big enough to imprison the remaining air bubbles at their original location, they 

were then driven to the center area or top area (as indicated in Figure 4.13), and stayed 

there without being driven away completely, that is the reason why the white floccules 

could be observed at the center or top area inside the droplet placed on NP series 

samples. 
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When water droplets contacted with NP-SO series samples, the icing time on tested 

surfaces gradually increased with higher silicone oil infusion. This phenomenon could 

be explained by the increased energy barrier for ice nucleation. The icing process on 

ideal lubricated surfaces could be regarded as a homogeneous nucleation process, while 

for a normal solid surface such as a metallic substrate, the ice formation is mainly 

classified as a heterogeneous nucleation process [207]. The free energy barriers for 

homogeneous nucleation (∆Ghomo) and heterogeneous nucleation (∆Ghete) could be 

estimated using the following equations (4.4)-(4.6) [335]: 

 

∆𝐺ℎ𝑜𝑚𝑜 = −
3

4
𝜋𝑟3∆𝐺𝑉 + 4𝜋𝑟2𝛿𝐼𝐿                    (4.4) 

∆𝐺ℎ𝑒𝑡𝑒 = (−
4

3
𝜋𝑟3∆𝐺𝑉 + 4𝜋𝑟2𝛿𝐼𝐿) 𝑆(𝜃) = ∆𝐺ℎ𝑜𝑚𝑜𝑆(𝜃)        (4.5) 

𝑆(𝜃) =
1

4
(2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2                   (4.6) 

 

where 𝑟  means the nucleation radius, ∆𝐺𝑣  shows the driving force during the 

solidification, and 𝛿𝐼𝐿 represents the interfacial energy between the ice nucleus and 

liquid. 𝜃 indicates the contact angle of the nucleus on specific solid surface, which is 

also approximately equal to the measured contact angle of a droplet on a flat surface. 

The value of 𝑆(𝜃) is between 0 to 1, as indicated in equation (4.6).  

 

Regarding NP-10SO to NP-50SO, as shown in Figure 4.11 (a), the nucleation could all 

be classified as heterogeneous. As the formed surface oil layer would be thickened with 

increasing silicone oil addition, ∆𝐺ℎ𝑒𝑡𝑒 on these samples showed an obvious trend, 

closing to the value on ideal lubricated surfaces (∆𝐺ℎ𝑜𝑚𝑜). More energy was needed for 

initiating the icing process, resulting in the delayed ice formation. The results of icing 

delay indicated that with the incorporation of microporous Ni scaffolds, the overall 

thermal resistance of the multiphase layers was increased, which introduced delay to 

ice formation. More importantly, the advantage of high energy barrier for ice nucleation 

on LIS was also kept. The good anti-icing performance of LIS had been well retained 

with the introduction of the microporous Ni scaffolds. 
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It is evidenced from relevant literatures that the silicone oil modified surfaces show 

some icing delay effects. For example, the water droplet froze into ice in only 40 s on 

silicone oil modified nanofibre membrane based SLIPS at -10 °C [326]. Another 

example is that the ice delay performance of fluorinated silica modified PDMS coatings 

at -15 °C was around 276.2 s. It is noted that the big differences in testing temperature 

and other testing standards could pose effect on the results [336]. The delayed-icing 

time of the water droplets on the same sample decreased when the temperature was 

decreased from −5 °C to −15 °C [337]. Another example is that the ice delay 

performance of the silicone oil-infused oleamide-PDMS (SiOP) coating was around 

405 s at -10 °C [338], which was longer than that of our results. It should be 

acknowledged that big variations exist among the results, particularly considering that 

our results were acquired at -20 °C. It is important to recognize the effectiveness of the 

anti-icing performance, and careful considerations need to be given to the testing 

methodology. 

 

4.3.2 Anti-frost performance by frost growth test 

 

Figure 4.14 Surfaces images of Al, Al-PDMS, Ni-PDMS, NP-SO series samples 
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Figure 4.15 Increased mass of formed glaze on Al, Al-PDMS, Ni-PDMS, NP-SO series samples 

 

The static frost formation tests were also carried out among the NP-SO series samples. 

Figure 4.14 and 4.15 displayed the detailed surface conditions versus the frost 

formation tests and the detailed value of formed glaze per unit area on different samples, 

respectively. The detailed results of Al, Al-PDMS and Ni-PDMS reference samples had 

already been illustrated in the previous section. It was also obvious to find the values 

of NP-SO series samples were all lower than that of the three samples. With some 

silicone oil additions, the sample surfaces were modified. 

 

As indicated in Figure 4.15, the measured values of the formed glaze per unit area kept 

decreasing from NP-10SO to NP-50SO, from 6.1 ± 0.5 mg/cm2 (NP-10SO) and 5.5 ± 

0.5 mg/cm2 (NP-20SO) and 5.3 ± 0.6 mg/cm2 (NP-30SO) and 4.7 ± 0.4 mg/cm2 (NP-

40SO) and 4.5 ± 0.2 mg/cm2 (NP-50SO). The surface images in Figure 4.14 also 

showed that there was less and less frost formed on the surfaces. The incorporation of 

silicone oil could not join the crosslinking reaction with PDMS, but it could remained 

on the sample surface and altered the surface hydrophobicity. With the combined effect 
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of surface chemistry and remained oil layer, the remaining lubricants on the sample 

surfaces could minimize the ice nucleus points, less glaze could form. The increased oil 

infusion would lower the possibility of moisture condensation on the layer surfaces. 

 

4.3.3 Evaluation of ice adhesion and structure durability 

Figure 4.16 showed the ice adhesion strength results of different samples including Al 

plate, Al-PDMS, Ni-PDMS, and NP-SO series samples. In Figure 4.16, the ice adhesion 

strength of Al plate was maintained at 217.9 ± 6.4 kPa during the icing/de-icing cycles 

at -20 °C. The measured shear strength decreased to 115.9 ± 8.5 kPa when the Al plate 

was covered with PDMS layer. The sample surface was damaged when the 28th 

icing/de-icing cycle was conducted. The PDMS top layer was partially peeled off from 

the Al plate due to the high ice adhesion strength and some breakages and voids could 

be found on the surface. The surface lost its icephobicity once part of the coating was 

removed. As a comparison, the ice adhesion strength of Ni-PDMS always remained at 

low value (around 30 kPa) during the tests. The introduction of Ni scaffolds helped with 

the good icephobic stability. 

 

 

Figure 4.16 Ice adhesion strengths of Al, Al-PDMS, and Ni-PDMS during the cyclic tests. 
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Figure 4.17 Ice adhesion strengths of Al-10SO, Al-20SO, Al-30SO, Al-40SO and Al-50SO 

during 30 icing/de-icing cycles. 

 

Figure 4.17 showed the ice adhesion strength of Al-SO series samples during 30 

icing/de-icing cycles. It is obvious that all of the Al-SO samples showed an obvious 

increasing trend. The measured ice adhesion strength kept increasing with the tests 

undergone. Al-10SO was the highest among the samples ~ 17.1 ± 1.4 kPa, while the 

measured shear strength of the as-prepared samples decreased from 17.1 ± 1.4 kPa to 

only 2.6 ± 0.7 kPa (Al-50SO) (measured in 1st cycle) with the increase of silicon oil 

incorporation. Nevertheless, the ice adhesion strength value of all samples kept 

increasing with the increased icing/de-icing cycles, indicating the deterioration of the 

de-icing ability. Al-50SO had the highest ice adhesion after the tests ~ 25.6 ± 4.4 kPa, 

and Al-20SO has the lowest value ~ 18.9 ± 3.7 kPa. Some of the sample surfaces were 

even damaged after 30th cycle. 
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Figure 4.18 2D stress simulation under shear force and gravity on (a) pure PDMS and (b) Ni-

PDMS using ANSYS. 

 

As a comparison, for Ni-PDMS samples as shown in Figure 4.16, the addition of 

microporous Ni scaffold could help to lower the ice adhesion strength to as low as 29.3 

± 2.9 kPa. The detailed mechanism was depicted in Figure 4.18. In the de-icing tests, 

when a shear force was applied to remove the formed ice block from the surfaces, the 

combined force including the gravity could be resolved into the vertical uniform surface 

pressure and the horizontal shear strength. For pure PDMS layer, the maximum stress 

is mainly located at the bottom right corner area, which also introduces large distortion 

to the PDMS layer. While for Ni-PDMS, the uniformly distributed Ni scaffolds carries 

most of the loading compared with PDMS which is reflected from the colour difference. 

In the Ni-PDMS structure, the stress in the PDMS matrix would be reduced because the 

major stress would be carried and re-distributed by the microporous Ni network due to 

the different elastic modulus between Ni scaffolds and PDMS. This also introduces 

different distortions at the ice/solid interface areas, generating small surface cavities at 

the interfaces and leading to the initiation of micro-cracks [236, 247]. Compared with 

pure PDMS layer, the incorporation of Ni scaffolds would significantly improve the 

mechanical reinforcement effect of LIS constructions and the de-icing performance. 
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Figure 4.19 Ice adhesion strengths of NP-10SO, NP-20SO, NP-30SO, NP-40SO and NP-

50SO during 50 icing/de-icing cycles. 

 

Figure 4.19 indicated the ice adhesion strengths of different NP-SO series samples 

during 50 icing/de-icing cycles at -20 °C. The measured ice adhesion strength kept 

decreasing with the increase of silicon oil incorporation. NP-10SO was the highest 

among the samples ~ 12.5 ± 2.8 kPa, while the measured shear strength of the as-

prepared samples kept decreasing to only 1.6 ± 0.2 kPa (NP-40SO) (measured in 1st 

cycle). It is obvious that all of the samples nearly remained unchanged during the 

icing/de-icing cyclic tests except NP-50SO. NP-50SO showed the highest increasing 

ratio in ice adhesion after the tests while NP-40SO has the lowest value ~ 2.0 ± 0.7 kPa. 

It indicated that the content of silicone oil should be no more than 40 wt%. 

 

With the increasing addition of silicone oil, the ice adhesion strength indicated a 

decreasing trend. The reason for the continuous decline in ice adhesion could be 

summarised as below: 1. With the decreasing shore hardness of polymeric layer, the 

elastic mismatch between the polymer and metallic scaffold would increase. It 

strengthened the stress concentration effect, and the possibility for the initiation of 
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micro-cracks at the solid-ice interface also became higher, causing the easier 

detachment of ice blocks from the surface. 2. Higher oil content would help to maintain 

a thin oil layer between the ice and solid interface, which was favourable for minimising 

the ice adhesion strength. While the weight percentage of silicone oil inside the sample 

surface reached 30 wt%, the existence of surface oil layer could pose an obvious impact 

on the ice formation process and the ice adhesion strength was lower than 5 kPa (which 

could also be verified by the homogenous nucleation that was shown in Section 4.4.1).  

 

 

Figure 4.20 The percentages of mass for remaining oil relative to the mass of overall added oil 

in NP-10SO, NP-20SO, NP-30SO, NP-40SO and NP-50SO 

 

Combined with the results shown in Figure 4.20, it could be observed that the total mass 

of the sample nearly remained unchanged during the whole icing/de-icing when the 

weight percentage of silicone oil addition ranged from 0-20 %. While for NP-30SO and 

NP-40SO, there was a slight decrease in the oil maintenance of the two samples. The 

reason could be ascribed to the partial depletion of the oil layer during the icing/de-

icing cycles. It would not introduce a significant effect on the de-icing performance, 

because the infused silicone oil inside the PDMS system could keep filtering out, 
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reforming oil layer, and working as a self-healing system, which also ensured the 

stability of the de-icing performance [319]. While the weight percentage of silicon oil 

infusion reached 50 wt%, the ice adhesion strength kept increasing during the whole 

cycle, from 0.09 ± 0.03 kPa (1st cycle) to 7.5 ± 1.9 kPa (50th cycle), and the surface also 

suffered obvious damage. The main reason here was that the surface oil layer was so 

thick that it was easier to be depleted than in other samples, there was not enough time 

for the supplement of the incorporated silicone oil to recover the surface oil coverage.  

 

From NP-30SO to NP-50SO, the existence of the surface oil layer could pose an 

obvious impact on the ice formation and the ice adhesion strength was lower than 5 kPa. 

It was inferred that NP-40SO possessed the most stable ice adhesion strength, which 

was as low as 1.6 ± 0.2 kPa.  

 

 

Figure 4.21 WCA variation of NP-SO series samples before and after 50 icing/de-icing cycles. 

 

The WCA variations of NP-SO series samples versus 50 icing/de-icing cycles were also 

compared in Figure 4.21. The WCA values on NP-40SO had the lowest change, 

reflecting a minimal surface damage. From NP-10SO to NP-40SO, the increased level 

of WCA after the 50 cycles were reduced. As the ice adhesion strength from NP-10SO 
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to NP-40SO decreased, posing less damaging (roughening) effect on the surface. While 

for NP-50SO, due to the increased ice adhesion strength and thus the increased 

roughening effect, the change of WCA was higher. Similar phenomenon has been 

reported that the superhydrophobic SiO2 nanocomposite films undergo gradual 

mechanical damage during the repetitive 10 icing/deicing cycles, and the WCA suffered 

obvious decrease (around 11%) [339]. The possible mechanism for the deteriorated 

hydrophobicity/ icephobicity could be that some portions of the nano-sized protrusions 

indent the forming ice and are mechanically damaged (i.e. cracked or spalled) due to 

the compressive stress generated during ice expansion [339]. Also, infused oil layer 

could be removed together with the water droplet. The formed ice block could also get 

into contact with micrometer-scale surface features when the surface is subjected to a 

number of icing/deicing treatments. There would be a certain amount of force generated 

in the contacting areas. Thus stress concentrations existed during ice expansion, which 

posed effect on the remaining silicone oil. As a result, the micro-scale surface structures 

suffered deformation that could induces stress concentrations, causing the initial crack 

front formation. Water droplet is then able to nucleate even deeper within the damaged 

surface which explains the shape change during the formation of the thawed water 

droplet and the corresponding WCA decrease. With additional icing/deicing cycles 

occurred, the crack front propagates. It increases the surface area and performs the 

change in surface height distribution as well as the quantitative behavior of the surface 

morphological parameters, leading to the continuous increased ice adhesion strength.  

 

As shown in Figure 4.22, the percentage of oil depletion in Al-SO series samples was 

higher than those in NP-SO series samples. The main reason could be ascribed to that 

the existence of Ni scaffolds restrained the level of deformation of the polymer matrix 

(as depicted in Figure 4.18), which helped to retain the infused oil. The enhanced 

deformation amount could lead to increased extrusion of infused lubricants [340]. 

 

With the introduction of the microporous Ni scaffolds to ensure the mechanical 

enhancement as well as to offer an additional de-icing mechanism, the icephobic 
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potentials of PDMS-SO surfaces have been further demonstrated. The micro-cracks at 

the solid-ice interface could be readily induced under the shear force, which further 

weakens the adhesion strength between the formed ice and the surface, prompting the 

ice detachment from the sample surface. Furthermore, the interconnected network 

structure formed by microporous metallic scaffolds and LIS could work effectively in 

resisting the external impact energy and minimising the oil depletion. The multiphase 

structure could also help to distribute the external impact to the larger area of the 

interconnected structure along the metallic scaffolds, thus offering effective protection 

for the LIS constructions. 

 

 

Figure 4.22 The percentages of mass for remaining oil relative to the mass of overall added oil 

in Al-10SO, Al-20SO, Al-30SO, Al-40SO and Al-50SO. 

 

Compared to the existing reported LIS, the NP-SO samples (Ni scaffolds with PDMS 

filling infused with silicone oil) exhibit low ice adhesion strength. For example, the ice 

adhesion strength of PDMS modified superhydrophobic micro-/nano- surface infused 

with silicone oil was 22 ± 5 kPa, measured at -10 °C, and it finally increased to as high 
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as 81 kPa after 15 cycles [341]. In addition, another study indicated that PDMS coatings 

in presence of Pt catalyst with silicone oil infusion exhibited even higher ice adhesion 

strength ~ 50 kPa (measured at -10 °C, no cyclic test was conducted for this study) 

[342]. The ice adhesion strength of laser-irradiated Al substrate with replicating micro-

textures modified with silicone oil-infused PDMS elastomer was quite competitive ~ 

38 kPa, which also remained under the repeated cycles of ice accretion and detachment 

[343]. Overall, the NP-SO samples show fairly low de-icing and durable performance. 

 

4.4 Water Condensation and Icing Process observed by ESEM 

4.4.1 Observation of condensed water and icing formation 

 

Figure 4.23 Surfaces images of (a) pristine Al plate (b) Al plate being wetted via ESEM. 

 

Figure 4.23 showed the process of water condensation and ice growth on an Al plate 

under ESEM observation. Figure 4.23 (a) was the pristine Al surface, while Figure 4.23 

(b) showed the Al surface which had been wetted by condensed water (with a relative 

humidity of 99.7%), and Figure 4.24 (a) indicated the shape of the formed ice at the 

moment when supercooled droplets on Al surface turned into ice instantaneously. For 

the subsequent ice growth, because of the fairly rough Al surface, the distributed water 

molecules inside the ESEM chamber could easily attach to the Al surface randomly and 

constantly, leading to the water condensation, ice nucleation, and ice growth. In Figure 
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4.24 (b), a piece of ice layer (named as bottom ice layer) was formed beneath the 

existing ice layer (named as top ice layer) after 10 s, as circled in Figure 4.24 (b).  

 

 

Figure 4.24 (a)-(f) Ice growth and spread of Al plate (a) t=0 s (b) t=10 s (c) t=20 s (d) t=30 s 

(e) t=40 s (f) t=50 s. 

 

From Figure 4.24 (c) to (f) and Figure 4.25 (a) to (d), the two ice layers exhibited 

different growth speeds. With the controlled temperature and humidity, the boundary of 

the bottom ice layer would keep growing forward quickly. After another 60 s, the ice 
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layer spread to the other side of the field of view. The demarcation line between the top 

ice layer and bottom ice layer became unclear gradually because the top ice layer 

eventually integrated with the bottom ice layer, as evidenced in Figure 4.25 (a). 

 

 

Figure 4.25 (a)-(d) Ice growth and spread on Al plate (a) t=70 s (b) t=80 s (c) t=90 s (d) t=100 s 

(Image (a) showed the position with a bit slightly rightward shift to image (b)). 

 

 

Figure 4.26 Surfaces images of (a) as-prepared Ni-PDMS sample (b) condensation of water 

droplets on Ni-PDMS sample in ESEM. 
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Figure 4.26 (a) showed the surface of as-prepared Ni-PDMS sample. The condensed 

water droplets presented regular spherical shapes on the sample surface. The uniform 

distribution of the condensed water may be attributed to the hydrophobicity of the Ni-

PDMS surface. The simultaneous evaporation of condensed water droplets would take 

place along with the ice solidification. Ice would first grow on the surface of sample 

holder and then spread to the Ni-PDMS surface. 

 

To better illustrate the whole procedure, a schematic diagram was drawn in Figure 4.27. 

The top view and side view of Ni-PDMS inside the ESEM chamber were given in 

Figure 4.27 (b) and (c)-(f). In Figure 4.27 (d), ice first appeared on the sample holder 

instead of the Ni-PDMS surface due to its good anti-icing performance. The formed ice 

would then grow forward to the Ni-PDMS surface, as evidenced in Figure 4.27 (f). The 

remaining water droplets would also evaporate simultaneously once ice formed. 

 

 

Figure 4.27 (a) Schematic of icing phenomenon on the surface of Ni-PDMS. (b) Top view of 

the sample stage inside the observation chamber. (c)-(f) Side views of the sample stage during 

the icing process. 

 

Figure 4.28 (a) indicated that ice started to grow on the sample holder, and then spread 

to the sample surface gradually. It was essential to form solid ice nucleus for the 

continuous growth of the ice crystals. Ice tended to nucleate on the sample holder at 
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first rather than form nucleation points on the Ni-PDMS surface. The reason for the 

simultaneous evaporation of the remaining water droplet was the decrease of the 

environmental humidity inside the chamber (from 99.7% to 90.8%) at the moment of 

the ice formation, and the water molecules in the atmosphere would attach to the formed 

ice crystal and participate in the ice growth. Meanwhile, due to the exothermic effect 

of ice formation, the real-time temperature showed a slight increase (from -6.7 °C to -

4.2 °C at first, then returned to -6.7 °C). The integrated factors including lowered 

humidity and increased temperature made the condensed water droplets unable to stay 

on the Ni-PDMS surface. 

 

Figure 4.28 (a) Ice growing near the edge of the sample, (b) Ice growing on the surface of Ni-

PDMS. 

 

Figure 4.28 (b) showed the ice growth on the Ni-PDMS sample. The formed ice crystal 

on the sample surface was quite large, and only some small ice crystals grew slowly 

from the boundary and promoted the ice block expansion. As shown in Figure 4.29 (a), 

some supercooled water droplets still remained on the sample surface even though most 

of the droplets disappeared during the ice formation process. Figure 4.29 (b)-(d) clearly 

indicated the process that the ice layer grew from the supercooled droplets. Once the 

ice layer contacts the supercooled droplets, the droplet could be quickly absorbed by 

the ice layer. It changed into ice and integrated with the ice layer. Finally, the continuous 

spreading of the ice layer was completed. 

 



Chapter 4 Microporous Metallic Scaffolds Supported Liquid Infused Icephobic Constructions 

142 

 

Figure 4.29 (a) Tiny water droplets in supercooled state, (b)-(d) Ice spreading process during 

the convergency between tiny supercooled water and existing ice crystal. 

 

Figure 4.30 (a) and (b) showed the surface state of NP-40SO without/with wetting, 

exhibiting similar water condensation and droplet distribution as Ni-PDMS sample. 

Figure 4.30 (c) showed the ice growth on NP-40SO. Compared with the Ni-PDMS 

sample, the ice mainly grew in the z direction, leading to the obvious increase in ice 

thickness on NP-40SO because it was difficult for the ice growth of in the x direction, 

which could be ascribed to the difficulty of ice nucleation at solid-ice interfaces deriving 

from the fairly high energy barrier. Therefore, the ice growth on existed ice layer was 

much faster than that on NP-40SO, forming the accumulated ice layer indicated in 

Figure 4.30 (c). 
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Figure 4.30 ESEM images of Ni-40SO sample: (a) as-prepared state, (b) water condensation, 

(c) Ice accumulation. 

 

The detailed surface ice growth rates on the different samples were also depicted in 

Figure 4.31. With respect to the quick ice growth on Al plate (which could reach as high 

as 7.0 ± 0.3 μm/s), the ice growth on Ni-PDMS was also much slower than before, 0.4 

± 0.1 μm/s. And the growth rate of ice showed an obvious decrease in NP-SO series 

sample. The ice growth rate of NP-10SO decreased to only 0.4 ± 0.09 μm/s, as well as 

the NP-20SO (0.3 ± 0.01 μm/s) to NP-50SO (0.2 ± 0.01 μm/s). It indicated that the 

infusion of silicone oil could slow down the ice growth. Also, no negative impact was 

observed in the icing process on LIS by the introduction of Ni scaffolds. The results 

further confirmed that NP-SO series samples exhibited strong inhibiting effects on the 

spread of ice. 
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Figure 4.31 Values of ice growth rate on various samples. 

 

4.4.2 Ice diminishing process on different sample surfaces 

 

Figure 4.32 Ice diminishing process on Ni-PDMS (a) t=0 s, (b) t=20 s, (c) t=40 s, (d) t=60 s. 
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The sublimation dynamic of Ni-PDMS observed by the in-situ ESEM observations 

clearly showed the changes during ice retardation and the effect of PDMS layer. As 

indicated by Figure 4.32, it is assumed that the ice sublimation had a preference to move 

with the direction from the bottom up with the reduced chamber humidity. There was 

also no shift in view field from image (a) to (d), the ice block would keep shrinking and 

the morphology on the formed ice showed as the angular patterns [344]. Due to the 

remaining flat and smooth sample surface, there were few interlock ice existing on Ni-

PDMS, the formed ice also has less ice-surface contact area between the ice and sample 

surface. As verified by the low value of ice adhesion strength, the good de-icing 

performance was confirmed. Besides, no damage was found on the surface, which also 

showed good durability.  

 

Figure 4.33 demonstrated the detailed in-situ ice diminishing processes on NP-40SO. 

It took over 450 s for NP-40SO to finish the whole retardation process. Image (a) 

indicated the initial ice-covered state. The initially covered ice was quite smooth. But 

with the sublimation kept undergoing, the surface pattern became more angular than 

before. The displayed colour in different images also varied, the reason here was mainly 

due to the sudden change in chamber conditions, the focus was not finished before it 

was captured by the detectors. There were also big holes surrounded by the remaining 

ice shown in images (c) and (d), the NP-40SO sample surface should pose less effect 

on the displayed behaviour. The removal of the covered ice layer showed a preference 

in the order of ice retardation. It was easy to find that it took much longer duration to 

retract all of the ice. By comparing Figure 4.32 and Figure 4.33, the thickness of the ice 

layer on NP-40SO was much higher than that on Ni-PDMS. It may be ascribed to that 

the ice crystal spread at the ice/solid interfaces was more difficult than that on Ni-PDMS, 

there was more ice grown in the vertical dimension than in the horizontal dimension, 

leading to the much thicker ice formation. 
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Figure 4.33 Ice diminishing process on NP-40SO (a) t=0 s, (b) t=90 s, (c) t=180 s, (d) t=270 s, 

(e) t=360 s, (d) t=450 s. 

 

From the displayed results, it could be inferred that NP-40SO possessed the lowest ice 

adhesion strength, 1.6 ± 0.2 kPa. The value could also maintain stable during the whole 

50 icing/de-icing cycles. By combining the durability of two-phase structure and self-

repairability derived from PDMS-silicone oil incorporation, the lack of durability and 

icephobicity could both be taken into consideration and proper solutions could also be 

supplied using the NP-SO series system. 



Chapter 4 Microporous Metallic Scaffolds Supported Liquid Infused Icephobic Constructions 

147 

4.5 Thermal Resistance Analysis of Different Surfaces 

All of the tested samples were pre-cooled inside the cold chamber and the temperature 

of their surfaces should be stabilized at -20 ºC. Once the sessile droplet (still at room 

temperature) was placed onto the sample surfaces, heat exchange took place, the heat 

would be released along with the ice-sample interface as shown in Figure 4.12. Here, 

the heat transfer could be simplified into a one-dimensional flux. The total thermal 

resistance consists of a sum of reciprocal conductivities and could be determined by 

considering the different parts in series. The total effective thermal conductivity 𝑘𝑒𝑓𝑓 

could be calculated using equation (4.7) [345]: 

 

𝑘𝑒𝑓𝑓 =
∑ 𝑏

∑
𝑏𝑛
𝑘

∞
𝑛=1

                        (4.7) 

 

where ∑ 𝑏 is the overall thickness of the multi-lamina panels, and ∑ 𝑏/𝑘𝑒𝑓𝑓 refers to 

the overall heat transfer resistance per unit area. The temperatures at different layers 

could be calculated using a simple form of Fourier Law and expressed as equation (4.8) 

and equation (4.9) [346]: 

 

𝑞 =
∆𝑇

𝑅𝑡ℎ
                          (4.8) 

𝑅𝑡ℎ =
𝐿

𝐴∙𝑘
                         (4.9) 

 

where q is the heat flux, ΔT is the temperature difference between two layers, 𝑅𝑡ℎ is 

the thermal resistance, L is the layer thickness, A is the conduction area, and k is the 

thermal conductivity of the material. If one layer possesses poor thermal conductivity, 

it contributes more to the total thermal resistance and further affected the heat 

conduction of the whole system. The icing durations of Al, Al-PDMS and Ni-PDMS 

were different. The reason here could be that the different heat conduction during the 

whole icing process. 
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4.6 Influence of Ni Scaffolds Introduction in Lowering Ice Adhesion 

Strength 

 

Figure 4.34 Schematic diagram of different sample structures (a) Ni scaffolds; (b) Ni-PDMS; 

(c) Ni-PDMS with silicone oil addition; (d) Ni metallic framework indicating the mechanism 

of dispersion and redistribution of impact energy. 

 

The schematic diagrams of involved samples including the as-received Ni scaffolds, 

Ni-PDMS and Ni-PDMS with silicone oil addition were illustrated in Figure 4.34. 

Image (a) clearly shows the highly porous structure of the Ni scaffolds with calculated 

porosity of around 90% (80-110 pores per inch). The existing large number of pores 

and scaffolds could provide the impregnation of hydrophobic/icephobic substances. As 

discussed before, the Ni scaffolds could play important roles in increasing the durability 

to prolong the attended time and accelerate the thermal conduction when doing de-icing 

applications. The schematic of the cross-sectional area was also displayed, showing a 

similar morphology as the surface morphology, as evidenced by Figure 4.1. The 

existing numerous pores showed uniform arrangement on the Ni scaffolds in the entire 

density range [316]. Figure 4.34 (b) indicated that the Ni scaffolds were completely 

covered by the PDMS filling. The former existing hierarchical parts and the big pores 

on the sample surface were filled by controlling the volume of deposited PDMS. 
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Compared with pure PDMS layer, the incorporation of Ni scaffolds would significantly 

improve the mechanical reinforcement effect of the layer structure. It is inferred that 

the stress in the PDMS matrix would be reduced because the major stress would be 

carried and re-distributed by the Ni network.  

 

Figure 4.35 Schematic diagram showing the self-replenishment mechanism of the Ni-SO 

series samples. 

 

While in Figure 4.35, with the infusion of silicone oil, it could introduce some slippery 

effects into the whole system. There would be some silicone oil diffused out and there 

was a thin layer of silicone oil covered on top. The thin oil layer could enable the good 

icephobicity of the layer system. As depicted in Figure 4.33 (d), the protective effect on 

the as-prepared icephobic layer structure could be easily realized via the interconnected 

network structures constructed by Ni scaffolds and PDMS filling. It indicated that the 

impact abrasion could be significantly restrained and the impact energy could be 

transferred to a much larger area through the Ni scaffold. And the PDMS filling, which 

is a highly-damped, visco-elastic polymer, also helps such transfer and adsorb most of 

the energy [40]. Besides, the infused silicone oil could keep diffusing out and existing 

and coming into effect even taking the oil depletion issue during the de-icing process 

into consideration. Therefore, the NP-SO layer system could be well maintained under 

severe impact abrasion and direct shear abrasion. The Ni scaffolds would act as the 

armour for the filled PDMS and the silicone oil incorporation also contribute a lot to 

the significant icephobicity. 



Chapter 4 Microporous Metallic Scaffolds Supported Liquid Infused Icephobic Constructions 

150 

4.7 Summary 

In summary, a universal approach was proposed to introduce microporous metallic 

scaffolds in the LIS construction to increase the applicability and durability, and the 

potential of LIS was significantly prompted for ice mitigation. Ni scaffolds and PDMS 

modified silicone oil system was chosen for the LIS construction, and the multiphase 

icephobic layer structures have demonstrated good icephobicity and significantly 

improved durability. In comparison with recent reports [32, 250, 319, 340, 341, 347-

349] indicated in Table 4.4, the proposed LIS construction in this work demonstrated 

an obvious advantage in the de-icing aspects. The ice adhesion strength of Ni scaffolds 

combined with PDMS modified by 40 % silicone oil addition was only 1.6 ± 0.2 kPa 

and the low ice adhesion strength was maintained even after 50 icing/de-icing cycles. 

The surface free energy of the samples decreased with the increasing addition of 

silicone oil. The actual nucleation free energy barrier during the freezing process also 

increased, which restrained the ice nucleation at the liquid-solid interface and in turn 

prolonged the icing duration. During the icing/de-icing test, a good level of lubricating 

effect would be well maintained with minimal oil depletion for the enhanced LIS 

construction.  

 

Besides, the introduction of microporous Ni scaffolds could help to redistribute the 

stress during de-icing process, which effectively protected the LIS materials from 

external load and impact. Meanwhile, the quick depletion of infused oil lubricants 

derived from the large deformation in polymer could also be restrained, which has 

solved the oil depletion issues in long-term service environments. The multi-phase LIS 

construction could further boost the initiation of micro-cracks at the solid-ice interfaces 

and prompt an easy ice detachment. Additionally, with the microporous scaffolds, the 

oil depletion from the LIS construction has also been largely reduced, contributing to 

the durability enhancement. 
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Table 4.4 Ice adhesion strength of different icephobic surfaces versus icing/de-icing 

Reference Surface type 

Ice adhesion 

1st cycle 

(kPa) 

Icing/de-icing cycles Last cycle (kPa) 

This work NP-40SO 1.6 50 2.0 

Zhang [32] 
1P1S 25.0 24 37.0 

1P2S 15.0 24 28.0 

Khammas [347] FS-PE SLIPS 22.0 4 32.0 

Qian [340] 

0 SLIPS 27.0 25 24.0 

0.5 SLIPS 22.0 25 23.0 

1 SLIPS 17.0 25 15.0 

Barthwal [341] 

SIOP 22.0 15 81.0 

SLIPS 45.3 18 89.2 

SLIPNS 48.1 18 61.2 

Xing [319] 
PDMS-oil-30 4.0 20 38.0 

PDMS-oil-50 2.0 20 28.0 

He [250] PG1-PFO 20.0 50 16.0 

Li [349] 
Submicrometer 

porous foam 
39.1 50 17.5 

Boinovich [348] SLIPS 253 32 275 

 

The newly developed strategy could effectively alleviate the problem of serious oil 

depletion and fragility of LIS surfaces by combining the advantage of mechanical 

durability enhancement and effectiveness in icephobicity. The LIS construction design 

could also be used in the combinations with diverse polymeric substrates, which further 

opens the potential in ice protection. For example, the NP-SO system in this work could 

be developed as gummed tape and attached onto certain engineering surfaces directly 

like aircraft wings or wind turbines [350]. 
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Chapter 5 Phase Change Oil Modified Icephobic Structures 

 

In chapter 4, the LIS construction was carried out by incorporating metallic scaffolds 

with the aim to improve applicability and surface durability. With the new LIS design 

and construction, the level of deformation of the polymer matrix was restrained while 

the infused oil could be well retained. In this way, little oil depletion would occur, and 

the good lubricating effect of LIS could be maintained, which significantly prompted 

the potential for ice mitigation. The Ni scaffolds were introduced into PDMS with 

silicone oil addition (PDMS-SO) system. Nevertheless, the results indicated that the 

introduction of metallic scaffolds could help to slow down the oil depletion in LIS 

system. But if the weight percentage of infused oil in LIS system exceeds the limit of 

system storage, oil depletion would take place during the repeated icing/de-icing cycles.  

 

To minimise the emergence of this problem fundamentally, the phase change liquids 

were selected to incorporate with the Ni scaffolds combined with PDMS system. With 

this combination, it could absorb and release heat over a defined temperature range 

during the whole phase change process. By infusing the phase change liquid into the 

polymer matrix, it could supply a new potential design concept by delaying the ice 

formation and decreasing the ice adhesion on certain exposed surfaces [136]. Under the 

icing conditions, there would be a lot of heat being released during the phase change 

process, which further slows down the formation of ice and frost. Meanwhile, the phase 

change liquids would change into solid state from liquidous state, so oil depletion could 

be avoided. Moreover, there would also be localized shear stress appearing on the 

surface, which lowers the existing ice adhesion [236]. In this way, there would be 

micro-cracks initiated at the interfacial regions and minimise the ice adhesion strength. 

 

To increase the oil storage, aerogel powder is widely thought to possess large specific 

surface area (the value is normally higher than 300 m2/g [351]) and was used as an 

absorption material, which could be chosen to absorb and store the oil [352, 353]. For 
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example, Kim et al. developed icephobic coating with excess oil containing aerogels in 

polymer. The infusion of silica aerogel not only helped to mitigate the oil drought inside 

the coating, but also improve the mechanical strength of the matrix. It also achieved 

very low ice adhesion strength less than 20 kPa even after 20 icing/de-icing cycles [354]. 

There would be phase change taking place in phase change liquid (from liquidous to 

solid) when the temperature was lower than the freezing points, thus avoiding the oil 

depletion during the de-icing process. The heat released during the phase change 

process also introduced delay effect to the ice formation, which also increased the anti-

icing performance [270]. Groundnut oil was selected as the infused phase change liquid 

because of its phase change temperature (0 ± 3 °C), which is fairly close to the freezing 

point of water. It changes from liquid state into solid state when the surrounding 

temperature decreases to around 0 °C. The simultaneous releasing of the heat from 

phase change also introduce delay to the ice formation on the sample surface. To give 

better illustration of the effect of phase change material addition to PDMS polymer, 

several types of oils with different phase change temperatures including coconut oil and 

silicone oil have been selected as the references, for the aim to investigate the influence 

of phase change liquid additions to the surface morphology, chemical structure, surface 

wettability and icephobicity/anti-frost performance. The Ni scaffold is also chosen as 

the candidate of metallic scaffold in order to improve the mechanical durability of the 

structure. 

 

Characterisation details: 

 

The surface morphologies of the as-prepared samples were investigated by an Optical 

Microscope (OM, ECLIPSE LV100ND, Nikon) and a Scanning Electron Microscopy 

(JSM-6490LV, JEOL). 3D surface topography of the involved samples was measured 

by a non-contact optical profiler (Zeta-20, KLA-Tencor).  

 

The variations in the chemical composition of the sample surfaces (square pieces of 

10mm ×10mm) were qualitatively analysed using a FTIR spectrometer (Spectrum One, 
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Perkin Elmer, Akron, OH, USA) operating in attenuated total reflectance (ATR) mode 

with a diamond ATR crystal. Infrared spectra were recorded with 32 scans over the 

wavenumber range of 600-4000 cm−1.  

 

Shore hardness tests were conducted with a SAUTER durometer which links to a 

SAUTER test stands ranging from shore hardness A and D scales (TI-AO and TI-D), 

respectively. The shore hardness A scale was used in this work. For every sample, five 

separate measurements were carried out to calculate the average (Shore) value and 

minimize the existing error. 

 

A contact angle goniometer (FTA200, First Ten Angstroms, Inc) was utilized to 

evaluate the wettability of the samples via a micro-pipette with pumping out rate of 1 

μL/s using a fixed droplet volume of 5 μL at room temperature and humidity. 

 

Icing delay tests were conducted by monitoring the icing process of supercooled water 

droplets on the sample surface inside a cold chamber at -20 °C. The volume of the 

droplet was 4 μL for each coated sample, and five spots were tested. The Al substrates 

were chosen for comparison. The whole icing process was recorded to determine the 

icing duration. 

 

Ice growth behaviours were investigated with an Environmental Scanning Electron 

Microscopy (ESEM, Quanta 650 FEG, FEI). Water condensation, ice formation and the 

subsequent growth processes were all studied under the controlled conditions: -10 ~ 

2 °C, humidity: 90-100%, and pressure: 380~700 Pa.  

 

Ice adhesion strengths of the samples were measured using a horizontal shear test 

system with a pre-prepared ice block (volume: 1.31 mL) attached to the sample surface 

in a cold chamber with temperature of -20 °C. The shear test system mainly consisted 

of a force probe (with diameter of 5 mm), a motion controller as well as the pre-prepared 

ice cube attached onto the tested samples. The force probe was applied to propel the 
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ice/sample with the velocity of 0.1 mm/min during the ice adhesion tests. Five identical 

tests were carried out to ensure the data confidence, and the standard deviation was 

calculated. 

 

Besides, icing/ice detachment cyclic tests were conducted for 50 cycles. The ice 

adhesion strength and mass change during the cyclic tests were recorded. The freezing 

time between two cycles was set to 3 h. 

 

The method used to calculate the error bars is consistent with the one presented in 

Chapter 4. 
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5.1 Micro-structure of Ni-PDMS Samples Modified by Different Phase 

Change Oil with Aerogel Addition 

With the addition of aerogel powder (size in nanoscale) into the infused oil, the oil 

storage inside the PDMS polymer matrix could be increased, and it also helps with the 

continuous existence of the oil layer. The specific surface area of alumina aerogel 

powder is as high as 85-115 m2/g, it also has good oil adsorption and hydrophobicity. 

Because of these properties, alumina aerogel was finally chosen as the aerogel powder 

to improve the adsorption of phase change liquid in this work. 

 

5.1.1 Surface characterisation 

Figure 5.1 (a)-(c) showed the optical images of different phase changed oil modified 

Ni-PDMS samples without aerogel incorporation, and Figure 5.1 (d)-(f) showed the 

OM images of the samples that were incorporated with aerogel. Among them, images 

(a) and (d) indicated the Ni-PDMS samples modified by silicone oil with and without 

aerogel. It could be seen that the metallic Ni scaffold could be easily found in the optical 

images. The internal porosity was also filled by the PDMS polymer completely. Due to 

the transparency of the aerogel, there was no obvious difference between the two 

samples. The infused silicone oil was adsorbed by the aerogel powder and it would not 

diffuse out onto the sample surface. Figure 5 (b) and (e) corresponded to the Ni-PDMS 

samples modified by groundnut oil with and without aerogel. They showed obvious 

differences compared to the previous sample. The added groundnut oil diffused out a 

lot and remained in spherical shapes on the sample surface. The groundnut oil would 

stay at the PDMS matrix (as shown in Figure 4.6), with no reaction taking place with 

the PDMS. The sample changes from pure transparent to white and translucent. In this 

way, the underneath Ni scaffold was covered and was not easy to be observed. While 

for Figure 5 (e), with the incorporation of aerogel, the capacity for groundnut oil on the 

surface was absorbed, there was also oil droplets in large sizes diffused out obviously, 

showing a smooth and flat surface.  
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Figure 5.1 Optical images of Ni-PDMS sample modified by (a) silicone oil; (b) groundnut oil; 

(c) coconut oil; (d) silicone oil with 3wt% aluminiumoxid C; (e) groundnut oil with 3wt% 

aluminiumoxid C and (f) coconut oil with 3wt% aluminiumoxid C. 

 

Figure 5.1 (c) and (f) were Ni-PDMS samples modified by coconut oil with and without 

aerogel incorporation. Similar to Figure 5.1 (b), the coconut oil also diffused out to the 

surface, but the diffused volume was a little lower than that using groundnut oil. While 

with the aerogel incorporation, the diffusion of coconut oil was decreased. Some small 

cavities could be observed on the sample surface, which mainly came from the partial 

volatilization of oil during the curing process. The addition of aerogel powder could 
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effectively inhibit the exudation of the surface excess oil, which in turn help to store 

more oil inside the polymer matrix. 

 

5.1.2 Microstructural characterisation  

 

Figure 5.2 SEM images of (a) the surface morphology of Ni-PDMS; (b) and (c) the cross-

sectional area of Ni-PDMS; (d) the surface morphology of NP-20SO3Al; (e) and (f) the cross-

sectional area of NP-20SO3Al. 
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Figure 5.2 showed the SEM images of surface morphology and cross-sectional areas of 

Ni-PDMS, and NP-20SO3Al samples. Figure 5.2 (a)-(c) indicated the details of Ni-

PDMS. The surface was fairly flat and smooth with no pores and cracks, displaying an 

intact surface. It was also obvious to find that the Ni scaffolds have been fully covered 

by the PDMS. When moving to the cross-sectional areas, the good adherence between 

the scaffold and the PDMS polymer was also verified. From the amplified image, there 

was no porosity formed inside the PDMS matrix, which also proved the effect of 

vacuum impregnation. While for NP-20SO3Al, it corresponded to Figure 5.2 (d)-(f). 

The surface morphology of NP-20SO3Al was also flat and smooth, without any obvious 

defect on top. Due to the nanometer dimension of the aerogel, it was difficult to be 

found on the surface. Figures 5.2 (e) and (f) showed the details of the cross-sectional 

areas, displaying good adherence and no internal porosity. 

 

Figure 5.3 showed the SEM images of surface morphology and cross-sectional areas of 

NP-20GO3Al, and NP-20CO3Al samples. Figure 5.3 (a) to (c) showed the details of 

20GO3Al sample. It is easy to find that there are some shallow cavities distributed 

randomly on the surface in Figure 5.3 (a), showing a fluctuant surface. The cavities 

mainly came from the evaporation of the infused groundnut oil during the curing 

treatment. The incorporation of aerogel was also difficult to be observed in these images. 

From the cross-sectional images, it showed many differences between the former two 

samples. The central regions of the samples exhibited numerous porosities, primarily 

resulting from the evaporation of the infused groundnut oil, whereas the surrounding 

regions comprised the Ni scaffolds. The observed porosity measured 9.67%. Form the 

amplified image in Figure 5.3 (c), the formed pores were clearer and they varied in the 

size. For NP-20CO3Al, the surface cavities were deeper, it also did not show the smooth 

surface. Due to the smaller size, no obvious aerogel powder could be found from the 

observation. As for cross-sectional images, the white parts are the broken Ni scaffolds 

while the black area is PDMS fillings. Quantity of porosities could still be found in the 

PDMS area. The average size of the formed internal porosities was around 5-10 μm and 

the porosity was 22.65%, which was higher than that of NP-20GO3Al sample. 
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Figure 5.3 SEM images of (a) surface morphology of NP-20GO3Al; (b) and (c) cross-sectional 

area of NP-20GO3Al; (d) surface morphology of NP-20CO3Al; (e) low magnification and (f) 

high magnification of cross-sectional area of NP-20CO3Al. 
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5.1.3 Surface analysis using FTIR spectrum 

 

Figure 5.4 ATR-FTIR results of PDMS, pure silicone oil and 20SO3Al. 

 

Figure 5.4 showed the ATR-FTIR results of PDMS, pure silicone oil (liquid) and 

20SO3Al. The detailed position of peaks corresponding to the functional groups with 

different chemical bonds was illustrated in Table 5.1. The peak representing positions 

at 2850 ~ 2965 cm-1 were characterized by the presence of methyl (-CH3) functional 

group at PDMS surface [355]. The symmetric and asymmetric stretching of the methyl 

group was obtained at 2961 cm-1 and 2918 cm-1, respectively, along with the 

deformation vibration of same group at 1412 cm-1 and 1254 cm-1. Peak at 1007 cm-1 

represented the Si-O-Si asymmetric stretching while the methyl rocking occurred at 

around 789 cm−1. Because PDMS and silicone oil have the same chemical properties, 

no functional groups were introduced on the surface of 20SO3Al with the addition of 

silicone oil and aerogel. 

 

Figure 5.5 showed the ATR-FTIR results of PDMS, pure groundnut oil (liquid) and 

20GO3Al. The detailed position of peaks corresponding to the functional groups with 

different chemical bonds was illustrated in Table 5.1. The peak positions of PDMS were 
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the same as in Figure 5.4. Notable and characteristic shoulders of the groundnut oil 

spectrum were attributed to the specific functional groups of fats and oils [356]. The C-

CH2 asymmetric (C-H) stretching (2926 cm-1); CH2 symmetric stretching (C-H) (2852 

cm-1); ester C=O stretching (1742 cm-1); CH2 wagging (1460 cm-1); -C-O stretching and 

-CH2- bending (1155 cm-1) were matched with triglyceride component of the oil. In 

comparison with the three spectra, there are strong absorption peaks belonging to 

PDMS at positions of 2961 cm-1, 2912 cm-1, 1406 cm-1, 1254 cm-1, 1012 cm-1 and 789 

cm-1 in the spectrums of 20GO3Al, as well as the peaks of groundnut oil at positions of 

2926 cm-1, 2852 cm-1, 1742 cm-1, 1460 cm-1, and 1155 cm-1. As indicated from the SEM 

results, the majority of the groundnut oil has been kept in PDMS even though some of 

the groundnut oil has volatilized. 

 

Table 5.1 List of ATR-FTIR peaks obtained for the various functional groups present on PDMS, 

silicone oil, groundnut oil, coconut oil, 20SO3Al, 20GO3Al and 20CO3Al surface in Figure 

5.4, Figure 5.5 and Figure 5.6. 

Peak 

position 
Wavenumber (cm-1) Functional groups 

1 2961 Symmetric -CH3 stretching in ≡Si-CH3 

2 2918~2930 Asymmetric -CH2 stretching in -C-H(-CH2) 

3 2912 Asymmetric -CH3 stretching in ≡Si-CH3 

4 2852 Symmetric -CH2 stretching in -C-H(-CH2) 

5 1742 -C=O (Carbonyl ester) stretching 

6 1460 -C-H(-CH2) bending (scissoring) 

7 1406 Deformation vibration of -CH3 

8 1254 Deformation vibration of -CH3 

9 1155 -C-O stretching & -CH2- bending 

10 1012 Si-O-Si asymmetric deformation 

11 789 CH3 rocking in -Si-(CH3)2 
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Figure 5.5 ATR-FTIR results of PDMS, pure groundnut oil and 20GO3Al. 

 

 

Figure 5.6 ATR-FTIR results of PDMS, pure coconut oil and 20CO3Al. 

 

Figure 5.6 showed the ATR-FTIR results of PDMS, pure coconut oil (liquid) and 

20CO3Al. The detailed position of peaks corresponding to the functional groups with 
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different chemical bonds was illustrated in Table 5.1. It was not difficult to observe that 

the peak positions of coconut oil were similar to the peak position of groundnut oil. The 

functional groups on the surface of 20CO3Al were also same as that of 20SO3Al 

surface. It could be indicated that there was a large quantity of coconut oil remaining in 

the cross-linked PDMS polymer matrix which has already been dissolved in the matrix. 

It could also be observed that there was still a large quantity of coconut oil remaining 

in the PDMS matrix. 

5.2 Various Surface Properties of As-prepared Samples 

The role of surface micro-structures on icephobicity has already been confirmed 

previously. In this section, the detailed wetting behavior were displayed to unfold the 

correlation between wettability and icephobicity. Besides, the shore hardness is also 

illustrated as a measurement of the surface elastic modulus [357]. The thermal 

properties evaluated by DSC were also displayed to demonstrate the anti-icing 

performance. 

5.2.1 Detailed wettability of involved samples 

 

Figure 5.7 WCA and surface roughness results of different samples include Al, Al-PDMS, Ni-

PDMS, NP-20SO3Al, NP-20GO3Al and NP-20CO3Al. 
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Figure 5.7 depicted the detailed wettability and surface roughness of different samples 

as well as the reference samples. For pure Al, the static WCA was 101.2 ± 3.5°, which 

could be seen as hydrophobic. The surface roughness was 1.45 ± 0.03 μm. The as-

received Al did not undergo any further treatment, showing the regular surface 

topography. As for Al-PDMS, with PDMS layer covering on top, the obtained surface 

became flat and smooth, which was also verified by the low surface roughness 0.75 ± 

0.11 μm. To some extent, this could lower the static WCA, but the actual measured 

WCA was 105.3 ± 1.3°, which was a bit higher than that of Al. The full PDMS coverage 

could explain this.  

 

For Ni-PDMS, the WCA was similar to that of Al-PDMS, 104.9 ± 0.6°, and the surface 

roughness is also close to Al-PDMS, around 0.78 ± 0.14 μm. With the similar surface 

topography and the same PDMS layer coverage, no obvious change was introduced. As 

for NP-20SO3Al, with the addition of silicone oil inside the PDMS matrix, the WCA 

value was increased to 108.2 ± 2.2°. It did not bring much difference to the surface and 

it still showed as a flat and smooth surface with a surface roughness of 0.81 ± 0.13 μm, 

as indicated from SEM image in Figure 5.2. The usage of aerogel powder posed less 

effect on the surface roughness change. While for NP-20GO3Al, the phase change 

liquid has been changed from silicone oil to groundnut oil, the static WCA showed 

some decrease to around 97.2 ± 1.9°. Because of the evaporation behaviour of the 

infused groundnut oil during the curing process, a lot of pores could form both inside 

the structure and on the surface. The scattered surface shallow cavities contributed to 

the surface roughness increase, 0.90 ± 0.13 μm. The WCA kept decreasing to 95.5 ± 

1.5°, the surface roughness increased to 0.95 ± 0.13 μm. The static WCA values of NP-

20CO3Al should be higher than that of NP-20GO3Al considering the increased surface 

roughness. But it turned out that the measured WCA value of NP-20CO3Al was actually 

lower. The reason here could mainly be ascribed to the relatively high surface free 

energy. 
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Table 5.2 Surface free energy of Al-PDMS, Ni-PDMS, NP-20SO3Al, NP-20GO3Al and NP-

20CO3Al. 

Samples Surface free energy (mJ/m2) 

Al-PDMS 38.2±0.4 

Ni-PDMS 38.6±0.3 

NP-20SO3Al 34.3±0.4 

NP-20GO3Al 39.2±0.3 

NP-20CO3Al 39.6±0.3 

 

As shown in Table 5.2, the measured surface free energy of NP-20GO3Al and NP-

20CO3Al were 39.2 ± 0.3 mJ/m2 and 39.6 ± 0.3 mJ/m2, respectively. The 

hydrophobicity could be affected by two factors: the surface roughness and surface 

chemistry. Here, with the lowest surface free energy and moderate surface roughness, 

NP-20SO3Al possessed higher static WCA. 

 

5.2.2 Shore hardness results 

Figure 5.8 showed the values of shore hardness of different samples including PDMS, 

20SO3Al, 20GO3Al and 20CO3Al. It is reported that the shore hardness could be used 

to evaluate the elastic modulus that is acquired through other typical methods [317]. 

The shore hardness value of PDMS was about 37.6 ± 1.1 (Shore A hardness), which 

was the highest among the samples. For 20SO3Al, the shore hardness suffered an 

obvious decrease to only 28.6 ± 0.9 (Shore A hardness). The reason could be the soften 

effect that came from the silicone oil infusion. The 20GO3Al showed the shore hardness 

value of 13.7 ± 1.0 (Shore A hardness), which was the lowest. The hardness of 

20CO3Al was 17.2 ± 1.7 (Shore A hardness). The molecules of the groundnut oil and 

coconut oil were trapped inside the matrix of PDMS, which could also contribute the 

softening effect [358]. 
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Figure 5.8 Shore hardness results of PDMS, 20SO3Al, 20GO3Al and 20CO3Al. 

 

5.2.3 Thermal properties revealed by DSC measurements  

Table 5.3 Thermodynamic parameters of 20GO3Al and 20CO3Al. 

Sample Onset of crystallization (°C) End of crystallization (°C) ∆Hm (J/g) 

NP-20GO3Al 2.4 -16.0 3.2 

NP-20CO3Al 25.5 6.7 3.8 

 

Figure 5.9 showed the detailed DSC results of all of the involved samples including Ni-

PDMS, NP-20SO3Al, NP-20GO3Al and NP-20CO3Al. It is acknowledged that all of 

the phase changing processes were classified as exothermic processes [359]. Table 5.3 

indicated the thermodynamic parameters (Onset of crystallization, end of crystallization, 

and ∆Hm) of NP-20GO3Al and NP-20CO3Al. It could be seen that no peak was 

observed on the curves of both PDMS and NP-20SO3Al, which indicated that Ni-

PDMS and NP-20SO3Al had no phase change taking place within the testing 

temperature range. While for NP-20GO3Al and NP-20CO3Al, they exhibited the 

entirely different phase changing temperatures. The phase changing process of NP-

20GO3Al occurred at the temperature range between -16.0 °C and 2.4 °C. The phase 
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changing temperature of NP-20CO3Al is mainly located in the temperature region from 

6.7 °C to 25.4 °C. It could be found that the temperature range for phase changing 

process among NP-20GO3Al and NP-20CO3Al was very close to that of pure 

groundnut oil and coconut oil [270]. According to Table 5.3, the phase-transition 

enthalpy of NP-20GO3Al and NP-20CO3Al were 3.2 J/g and 3.8 J/g, respectively. The 

results indicated that the icing process of water droplets could be significantly affected 

through the releasing of heat with the temperature decrease during the phase changing 

process derived from the phase change material in the composite layer. The cooling 

enthalpies of groundnut oil and coconut oil were found to be 38.1 J/g and 76.4 J/g [360, 

361]. The expected theoretical cooling enthalpies for NP-20GO3Al and NP-20CO3Al 

were calculated to be 7.6 J/g and 15.2 J/g. However, the measured solidification 

enthalpies of the samples were lower than the theoretical values due to the varying 

degrees of evaporation of groundnut oil and coconut oil during the curing process. As 

a result, it can be inferred that the actual residual amounts of groundnut oil and coconut 

oil in the NP-20GO3Al and NP-20CO3Al samples are approximately 8.4 wt% and 4.7 

wt%, respectively. 

 

 

Figure 5.9 DSC curves of PDMS, NP-20SO3Al, NP-20GO3Al and NP-20CO3Al. 
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5.3 Surface Icephobicity and Durability Evaluations of NP Samples 

with Phase Change Liquid Modifications 

5.3.1 Icing delay of water droplets 

Figure 5.10 showed the droplet icing processes on different sample surfaces including 

Al, Al-PDMS, Ni-PDMS, NP-20SO3Al, NP-20GO3Al and NP-20CO3Al under the 

temperature of -20 °C. 

 

Figure 5.10 Droplet icing observation in anti-icing tests on different surfaces of Al, Al-

PDMS, Ni-PDMS, NP-20SO3Al, NP-20GO3Al and NP-20CO3Al. 

 

The icing phenomenon would first appear at the solid-liquid interfaces, and there would 

be ice nucleus forming at the interfacial areas. It then gradually grew into ice crystals 

and spread to other regions, finally reaching the top region of the water droplet. Thus, 

the whole icing of the droplet was completed. The ice nucleation type in this 

phenomenon was verified as heterogeneous nucleation. As the reference samples, the 

detailed icing durations of water droplets on Al, Al-PDMS and Ni-PDMS were 9 ± 1.2 

s, 27 ± 1.2 s and 61 ± 3.1 s, respectively. The main factors for the freezing delay may 

include the surface wetting behaviour and the heat transfer efficiency. The big 
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difference in thermal resistance between different sample surfaces also affected the heat 

transfer and further the icing delay. The detailed analysis has been discussed in section 

4.3 in Chapter 4. While for NP-20SO3Al, the icing time of supercooled water droplets 

has been prolonged to 66 ± 2.3 s. The main reason could be ascribed to the increased 

energy barrier for ice nucleation. The incorporation of silicone oil altered the surface 

chemistry and lowered the surface free energy, which helped with the ice delay effect. 

The ice nucleation on ideal lubricant-infused surfaces could be regarded as the 

homogeneous type. And the relationships between the free energy barrier of 

homogenous nucleation and heterogenous nucleation could be described by equation 

(5.1) [335]: 

 

∆𝐺ℎ𝑒𝑡𝑒 = ∆𝐺ℎ𝑜𝑚𝑜𝑓(𝑚, 𝑥)                   (5.1) 

 

where  ∆𝐺ℎ𝑒𝑡𝑒  and ∆𝐺ℎ𝑜𝑚𝑜  represent the free energy barrier of heterogeneous 

nucleation and homogenous nucleation, respectively, and 𝑓(𝑚, 𝑥) is the geometric 

factor, with the range from 0 and 1. The free energy barrier of heterogeneous nucleation 

on these samples with the silicone oil infusion tended to be closer to that on ideal oil- 

lubricated surfaces [37]. More energy was needed to overcome the energy barrier and 

initiate the whole ice nucleation, which led to the delayed ice formation. The icing time 

on NP-20GO3Al was 78 ± 2.9 s, which was even higher than that of 20SO3Al. As 

shown in Table 5.4, there was phase change taking place at the temperature range 

between -16.0 to 2.4 °C, leading to the release of heat, which also prolonged the whole 

icing duration. But for NP-20CO3Al, there was some coconut oil diffused out to the 

sample surface from the resin because of the temperature decrease. Because the 

temperature range for phase change is 6.7  25.5 °C, the remaining coconut oil on the 

surface would solidify when the temperature was lower than 0 °C, forming the structure 

shown in Figure 5.11. Because of the change, the WCA also increased from 95.5 ± 1.5° 

to 108.9 ± 1.7°. The contacting area between the sample surface and water droplet was 

decreased, as well as the areas for ice nucleation, which also introduced some delay to 

the icing time of water droplet to some extent. The existence of solidified coconut oil 
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layer could further help with the overall thermal resistance increase. Therefore, the icing 

time on NP-20CO3Al increased to 82 ± 3.1 s. 

 

Figure 5.11 Optical microscope and WCA images of formed coconut solid layer on NP-

20CO3Al at the temperature below 0 °C. 

 

The proposed groundnut oil and coconut oil modified icephobic surfaces demonstrated 

advantages in anti-icing aspects. With the addition of phase change materials (PCMs), 

a certain amount of heat is released during the temperature reduction. More latent heat 

would be released with more PCMs included. Reports from the current literatures show 

that the freezing delay performance of supercooled water droplets at -20 °C on 

fluorosilicone copolymer coating with phase-change microcapsule modification was 

initiated at 119 s, which is a bit longer than our results [362]. Another study indicated 

that the freezing time of SiC/SiO2 coated copper foam has been prolonged to 82 s 

compared to pristine copper substrate (-30 °C) [363].  
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5.3.2 Anti-frost performance by frost growth test 

 

Figure 5.12 Surfaces images of Al, Al-PDMS, Ni-PDMS, NP-20SO3Al, NP-20GO3Al and 

NP-20CO3Al before and after frost accumulations. 

 

The frost formation tests were carried out to evaluate the anti-icing performance of 

different samples. Figure 5.12 illustrated the images of surface morphology of Al, Al-

PDMS, Ni-PDMS, NP-20SO3Al, NP-20GO3Al and NP-20CO3Al before and after 

frost accumulation. It was also observed that all of the three sample surfaces had been 

covered by the formed frost after the frost formation tests. It was also not obvious to 

find the difference among the samples. 
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Figure 5.13 Increased mass of formed frost on Al, Al-PDMS, Ni-PDMS, NP-20SO3Al, NP-

20GO3Al and NP-20CO3Al. 

 

Figure 5.13 displayed the increased mass of formed frost per unit area on different 

samples. The frost formed per unit area on Al was 8.2 ± 0.7 mg/cm2. It then decreased 

to 6.3 ± 0.7 mg/cm2 after being covered with a PDMS layer on top of Al-PDMS. The 

reason may be ascribed to the improved hydrophobicity (the static WCA increased to 

104.9 ± 0.6°). While for Ni-PDMS, the extent of formed frost was similar to that of Al-

PDMS, the value of the increased mass of formed frost on Ni-PDMS was 6.2 ± 0.6 

mg/cm2. The addition of silicone oil into the Ni-PDMS system could easily increase the 

free energy barrier for ice nucleation, so for NP-20SO3Al, the formed frost per unit 

area was lowered to 5.1 ± 0.5 mg/cm2. As discussed before, there was exothermic 

reaction taking place during the frost formation tests, so NP-20GO3Al possessed the 

lowest value, 3.7 ± 0.6 mg/cm2. As for NP-20CO3Al, the formed frost per unit area was 

measured to be 4.1 ± 0.6 mg/cm2. There would be a formed layer of solidified coconut 

oil on NP-20CO3Al surface if the temperature was below 0 ºC. The static WCA 

increased because of the existence of coconut oil layer (as shown in Figure 5.11). As is 
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known, the frost formation process consists of three steps: crystal growth period, frost 

layer growth period and frost layer full growth period [364]. During the crystal growth 

period, ice crystals would form on cold surfaces. Enhanced surface hydrophobicity 

reduces the number of rod-shaped ice crystals and subsequent frost branches, thereby 

decreasing the formation of glaze ice. Additionally, the exothermic phase change 

process also contributes to the reduction in glaze ice formation. In this way, the formed 

frost on NP-20CO3Al was also very low compared to other samples. 

 

5.3.3 Ice adhesion strength and durable performance of different sample 

surfaces 

 

Figure 5.14 Ice adhesion strengths of Al and Al-PDMS during 50 icing/de-icing cycles. 

 

Figure 5.14 showed the detailed changes of ice adhesion strengths of reference samples, 

including pure-Al and Al-PDMS, during 50 icing/de-icing cycles. For Al plate, the 

measured shear strength was maintained at around 220 kPa. With a PDMS layer 

deposited on top, the adhesion strength decreased to 105.9 ± 3.5 kPa. But it was 

observed that the layer surface had been destroyed during the 30 cycles, there was 

peeling and breakage emerged, which led to the icephobicity degradation. The 
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increasing ice adhesion strength could be largely related to the continuous abrasions of 

PDMS layer.  

 

 

Figure 5.15 Ice adhesion strengths of Ni-PDMS, NP-20SO3Al, NP-20GO3Al and NP-

20CO3Al. 

 

Figure 5.15 depicted the ice adhesion strength of different samples including Ni-PDMS, 

NP-20SO3Al, NP-20GO3Al and NP-20CO3Al during the cyclic icing/de-icing tests. 

With the replacement of Ni scaffolds instead of Al plate, the average values of ice 

adhesion decreased to 29.3 ± 2.9 kPa. The causing factor here was that there would be 

different deformations on the sample surfaces under the same de-icing force due to the 

big difference in elastic modulus between the Ni scaffolds and PDMS fillings [40]. The 

elastic modulus of PDMS polymer 2.58 MPa considering the layer thickness and 10:1 

curing agent ratio [365]. While for the used Ni scaffolds in this work, it possessed the 

porosity of around 95%, the elastic modulus could then be inferred with the value of 

around 60 MPa from the slope of the unloading load-deflection curve taken at 

approximately the yield strength of the nickel foams [366]). This could introduce the 

micro-crack initiation mechanism in the ice-solid interfacial areas, and induce the ice 
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detachment. With the additions of coconut oil and groundnut oil, there would be internal 

porosities emerging inside the structure and the third gaseous phase was then introduced, 

which further increased the mismatch gap between the different parts of the material. 

This could in turn promote the occurrence of micro-cracks at the solid-ice interfaces. 

 

While for NP-20CO3Al, there were some portions of coconut oil diffusing out to the 

surface because of the low temperature, the released coconut oil remained in solid state 

at -20 °C, leaving the surface with a layer of solid coconut oil. Because of that, the 

surface roughness increased which could increase the ice adhesion strength. The ice 

adhesion strength of NP-20CO3Al was around 18 kPa, which mainly contributed to the 

interaction effects of solid coconut oil existence and micro-crack initiation mechanism. 

 

As for NP-20GO3Al, the temperature range of phase change was from -15.9 – 2.4 °C, 

so there was also a thin layer of groundnut oil existing on the surface. It could introduce 

some delay to the icing process. Besides, the groundnut oil layer was not very thick, so 

it would not lead to a similar roughness enhancement effect in coconut oil sample (NP-

20CO3Al). The measured ice adhesion strength of NP-20GO3Al was around 9 kPa, 

which was a bit lower than that of NP-20CO3Al. For NP-20SO3Al, the surface shore 

hardness had been significantly modified by the incorporation of silicone oil, which 

enlarged the difference in elastic modulus. This also promoted the working effect of 

micro-crack initiation and helped with the emergence of micro-crack in the interfacial 

areas. It could also be found that the sample surface was smoother than before with 

silicone oil addition. Based on the several factors mentioned above, the ice adhesion 

strength of NP-20SO3Al decreased to about 7 kPa. 

 

The variation in weight percentage of different samples during the 50 icing/de-icing 

cycles was shown in Figure 5.16. It could be found that the mass of all involved samples 

showed no obvious change during the whole cycle except Al-PDMS, which suffered 

surface breakage and mass loss after around 30 cycles. Combined with the results in 
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Figure 5.15, the ice adhesion strength of oil-infused samples including NP-20SO3Al, 

NP-20GO3Al, NP-20CO3Al all remained stable during the icing/de-icing cyclic tests. 

The reasons for the stable ice adhesion strength of the three samples were also different 

from each other. For NP-20SO3Al, since PDMS and silicone oil possess the same 

chemical properties, most of silicone oil contents would diffuse into the voids of the 

cross-linked PDMS network. With the incorporation of Al aerogel, the added silicone 

oil could be better preserved in the PDMS matrix. Thus, there was no obvious silicone 

oil depletion taking place during the cyclic tests, the good icephobic performance was 

always kept. While for NP-20GO3Al and NP-20CO3Al, the diffused oil on the sample 

surfaces always remained in the solid state, which in turn lowered the loss of oil content 

and helped with the low ice adhesion strength. 

 

Figure 5.16 Weight maintenance ratio changes of different samples during 50 icing/de-icing 

cycles. 

 

Compared with Shen’s result, the de-icing ability of F-SiO2@PDMS coatings retained 

high stability at 26.3 kPa (ice adhesion strength) under the conditions of 30 
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icing/deicing cycles [367]. Considering Zhang’s icephobic construction, which mainly 

used peanut oil infused porous PDMS, the drain of lubricant was significantly slowed 

down. Low ice adhesion strength around 16 kPa was maintained even after 30 icing/de-

icing cycles [270]. Besides, the hybrid polysiloxane coating sample kept exhibiting low 

ice shear strength value at 35.2 ± 1.6 kPa after 15 icing/deicing cycles [368]. In 

comparison with the aforementioned results, the sample in this work exhibited a 

consistent deicing performance, characterized by a sustained low ice bonding strength 

of 10.8 ± 0.9 kPa over a period of 50 icing/deicing cycles. 

 

5.4 Water Condensation and Icing Study on Phase Change Liquid 

Modified Icephobic Structures 

5.4.1 Icing formation process using ESEM 

 

Figure 5.17 Surfaces images of (a) as-prepared NP-20SO3Al; (b) NP-20SO3Al being wetted 

via ESEM. 
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Figure 5.18 ESEM observation of NP-20SO3Al: (a) Ice growing near the edge of the sample; 

(b)-(d) Ice growing process. 

 

Figure 5.17 displayed the surface state of NP-20SO3Al without/with being wet. It could 

be seen that the sample surface was flat and smooth with no water on top before the 

water condensation. Then spherical droplets with different sizes emerged and 

distributed uniformly on the sample surface during the wetting process since 

supercooled water droplets started to condense. The remaining water droplets could 

evaporate simultaneously when the icing process took place. The ice nucleus would 

first form on the sample holder, not on the sample surface due to the anti-icing capability, 

the formed nucleation points then grew into ice crystals and spread to other areas of the 

samples. Compared to the icephobic sample surface, the sample holder that is made up 

of aluminmum alloys was more prone to initiation of ice nucleation. Figure 5.18 (a) 

indicated that ice normally grew at the marginal areas of the sample, while the detailed 

ice growing process of NP-20SO3Al was illustrated in Figure 5.18 (b)-(d). Because of 

the smooth surface and anti-icing performance, the growth direction of the formed ice 
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on the surface was from the edges to the central areas, and the growth rate of the ice 

was calculated to be 0.4 ± 0.04 µm/s. 

 

 

Figure 5.19 Surfaces images of NP-20GO3Al (a) without being wetted; (b) with being wetted 

at 2 °C; (c) with being wetted at -5 °C; (d) formed ice via ESEM. 

 

Figure 5.19 (a) to (c) showed the detailed surface states of NP-20GO3Al in the initial 

state, being wetted at -5 °C and 2 °C, respectively. It was clear to find that the surface 

in the initial state showed no obvious feature, which was almost the same as SEM image 

of the surface, only some small and shallow cavities could be observed as distributed 

uniformly on the surface. By controlling and decreasing the temperature inside the 

observation chamber, some groundnut oil was found to be released from the internal 

parts of the sample. With the humidity increasing, the sample was then wetted by the 

condensed water droplet. These droplets could attach and stay onto the released oil layer, 

forming a composite structure. In this way, the edges of the droplets also became not 

very clear, as indicated in Figure 5.19 (b). As the temperature kept decreasing, phase 

change took place among the surface oil layer, they transformed from liquid state to 
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solid state, making the edges of the water much clearer than before, which was 

evidenced by Figure 5.19 (c). Due to the sudden environmental condition change, water 

droplets with small volumes evaporated once the icing phenomenon started, while 

droplets with large volumes would not disappear, they formed into in-situ state ice at 

the previous positions. The main factor for this phenomenon was that the surface 

became less smooth after the oil layer solidified, which made it easier for the attachment 

of ice nucleus. So, some of the large droplets could form the in-situ state ice, as 

indicated in Figure 5.19 (d). 

 

 

Figure 5.20 ESEM images of ice growing on the initial-formed ice block of NP-20GO3Al 

surface with different durations (a) 0 s; (b) 60 s; (c) 120 s; (d) 180 s. 

 

Figure 5.20 (a)-(d) exhibited the detailed ice growing processes on initial-formed ice 

on NP-20GO3Al. It was found that the ice nucleation points were mainly located at the 

hierarchical surface areas, the formed ice nucleus then integrated with the atmospheric 

water molecules and gradually grew into ice crystals. With the continuous growth of 

the ice crystal, they could then cover the initially formed ice. As mentioned before, 
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some droplets with big volumes could grow in In-situ state, a majority of the ice 

nucleation occurred on the sample holder and spread gradually to the central areas. 

 

Figure 5.21 (a)-(d) showed the ice growing process on NP-20GO3Al surface. Ice 

crystals formed at the marginal areas. And the initial-formed ice kept growing on the 

sample surface. They finally covered the whole sample surface. It was calculated that 

the growth rate of ice crystal in one direction of the sample surface was 0.3 ± 0.06 µm/s. 

It is also thought that the ice growth rate could not reflect the actual speed of the ice 

coverage spread because the existence of initial-formed ice could make it even higher 

than the actual ice growth speed. 

 

Figure 5.21 ESEM images of ice growing on NP-20GO3Al surface via different durations (a) 

0 s; (b) 120 s; (c) 240 s; (d) 360 s. 

 

Figure 5.22 (a) and (b) depicted the surface states on NP-20CO3Al without/with being 

wet. It is clear to find the surface in the initial state (without being wetted) was similar 

to that shown in SEM image. The water droplets were all scattered on the sample 
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surface acting with different sizes and shapes (spherical or axiolitic). There was a small 

piece of ice crystal formed at the interfacial areas between the solid surface and big 

volume of water droplets when icing started to occur, which were also circled in red 

and shown in Figure 5.22 (c). The final results were that the water droplet with a small 

volume would evaporate during the icing, while the big water droplet formed into In-

situ state ice that was shown in Figure 5.22 (d). 

 

 

Figure 5.22 Surfaces images of NP-20CO3Al (a) without being wetted; (b) with being wetted 

at 2 °C; (c) with being wetted at -3 °C; (d) formed ice via ESEM. 

 

Figure 5.23 (a)-(d) showed the icing processes of the initial-formed ice on NP-20CO3Al. 

It could be found that ice nucleation points were formed at the marginal areas of 

initially-formed ice, and it could work with the water molecules in ambient air to 

generate ice crystals. The ice kept growing in size and integrated with the surrounding 

ice crystals, which also kept growing later. It needed to be noted that the water droplets 

with small volumes in supercooled state would evaporate gradually with the icing 
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duration. The reason could be that the atmospheric relative humidity kept decreasing 

with more and more formed ice, some of the small water droplets that attached to the 

surface would then disappear. 

 

 

Figure 5.23 ESEM images of ice growing on the initial-formed ice block of NP-20CO3Al 

surface during different durations (a) 0 s; (b) 40 s; (c) 80 s; (d) 120 s. 

 

Figure 5.24 (a)-(d) displayed the detailed process of ice growth on NP-20CO3Al. It 

could be seen that the big block of ice crystal kept spreading on the surface and they 

finally merged with each other, which was quite similar to the process taking place on 

NP-20GO3Al. But the speed of ice spread was higher than that on NP-20GO3Al, which 

could reach 0.6 ± 0.04 µm/s. Here, the calculated speed for the ice coverage should be 

lower than the actual speed due to the existence of in-situ ice, indicating the similar 

reason as NP-20GO3Al. 
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Figure 5.24 ESEM images of ice growing on NP-20CO3Al surface during different durations 

(a) 0 s; (b) 60 s; (c) 120 s; (d) 180 s. 

 

5.4.2 Ice diminishing process via ESEM observation 

The detailed ice diminishing processes on the surfaces of NP-20SO3Al, NP-20GO3Al 

and NP-20CO3Al were displayed in Figure 5.25, Figure 5.26 and Figure 5.27, 

respectively. With proper humidity and temperature control, the existing ice would 

sublimate [369, 370].  
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Figure 5.25 Ice diminishing process on NP-20SO3Al surface (a) t=0 s; (b) t=70 s; (c) t=140 s; 

(d) t=210 s. 

 

First, for NP-20SO3Al, the surface was covered by a big block of ice. With reduced 

system humidity, the snapshot images of the whole ice diminishment were illustrated. 

It could also be observed that the surface morphology of NP-20SO3Al remained intact 

during the receding process of the ice crystal. It took over 210 s to sublimate all of the 

ice in the view field. The ice layer first became thinner from Figure 5.25 (a) to (b), 

which could be observed from the changing morphology of the covered ice. As shown 

in Figure 5.25 (c), due to the smooth and flat surface structure, few anchoring points 

could be found on the sample surface. The formed ice block has much less ice-surface 

contact area with the sample surface. It could also verify the low value of ice adhesion 

strength, showing good de-icing performance. It was also thought that there was no 

specific ice receding direction since the surface could be seen as a homogenous surface.  

 



Chapter 5 Phase Change Oil Modified Icephobic Structures 

187 

 

Figure 5.26 Ice diminishing process on NP-20GO3Al surface (a) t=0 s; (b) t=75 s; (c) t=150 s; 

(d) t=225 s. 

 

While for NP-20GO3Al, the initial ice-covered state was similar to that on NP-

20SO3Al. The ice sublimation process also occurred by monitoring the chamber 

conditions. It could be observed that the ice retracting process was quite similar to that 

took place on NP-20SO3Al. The ice would diminish along some directions, which 

mainly showed an upward retraction. Some morphology changes could also be clearly 

observed on the formed ice, as shown in Figure 5.26 (b) and (c). It also took around 220 

s for the ice sublimation process to finish. This indicated the similar role between 

silicone oil and groundnut oil in the ice retraction process. The sample surface 

morphology remained unchanged during the whole process. For NP-20SO3Al and NP-

20GO3Al, they both showed smooth surfaces, so the overall speeds of sublimation of 

the two samples were also close to each other. 
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Figure 5.27 Ice diminishing process on 20CO3Al (a) t=0 s; (b) t=90 s; (c) t=180 s; (d) t=270 s; (e) 

t=360 s; (d) t=450 s. 

 

Figure 5.27 displayed a more detailed process for the whole ice sublimation on NP-

20CO3Al. The whole duration was prolonged to 450s. From Figure 5.27 (a) to (b), the 

ice layer becomes thinner and the edge changes from rounded to angular. By comparing 

it with previous images in Figure 5.19, the direction of the disappearance of the formed 

ice crystal was just opposite to the propagation direction. Due to the existence of surface 

solid coconut oil layer and increased surface roughness, the surface roughness could 

increase with the surface undulations (which could be easily verified from Figure 5.27 
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(d)). Nevertheless, it could lead to some mechanical interlocks between the ice and 

surfaces, as shown in Figure 5.27 (e), which may provide some difficulties in the ice 

removal. The increased mechanical interlocks also led to higher ice adhesion and 

further the longer duration of ice sublimation. From this point, it can be concluded that 

the different oil infusions would affect the ice formation and ice disappearance. 

 

5.5 Mechanisms on Icephobicity and Durability Improvements 

Derived from Oil Infusion 

5.5.1 Effect of different oil infusions in delaying ice/frost formation 

The delay effect on the condensation mechanism of ice/frost introduced by the addition 

of groundnut oil was illustrated in Figure 5.28. 

 

 

Figure 5.28 Schematic diagram of icing delay process. 

 

With the temperature kept decreasing, there would be more oil diffused out to the 

surface, leading to the formation of thin oil layer on the sample surface. It was also 

obtained from the DSC results that the estimated phase changing temperature range of 

groundnut oil in NP-20GO3Al was from -16.0 °C to 2.7 °C. The phase change process 

would keep occurring within the temperature range and it was also an exothermic 

process [137]. The temperature at the sample and water droplet interfaces would not 

suffer a serious increase due to the continuous releasing of heat which came from the 
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phase change [371]. The decreasing trend of the temperature would be lowered and it 

then helped to delay the surface icing process.  

 

The results from ice formation tests and static frost formation tests were also verified. 

It needed to be noted that the actual icing temperature for the supercooled droplet on 

NP-20GO3Al was the lowest among the samples even under high humidity (relative 

humidity: 98-100%), as shown in Table 5.4. This also indicated that the phase change 

mechanism of groundnut oil played a significant role in delaying the icing/frost 

formation process. In addition, the cavities formed by the volatilization behaviour of 

oil droplets during the curing process could also increase the overall thermal resistance 

and slowed down the cooling speed of the layer system [372], which contributed to the 

anti-icing performance to some extent. 

 

Table 5.4 Ice formation temperature of different samples (humidity: 98% - 100%) via ESEM. 

Samples NP-20SO3Al NP-20GO3Al NP-20CO3Al 

Ice formation 

Temperatures (°C) 
-6 -10 -3 

 

For NP-20SO3Al, because of the similar chemical properties between silicone oil and 

PDMS, most of the silicone oil would disperse uniformly in the PDMS filling and no 

internal cavity was formed. The diffused silicone oil layer was also thinner compared 

to the thickness of NP-20GO3Al and NP-20CO3Al, which has less impact on the anti-

icing performance. For NP-20CO3Al, the surface remaining coconut oil layer solidified 

completely before the water froze into ice since the solidification temperature range of 

coconut oil is 6.7-25.4 °C. The formed coconut solid layer was also observed in Figure 

5.11, which could help to increase the water contact angle and decrease the contact 

areas between water droplets and surfaces. Nevertheless, the existence of solidified 

coconut oil layer and internal gaseous cavities also contributed to the increase of 

thermal resistance of the system, which led to good anti-icing performance. 
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5.5.2 Influence of groundnut oil infusion in lowering ice adhesion strength 

As indicated in Figure 5.29, there were three types of materials with different elastic 

modulus inside the NP-20GO3Al. The first one was the Ni scaffold, and the second 

material was the modified polymer after groundnut oil infusion, while the third phase 

was the internal cavities generated during the curing process which was filled with 

ambient air. Meanwhile, there would be some groundnut oil diffusing out from the 

polymer resin and forming a thin oil layer on the sample surface. The ice adhesion 

strength could be affected by the multi-phase composite structure from several factors: 

first, the shore hardness value of the resin was decreased and the difference in elastic 

modulus between polymer and Ni scaffolds was further enlarged due to the combined 

factors from groundnut oil infusion and introduced cavities, which was verified 

previously in Figure 5.8. The big difference in elastic modulus led to different micro-

distortions on Ni scaffolds and PDMS fillings during the ice detachment. Then micro-

crack could be initiated at the interfacial areas and weaken the adhesion between the 

formed ice and solid surface, which resulted in the decrease in ice adhesion strength. 

The micro-crack initiation mechanism during the ice detachment may be derived from 

the integrated factors of remaining smooth surface cavities and the difference in elastic 

modulus between Ni scaffolds and polymer fillings.  

 

The incompatibility in interfacial deformation and inhomogeneity in stiffness between 

different phases were beneficial to the formation of the crack initiation mechanism 

[373]. The larger the difference in elastic modulus, the higher the difference in 

deformation between different phases, making it easier to initiate the micro-crack [139, 

374]. On one hand, the diffused groundnut oil could fill in the internal cavities which 

came from the oil evaporation, making the sample surface smoother and avoiding the 

emergence of mechanical interlock during the de-icing processes. On the other hand, 

the diffused oil would transfer from liquid state to solid state, which lowered the oil 

depletion during the de-icing process. This enabled the good de-icing performance of 

the sample even after 50 icing/de-icing cyclic tests. 
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Though the decreasing effect of silicone oil addition on shore hardness was not as strong 

as that of groundnut oil, the silicone oil could remain in the liquid state at a temperature 

near the freezing point and enabled the surface with certain slippage by forming oil 

layer on top. So the ice adhesion strength of NP-20SO3Al was the lowest among the 

three. When moving to NP-20CO3Al, the rough structures on the solidified coconut oil 

layer could increase the degree of mechanical interlock between the surface and ice, 

which made the ice adhesion strength a bit higher than that of NP-2GO3Al. 

 

Figure 5.29 Schematic diagram of ice adhesion mechanism. 

5.6 Summary 

In summary, a new type of highly durable icephobic layer structures using porous Ni 

scaffolds, PDMS filling and phase change oil infusion by two-step methods (vacuum 

impregnation and spinning coating) was developed. With the adsorption effect from 

aerogel, the infused oil could be maximumly retained inside the polymer matrix. 

Compared with previous studies, the liquidous lubricating oil was replaced with phase 

change oil. The released heat derived from phase change oil could be applied to prolong 

the ice formation. Meanwhile, the phase change oil could prevent the oil depletion 

effectively during the de-icing process when compared to the liquidous lubricating oil 

that is easily worn, making the icephobicity more stable. In this study, some portions 

of the groundnut oil and coconut oil evaporated during the curing process of PDMS, 
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resulting in the uniform formation of internal and surface cavities. The infusion of 

layers at low temperature range could help to form an oil layer coverage on the sample 

surface. In the anti-icing performance tests, the emergence of internal cavities helped 

with the increase of thermal resistance in NP-20GO3Al and NP-20CO3Al. For NP-

20GO3Al, there would be phase change taking place in the groundnut oil layer during 

the icing process, which also helped to delay the ice formation. But for NP-20CO3Al, 

the coconut oil layer in solid state increased the water contact angle as well as the 

thermal resistance, which helped to prolong the ice formation time. On the other aspect, 

the remaining surface mechanical interlock also increased due to the existence of 

solidified coconut oil layer, leading to the poorer de-icing capability among the three 

researched samples. Here, NP-20SO3Al showed a very low ice adhesion strength of 

only 7.6 ± 0.9 kPa after 50 icing/de-icing cyclic tests. Table 5.5 showed the comparison 

of the de-icing performance of NP-20SO3Al, NP-20GO3Al, and NP-20CO3Al with 

existing findings [270, 375-378]. The study suggested that while NP-20GO3Al (~10.8 

± 0.9 kPa at 50th cycle) and NP-20CO3Al (~19.8 ± 1.7 kPa at 50th cycle) exhibit higher 

ice adhesion strength than NP-20SO3Al, their overall performance remained low as a 

result of the introduced micro-crack initiation mechanism. For anti-icing performance, 

NP-20SO3Al did not appear as good as NP-20GO3Al and NP-20CO3Al. The ESEM 

observation results showed that NP-20GO3Al has good anti-icing performance with the 

icing temperature of as low as -10 °C under high humidity environment.  

 

Considering both anti-icing and de-icing performance and the effect of infused phase 

change liquids, NP-20GO3Al exhibited a better icephobicity when compared to the 

three involved samples: the ice delay duration was 78.0 ± 2.1 s; the formed frost per 

unit area was 3.7 ± 0.6 mg/cm2; the ice adhesion strength was maintained at around 9.8 

± 1.2 kPa during the 50 icing/de-icing cyclic tests. The results indicated that the infusion 

of oil with phase change temperature around 0 °C could pose a positive effect on the 

icephobicity of the Ni/PDMS system. The design concept using the incorporation of 

phase change oil could provide new insight into the design of novel icephobic surfaces. 
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And it also provides new feasibility and insights into the R&D of durable icephobic 

surfaces. 

 

Table 5.5 Ice adhesion strength results of reported icephobic surfaces versus icing/de-icing 

cycles 

Reference Surface type 

Ice adhesion 

1st cycle 

(kPa) 

Icing/de-icing cycles Final cycle 

(kPa) 

This work 

NP-20SO3Al 

NP-20GO3Al 

NP-20CO3Al 

5.7 

7.8 

15.0 

50 

50 

50 

7.6 

10.8 

19.8 

Zhang [270] PTSLIPS 4.5 30 16.0 

Ragogna [375] 

Silyated PAAO 

Oil-only SLIPS 

Ebecryl 350 

Ebecryl 1360 

Oil+350 SLIPS 

Oil+1360 SLIPS 

22.0 

36.0 

12.0 

23.0 

8.0 

7.0 

4 

10 

3 

3 

5 

5 

359.0 

115.0 

96.0 

255.0 

17.0 

22.0 

Gao [376] SLNTMC 11.8 
21 

30 

20.0 

60.0 

Wang [377] 

SLIPNS05 19.1 20 64.6 

SLIPNS30 24.6 20 40.6 

SLIPNS60 48.0 20 162.2 

 LC-10-0 28.0 3 52.0 

Pakkanen [378] LC-15-0 25.0 3 58.0 

 LC-20-0 19.0 3 20.0 

 



Chapter 6 Icephobic Layer System Modified by Ice Depressing Liquids 

195 

 

Chapter 6 Icephobic Layer System Modified by Ice 

Depressing Liquids 

 

The comprehensive understanding of surface icephobicity could mainly be controlled 

from four different aspects [379]: thermodynamics of phase transition on supercooled 

water droplet surfaces, heat transfer during ice formation process, mechanics of iced 

surface systems, and long-term mechanical, chemical, and environmental durability 

controlled by material property. According to the above definition, ideal icephobic 

surfaces mainly are reflected by average delay time of ice formation, ratio of ice 

accretion on certain surfaces, ice adhesion at the ice-solid interface, and long-term 

effective surface ice repellency [380]. 

 

The current improvement in icephobicity is mainly reported in one or two aspects. Shen 

et al. prepared superhydrophobic nano structures with closed layered holes and open 

cones by wet chemical method. The icing delay time could be prolonged to 170 s [381]. 

But it is difficult for superhydrophobic structures to meet the demands of ice mitigation 

in different working environments [110, 382]. The superhydrophobicity could have 

deteriorated under low temperature and high humidity environments with high-speed 

impacting water droplets, and supercooled droplets could easily be fixed onto the 

hierarchical micro-nano coating structures, leading to ice accumulation and increasing 

the difficulty of de-icing process [18, 31, 239]. The problems of poor mechanical 

performance, fragility and lack of wear resistance among low-elastic icephobic coatings 

always limit the wide applications [383, 384]. It is a critical challenge to design 

icephobic structures to meet all the criteria simultaneously (good anti-icing 

performance, low ice adhesion, low ice accretion rate and durability).  

 

The introduction of ice depressing liquids could help to improve the anti-icing 

performance. Halar et al. [43] reported the design concept of imitating liquid droplets 

in cetaceans' skin to improve icephobic performance. The ice depressing liquid (ice 
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inhibitor) was added into reinforced composite coatings to inhibit the formation of ice 

nucleus. However, the de-icing aspect especially for the ice adhesion strength could be 

deteriorated because of the effusion of large volume of hydroxyl groups [44], which is 

contrary to the initial ice protection purpose. To solve the problem, the construction of 

multi-phase structure system has been raised. Irajizad et al. [236] proposed that 

icephobic surfaces could be achieved using surface elastoplastic differentiation by 

incorporating different elastomers having big mismatches in elastic modulus. Silicon-

based elastomers with high elastic modulus were used to form the matrix, while 

organosilicon-based gel with fairly low elastic modulus was added to construct the 

icephobic structure. 

 

From our former studies in Chapter 5, the addition of Ni scaffolds could improve the 

mechanical durability as well as alleviate the oil depletion problem. To solve the 

problem essentially, the phase changed liquids were considered to introduce into the 

metallic substrate - polymeric network. In Chapter 6, although the released heat energy 

during the phase transition process could postpone the ice formation on the surface, the 

formed solidified oil layer also increase the surface roughness, thus affecting the ice 

adhesion strength. 

 

The majority of the reported work could only meet some aspects of the surface 

icephobicity, including anti-icing performance, de-icing ability and mechanical stability, 

and it is difficult to achieve all of these requirements simultaneously. In the present 

work, a new icephobic structure was proposed and constructed to provide a solution for 

such a challenge. Ni scaffolds were introduced to incorporate with ice depressing liquid 

and PDMS matrix, and impressive icephobicity and durability enhancement have been 

achieved simultaneously, demonstrating the effectiveness of new icephobic 

construction. 
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Characterisation details: 

 

The cross-section and top view morphology were investigated by a JEOL 6490LV 

scanning electron microscope (SEM) under an acceleration voltage of 10 kV after Pt 

was deposited on the samples to prevent charging by the electron beam. Fourier 

transform infrared (FTIR) spectra were recorded by a spectrometer (Spectrum One, 

Perkin Elmer, Akron, OH, USA) using attenuated total reflection mode. 

 

The surface roughness was evaluated out using a Zeta-20 non-contact optical profiler. 

100× magnification was used for surface roughness measurements and 5× 

magnification was used for 3D surface profiling images. Surface roughness values in 

this study were based on the average of several measurements. 

 

Water contact angles (WCAs) were measured using the sessile drop technique on 

FTÅ200 goniometer and the volume of one water drop was kept constant at 5 μl. For 

dynamic water contact angle measurement, water pumping out rate of 0.05 mL/s was 

used, similar to the testing condition reported by Esmaeili et al. [385]. The tests were 

conducted at room temperature and humidity conditions. Several repeating 

measurements were conducted to ensure data accuracy. 

 

Droplet icing test was carried out by determining the duration of ice formation from 

water droplets with a volume of 4 μL on five different points on the coated samples and 

the substrates for comparison on a cold plate at −10 °C. By video recording the icing of 

water droplets, the icing times of the coatings were obtained. 

 

The detailed ice adhesion strength were measured via a horizontal shear test system. A 

controlled volume of de-ionized water was filled in silicone molds, the molds were then 

flipped upside down and kept against gravity for overnight freezing at -20 °C. The pre-

prepared ice block (mass of 1.3 g) was then attached to the sample surface in a cold 

chamber. The ice/sample was propelled by the force probe at the velocity of 0.1 mm/min 
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during the tests. Five identical tests were carried out to ensure the data confidence, and 

the standard deviation was calculated. 

 

In-situ water condensation and ice formation process was studied using a FEI 

Quanta650 eSEM system. The system is capable of generating micro-level HD surface 

images, under controlled humidity and temperature by a Peltier cooling stage. The 

observation of water condensation process was operated in a controlled environment at 

temperature of 2.0 ± 1.0 °C and relative humidity of 95 ± 5%, while in the observation 

of ice formation process, the temperature was set to −5.0 ± 2.0 °C with relative humidity 

of 95 ± 5%. 

 

The method used to calculate the error bars is consistent with the one presented in 

Chapter 4. 
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6.1 Microstructural Characterisation of Ni-PDMS Sample Modified 

by Ice Depressing Liquid 

 

Figure 6.1 (a) Optical microscope images (top view) of NP-glycol; (b) and (c) SEM images of 

the surface morphology of NP-glycol; (d) and (e) SEM images of the cross-sectional area of 

NP-glycol. 

 

Figure 6.1 showed the surface morphology of NP-glycol observed by optical 

microscopy and SEM. Figure 6.1 (a) was the image obtained from optical microscopy. 

It can be clearly seen from image (a) that there were a lot of black dots distributed on 
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the surface of NP-glycol. These black dots were actually the generated internal pores 

inside the PDMS fillings. Some of the ice depressing liquid suffered volatilization and 

diffused out, leaving the remaining porosities. Because of the advantages of OM, these 

pores could be found under observation, which also confirmed the existence of the 

internal porosities. While moving to images (b) and (c), it was difficult for the 

secondary electrons to detect and display the internal porosities by SEM observation. 

The observed surface morphology was still smooth and flat, no obvious features 

including cracks and voids could be found in the images. The former porosities 

displayed in image (a) were also not found and the profile of the Ni scaffolds could not 

be detected from the high magnification images. To better characterise the samples, the 

SEM images of the cross-sectional areas of the NP-glycol sample were detected and 

shown in Figure 6.1 (d) and (e). It displayed a similar morphology as the NP-SO 

samples, the Ni scaffolds were well wrapped in the PDMS filling. The good 

combination between Ni scaffolds and PDMS filling could be verified in Figure 6.1 (d). 

The existed internal porosities were also cross-authenticated from the enlarged area 

shown in the amplified image with high magnification in image (e). The pores were 

quite uniformly distributed, and the sizes of the pores also varied, which may come 

from the different volatilization behaviours. These internal porosities could act as the 

storage location for the infused anti-freezing liquids including glycol and glycerol. 
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Figure 6.2 (a) Optical microscope images (top view) of NP-glycerol; (b) and (c) SEM images 

of the surface morphology of NP-glycerol; (d) and (e) SEM images of the cross-sectional area 

of NP-glycerol. 

 

Then for NP-glycerol, the optical microscope images and SEM images of NP-glycerol 

were also shown in Figure 6.2. As indicated in Figure 6.2 (a), it was obvious that the 

size of the generated internal pores around the PDMS filling was much larger than that 

in NP-glycol. With the same weight percentage addition as glycol, the incorporated 

glycerol liquids were more likely to volatilize and diffuse away, resulting in the much-

increased number of pores. The Ni scaffolds underneath could also be observed from 
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the optical image. Image (a) showed a quite rough and hierarchical morphology. Due 

to the existing internal porosities, the surface morphology observed by SEM was also 

affected, as shown in Figure 6.2 (b) and (c), the as-prepared sample surface was no 

longer smooth and flat with a lot of fluctuations emerging which should mainly be 

ascribed to the porosities. Even though a lot of pores exist in the optical images, there 

were actually no pores on the sample surface. It needed to be noted that the surface of 

NP-glycerol was still intact without any surface pores. The volatilization behaviours 

changed the surface and made it a bit more hierarchical than that of NP-glycol, the 

measured surface roughness (as shown in Section 6.3) also indicated the change. To 

better illustrate the formed internal pores, the cross-sectional images were displayed in 

Figure 6.2 (d) and (e), which also showed the uniformly distributed pores inside the 

PDMS fillings, while the spherical shapes of the remaining pores also reflected the 

former locations of the infused glycerol before the curing treatment, as observed in 

Figure 6.2 (e). There were some interspaces between the PDMS filling and the Ni 

scaffolds, which may lead to weak adherence. The amplified image showed that the 

sizes of the pores ranged from 3 µm to 7 µm. Some of the remaining spaces could then 

be used to store the ambient air which acted as the gaseous phase. 

 

Figure 6.3 (a) to (e) showed the details of Ni-PDMS. As a comparison, no glycol or 

glycerol was added, it can be seen in Figure 6.3 (a) that no obvious pores could be found 

inside the sample surface, the Ni scaffolds underneath the PDMS layer with lighter 

colour was easy to be observed. While moving to the SEM observation, the sample 

surface exhibited regular smooth and flat topography and no obvious feature could be 

found in the images. Images with high magnification also indicated no surface features 

including cracks and pores, as indicated in images (b) and (c). When moving to the 

cross-sectional area shown in Figure 6.3 (d) and (e), no pore could be detected, 

displaying the intact cross-section morphology as well as the good adhesion between 

the PDMS and Ni scaffolds. The infusion of glycol and glycerol inside the PDMS filling 

could help with the formation of uniform distribution of internal pores, which further 

enabled the multi-phase structure system [386]. 
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Figure 6.3 (a) Optical microscope images (top view) of Ni-PDMS; (b) and (c) SEM images of 

the surface morphology of Ni-PDMS; (d) and (e) SEM images of the cross-sectional area of 

Ni-PDMS. 
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6.2 Surface Analysis of the As-prepared Samples 

6.2.1 Wetting performance and surface topography of Ni-PDMS sample 

modified by ice depressing liquid 

 

Figure 6.4 Surface roughness and wettability of Al, Al-PDMS, Ni-PDMS, NP-glycol and NP-

glycerol. 

 

The detailed wettability results as well as the surface roughness of NP-glycol, NP-

glycerol and reference samples were shown in Figure 6.4, respectively. The WCA of 

pure Al was around 100°, which could mainly be the promoting effect of the time-

dependent wettability, exhibiting the metastable hydrophobicity. The rough surface 

(with the measured surface roughness of 1.41 ± 0.03 μm) could introduce the huge 

specific surface area and lead to time-dependent wettability to the Ni scaffold substrate, 

the WCA would easily decrease after the adsorbed species and air pockets have been 

removed [130, 320]. For Al-PDMS, with a PDMS layer on top, the static WCA was a 

bit higher than that of Al. The measured roughness was also lower, only 0.75 ± 0.05 

μm. The displayed WCA was also close to the inherent value of pure PDMS polymer 
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[321, 387]. Then the WCA of Ni-PDMS was similar to that of Al-PDMS. They both 

reflected the exact wettability of pure PDMS without any modification. The surface 

roughness was also close to the value of Al-PDMS, only 0.76 ± 0.10 μm, indicating that 

the PDMS filling had nearly covered all of the surface porosities on Ni scaffolds. Table 

6.1 illustrated that the measured surface free energy of Al-PDMS was 38.2 mJ/m2. And 

the result of Ni-PDMS was 38.6 mJ/m2, which was close to each other. Then moving to 

NP-glycol, it was obvious to find that the WCA of NP-glycol was lower than the three 

reference samples, with the value of around 96.7 ± 2.4°. It was observed that no big 

difference occurred in the surface roughness, the Ra of NP-glycol was still as low as 

0.75 ± 0.07 μm. There would be some hydroxyl groups (-OH) existing on the sample 

surface. It also results in the increase of the surface apparent free energy, the surface 

free energy of NP-glycol was 39.8 ± 0.5 mJ/m2, which could be evidenced in Table 6.1.  

 

Table 6.1 Surface free energy results of Al-PDMS, Ni-PDMS, NP-20SO3Al, NP-glycol and 

NP-glycerol. 

Samples Surface free energy (mJ/m2) 

Al-PDMS 38.2±0.4 

Ni-PDMS 38.6±0.3 

NP-glycol 39.8±0.5 

NP-glycerol 38.4±0.4 

 

The increased surface free energy could help to enlarge the liquid-solid contact area and 

affect the hydrophobicity. Upon transition to NP-glycerol, the measured water contact 

angle (WCA) was found to be higher compared to that of NP-glycol, with a value of 

104.0 ± 1.1°. Additionally, the corresponding surface roughness, as measured by Ra, 

was determined to be 1.15 ± 0.02 μm. The glycerol was diffused into the PDMS on 

sample surface, which also increased the surface energy, with the value of 38.4 ± 0.4 

mJ/m2. However, the rough surface morphology of NP-glycerol posed more 
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contribution to the hydrophobicity, resulting in a higher WCA value. The difference in 

surface free energy between the samples could also explain the variation in ice adhesion 

strength, which would be further discussed in Section 6.3.3. 

 

6.2.2 Surface analysis using FTIR spectrum 

 

Figure 6.5 ATR-FTIR results of PDMS, glycol and PDMS-glycol. 

 

Figure 6.5 showed the ATR-FTIR results of PDMS-glycol, PDMS, and pure glycol 

(liquid). The detailed position of peaks corresponding to the functional groups with 

different chemical bonds was also demonstrated in Table 6.2. Peaks at 2960 cm-1, 2912 

cm-1, 1409 cm-1, 1258 cm-1 and 786 cm-1 were characterised by the presence of methyl 

(–CH3) functional groups on PDMS surface, which were also commonly used in Ref 

[355]. Among the referred positions, the peaks of symmetric -CH3 stretching and 

asymmetric -CH3 stretching were observed at 2960 cm-1 and 2912 cm-1, respectively. 

But for PDMS, the peaks of -CH3 appeared at the positions including 1409 cm-1, 1258 

cm-1 and 786 cm-1. The peak at 1009 cm-1 indicated the asymmetric deformation of Si-

O-Si. By comparing the data of glycol with PDMS, the most obvious difference in FTIR 

spectrum of glycol was the O-H stretching vibration located at 3385 cm-1 [388]. The 
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peak at 2916 cm-1 belonged to the asymmetric -CH2 stretching, while the one at 2865 

cm-1 was attributed to the symmetric -CH2 stretching of glycol. The C-C stretching 

vibration also appeared at the position of 1053 cm-1 as a peak with high intensity. It was 

not difficult to observe that there were also peaks that belonged to glycol that appear 

apart from the peaks of PDMS. This could also verify the mentioned surface 

morphology results shown in Figure 6.2 (b) that even some of the glycol volatilize, parts 

of the glycol could remain in the PDMS filling and participate in the cross-linking. 

 

For Figure 6.6, it indicated the ATR-FTIR results of pure glycerol (liquid) and PDMS- 

glycerol. The results of PDMS were also used to guide the position references. Table 

6.2 showed the results of specific corresponding peak positions of functional groups 

containing different chemical bonds [389]. Among the spectrum of glycerol, there was 

an intensified absorption peak at 3301 cm-1 that was characterized by -OH stretching. 

Similar to the spectrum of glycol, there were also two peaks of -CH2 stretching located 

at the positions of 2930 cm-1 (asymmetric -CH2 stretching) and 2880 cm-1 (symmetric 

-CH2 stretching), respectively. The -OH stretching could still be observed among the 

PDMS-glycerol spectrum, displaying decreased peak intensity. The reason could be 

ascribed to the low content of glycerol inside the sample (only 20 wt%). Several -CH3 

stretching peaks belonging to PDMS could also appear in the spectrum of PDMS-

glycerol, as well as the C-OH stretching peak (containing -OH functional group) which 

came from the glycerol. It turned out that there was some glycerol contributing to the 

diffusion into PDMS even though some glycerol volatilized during the curing process, 

which was quite similar to the FTIR results of PDMS-glycol. 
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Figure 6.6 ATR-FTIR results of PDMS, glycerol and PDMS-glycerol. 

 

Table 6.2 Obtained ATR-FTIR peaks of the various functional groups presented on PDMS, 

glycol, PDMS-glycol, glycerol, PDMS-glycerol surfaces [389]. 

Peak position Wavenumber (cm-1) Functional group 

1 3300~3390 Stretching vibration of O-H 

2 2960 Symmetric -CH3 stretching in ≡Si-CH3 

3 2912 Asymmetric -CH3 stretching in ≡Si-CH3 

4 2915~2930 Asymmetric -CH2 stretching 

5 2860~2880 Symmetric -CH2 stretching 

6 1409 Deformation vibration of -CH3 

7 1258 Deformation vibration of -CH3 

8 1053 Stretching vibration of C-C 

9 1009 Si-O-Si asymmetric deformation 

10 920 Stretching vibration of C-OH 

11 786 CH3 rocking in -Si-(CH3)2 
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6.2.3 Shore hardness analysis 

 

Figure 6.7 Shore hardness results of pure PDMS, PDMS-glycol and PDMS-glycerol. 

Figure 6.7 depicted the values of shore hardness of involved samples including PDMS, 

PDMS-glycol and PDMS-glycerol. For certain samples, as was reported, the shore 

hardness could be utilized to evaluate the elastic modulus confirmed using other typical 

methods [317]. The PDMS showed a hardness of about 37.6 ± 1.1 (Shore A hardness), 

which was the highest among the three samples. For PDMS-glycol, the hardness 

suffered an obvious decrease to only 19.4 ± 0.9 (Shore A hardness). The reason could 

be the soften effect derived from the glycol infusion. The PDMS-glycerol showed the 

value of 25.2 ± 1.9 (Shore A hardness), which was in between the values of PDMS and 

PDMS-glycol.  
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6.3 Surface Icephobicity and Durability Evaluations of Ni-PDMS 

Sample Modified by Ice Depressing Liquid 

6.3.1 Icing delay performance of water droplets 

Figure 6.8 showed the detailed processes of ice formation results in anti-icing tests on 

different surfaces including Al, Al-PDMS, and Ni-PDMS. A thin icing layer would first 

emerge at the interfacial area between the liquid-solid areas. It then grew slowly from 

the interface to the top region of the droplet. The phenomenon showed that the ice nuclei 

would first form at the liquid-solid interface and then gradually grew into ice crystals, 

which continued to spread from the interfacial area to the topped area until the icing 

process was completed. The nucleation type that nucleates at the liquid-solid interface 

firstly was recognized as heterogeneous nucleation process [390]. 

 

Figure 6.8 Typical ice formation processes on different surfaces: 1. Al, Al-PDMS, and Ni-

PDMS; 2. NP-glycol and NP-glycerol. 

 

While for NP-glycol and NP-glycerol, the specific ice formation processes were 

displayed in image set 2 of Figure 6.8. No thin icing layer would appear but the color 

of the supercooled droplets changed from transparent to white rapidly at specific 

timepoints, and phase change of the whole droplet was then completed quickly. Two 

different ice nucleation mechanisms appeared during the icing phenomena, which are 

termed as heterogeneous and homogeneous nucleation. Here, homogeneous nucleation 
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indicates equal probability of nucleation all over the places in the system, regardless of 

the effect of external particles or surface presence. For heterogeneous nucleation, it 

could be more easily induced with a lower nucleation free energy, since an existing 

solid surface is able to reduce the energy barrier for the ice nucleation [206]. 

 

Figure 6.9 Icing durations of supercooled droplets on different sample surfaces. 

 

The icing durations of NP-glycol, NP-glycerol and reference samples were shown in 

Figure 6.9, respectively. The columns indicated the ice delay time. It is an important 

parameter for icephobicity evaluation and reflects the duration required for a water 

droplet to become ice on certain surfaces with constant temperature [15]. It is also 

closely related to the ability of thermal transmission at the apparent solid-liquid contact 

interface [391]. The droplets remaining on a cold surface would lose heat to the cold 

substrate through thermal conduction. The icing time of pure Al plate was only 9.1 ± 

1.2 s, which was the shortest among the samples. This could be ascribed to the good 

thermal conductivity of Al plate (the thermal conductivity of Al could reach 237 

W·m/K, which is fairly high), and the thickness of Al plate is also very thin (only around 

50 μm), which makes the thermal transfer more effectively. With the coverage of PDMS 
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layer in Al-PDMS, the surface energy was decreased and the overall thermal resistance 

also increased, the value of icing delay duration was prolonged to 27.2 ± 2.7 s. Some 

hydrophobic characteristic was also introduced to the sample. While for Ni-PDMS, 

considering the replaced Ni scaffolds and filled PDMS, the whole thermal resistance 

could further increase, leading to the icing time of 61.8 ± 3.1 s. Then for NP-glycol and 

NP-glycerol, the icing process on NP-glycol and NP-glycerol had been significantly 

delayed with respect to the substrates and the two samples took prolonged periods of 

153.7 ± 2.5 s and 209.7 ± 4.5 s, respectively.  

 

For example, the static water droplet icing delay duration on sample with 20 % glycerol 

infused inside polyurethane matrix was 364 s measured at -10 ºC while the distilled 

water droplets froze in only 7 seconds on the aluminium substrates [43]. The icing delay 

performance derived from the static anti-icing experiments of lubricant-infused (with 

glycol incorporation) on ultra-slippery aluminum alloy surfaces at -10 °C was 120 s [392]. 

Upon comparison with the obtained data from previous literature, it is evident that NP-

glycol and NP-glycerol exhibited better anti-icing properties. 

 

6.3.2 Anti-frost performance by frost growth tests 

 

Figure 6.10 Surfaces images of Al, Al-PDMS, Ni-PDMS, NP-glycol and NP-glycerol. 
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The static frost formation tests were carried out to evaluate the anti-icing performance 

of the involved samples. The surface images reflecting the detailed conditions of the 

samples before and after the frost formation tests including Al, Al-PDMS, Ni-PDMS, 

NP-glycol and NP-glycerol were displayed in Figure 6.10, respectively. Figure 6.11 

displayed the mass of formed glaze per unit area on different samples. Here, the mass 

of the formed glaze on certain surfaces indicated the anti-icing performance. The frost 

formation process consists of three steps: crystal growth period, frost layer growth 

period, and frost layer full growth period. During the crystal growth period, ice crystals 

formed on the cold surface. With deteriorated wettability, there would be more rod-type 

crystals on the surface and more frost branches would form later and lead to the 

increased formed glaze [393]. 

 

Figure 6.11 Increased mass of formed glaze on Al, Al-PDMS, Ni-PDMS, NP-glycol and NP-

glycerol. 

 

There was glaze formed indiscriminately on the Al surfaces. It could be seen that the 

Al surface was fully covered by the formed frost after the tests and there was a lot of 
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glaze ice scattered on the sample surface. The glaze formed per unit area on Al reference 

sample was 8.3 ± 1.2 mg/cm2. The large volume of formed glaze could come from the 

lowered hydrophobicity. The hydrophilic surfaces could supply a lot of hydrophobic 

defects and act as the ice nucleation points and help with frost formation. While for Al-

PDMS, with a prepared PDMS layer on top and the relatively low surface roughness, 

the value was lower than before, around 7.1 ± 0.9 mg/cm2. It can be seen in Figure 6.10 

that the formed glaze was less than before. With PDMS layer coverage, the surface 

hydrophobicity was improved and the surface morphology was also smoother and 

flatter than before. When moving to Ni-PDMS, the Ni scaffolds were used to replace 

the Al plate substrate. The formed glaze per unit area kept decreasing to 5.1 ± 0.8 

mg/cm2. After the frost formation, the surface was a bit different from before, the whole 

surface was fully covered by the formed frost. The improved hydrophobicity helped 

with the low glaze formation under a high humidity environment. The results were also 

consistent with the conclusion obtained before, the anti-icing performance also 

improved. As for NP-glycol and NP-glycerol, the measured values of the formed glaze 

per unit area were similar to each other, which were also the lowest among the samples, 

4.7 ± 0.7 mg/cm2 and 4.5 ± 0.6 mg/cm2, respectively. The remaining hydroxyl groups 

released from ice depressing liquids on the sample surfaces could decrease the freezing 

point, less glaze could form. The images in Figure 6.10 also indicated the obviously 

decreased the glaze formation. The increased hydrophobicity would lower the 

possibilities of moisture condensation on the coating surfaces [394]. 

 

6.3.3 Evaluation of ice adhesion strength and durability of Ni-PDMS sample 

modified by ice depressing liquid 

 

Figure 6.12 showed the detailed variations of ice adhesion strength values of the 

reference samples including Al and Al-PDMS during the 50 icing/de-icing cyclic tests. 

The values represented the measured shear strengths. It indicated how easily the formed 

ice could be removed from the substrate. As well known, icing is an inevitable process 
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under the condition of sufficient supercooling [395]. The measured ice adhesion 

strength of Al was maintained at around 217.9 ± 6.4 kPa during the cycles, exhibiting 

little changes, which showed the good durability of pure Al metallic surface. This also 

indicated that the ice formed on the Al plate conformed to the Wenzel state. Ice adhesion 

strength is largely related to hydrogen bonding, van der Waals forces, and electrostatic 

interaction. Among them, the electrostatic interaction could be the dominant factor [24]. 

Icephobic coating with low surface energy would lower the electrostatic interaction 

between ice and the layer surface. So for Al-PDMS, the initial ice shear strength 

decreased sharply to around 106.0 ± 3.5 kPa when the Al surface was covered with a 

layer of PDMS possessing hydrophobicity and low surface free energy. With the cycles 

undergoing, there was also some increase in the ice adhesion strength. Some breakages 

could be observed on the surface of Al-PDMS after 30 cycles. The partial PDMS layer 

was removed and the Al substrate was exposed, which led to the deterioration of 

icephobicity. The reason could be the repetitious deformation of the PDMS layer 

surface under the loads during the cyclic tests which mainly come from the relatively 

low elastic modulus. The repetitious deformation could lead to damage to the PDMS 

layer. 

 

Figure 6.12 Variations of ice adhesion strength values of Al, Al-PDMS during 50 icing/de-

icing cycles. 



Chapter 6 Icephobic Layer System Modified by Ice Depressing Liquids 

216 

 

Figure 6.13 Variations of ice adhesion strength results of Ni-PDMS, NP-glycol and NP-

glycerol during 50 icing/de-icing cycles. 

 

Figure 6.13 shows the detailed changes in ice adhesion results of NP-glycol and NP-

glycerol as well as Ni-PDMS. While for Ni-PDMS, with the addition of Ni scaffold, 

the ice adhesion strength has further been decreased to 29.8 ± 2.9 kPa. Here, the full 

coverage of PDMS layer reduced the surface free energy significantly. Then the ice 

adhesion strength of NP-glycol and NP-glycerol were around 1.1 ± 0.2 kPa and 0.7 ± 

0.1 kPa, respectively. The low ice adhesion may come from a combined factor of, ice 

depressing liquid infusion and multi-phase construction. There was large mismatch in 

elastic modulus between the metallic scaffolds and the polymer filling, which could 

initiate different micro-distortions between the Ni scaffolds and PDMS matrix. It could 

help with the micro-crack initiation at the solid-ice interfaces and the decrease of ice 

adhesion strength. The combination of Ni scaffolds and modified PDMS built a unique 

interconnected structure which could disperse the load to other larger regions of the Ni 

scaffolds/PDMS network structure. Therefore, the shear strength remained stable 

during the whole icing/de-icing cycles. The micro-crack initiation mechanism could 

further be enhanced with the introduction of porosity in the matrix. As shown in Figure 
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6.13, the ice adhesion strength was decreased to lower than 2 kPa. Because of the 

differences among the internal porosity size and hardness among NP-glycerol and NP-

glycol, the differences could lead to larger difference in elastic modulus. While the 

surface roughness posed little influence on the ice adhesion strength, the ice adhesion 

strength of NP-glycerol was lower even though the surface roughness of NP-glycerol 

is larger than that of NP-glycol.  

 

To demonstrate the de-icing performance of the as-prepared samples, a selection of 

representative cases are referenced for comparative analysis. For example, the ice 

adhesion strength of glycerol triglycidyl ether modified PDMS sample remained similar 

to the value in the first test ~ 30 kPa after 20 icing/deicing cycles [239]. In addition, the 

slippery liquid-injected porous surfaces could maintain their low ice shear strength after 

20 icing/de-icing cycles around 40.56 kPa to 64.58 kPa [377]. Compared with the 

referred literature results, NP-glycol and NP-glycerol show fairly competitiveness, 

which can fully meet the identified low ice adhesion standard (τ < 30 kPa) [396].  

 

6.4 Icing and De-icing Studies via ESEM Observation 

 

6.4.1 Icing formation process 

Figure 6.14 (a) and (b) showed the big differences on surfaces of NP-glycol samples 

being/ without being wet. It could be obviously found that water droplets with different 

spherical sizes scattered on the surfaces when compared with the ones without being 

wet. The WCA could be reflected from the displayed formed water droplet. There was 

no obvious preference for the condensed droplets to gather on NP-glycol. With the 

condensed water, the hydrophobic characteristic could be confirmed. Figure 6.14 (c) 

indicated the supercooled water left after the droplet evaporation when icing progress 

occurred simultaneously. Once the transition from water to ice took place, the water 

molecules in the ambient atmosphere could integrate with the ice nucleus and form ice 
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crystals, which also lowered the humidity inside the chamber. It was noted that the icing 

of water was an exothermic reaction, the released heat could also increase the 

temperature inside the ESEM chamber. The sudden changes in both humidity and 

temperature could result in the evaporation of water droplets on the surface, leaving 

some remaining supercooled water. 

 

 

 

Figure 6.14 Water condensation and icing behaviour on NP-glycol via ESEM observation: (a) 

As-prepared surface (b) Condensed water distribution (c) Remained supercooled water after 

evaporation. 
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Figure 6.15 Ice formation and spread processes on NP-glycol via ESEM observation (a) to (e) 

ice growth from left to right. 

 

Because of the good surface icephobicity, an ice nucleus would first form on the sample 

holder that was made up of aluminium alloy, and the growing ice then spread to the 

sample surface. As shown in Figure 6.15 (a) to (e), the ice could grow along with the 

direction that the existing supercooled water spread when the expansion of the ice 

boundary merged with the remaining supercooled water. These remaining supercooled 

water could help to speed up the ice crystals spread on iced surface. The areas with 

remaining supercooled water seemed to have preferences for icing. 
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Figure 6.16 Water condensation and icing behaviour on NP-glycerol via ESEM observation: (a) 

As-prepared surface; (b) Condensed water distribution; (c) Remained supercooled water 

droplets after evaporation. 

 

Figure 6.16 (a) and (b) also showed the variations in the sample surface on NP-glycerol 

being/without being wet. Due to the slight hierarchical surface morphology, the 

dispersed water droplets could not appear as the regular spherical shape, but showed as 

the ordinary big pieces of water, they merged with each other without showing any 

regular rules. Once ice formed on the sample surface, the remaining water droplet also 

evaporated instantly, only leaving some tiny supercooled water droplets scattered at the 

shallow cavities of the surface. The ice crystals at the boundary areas could combine 

with the water molecules and further promote the movement of the ice while the formed 

ice kept spreading to these droplets. 
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Figure 6.17 (a) to (e) Ice formation and spread processes on NP-glycol via ESEM observation. 

 

Snapshot images of the nucleation and growth of ice on NP-glycerol were shown in 

Figure 6.17. In Figure 6.17 (a), there was already a large piece of formed ice covering 

the surface. The images demonstrated that ice formed discriminately over the surface 

on condensated supercooled droplets. There were several condensated supercooled 

droplets distributed on the surface, as red circled in the images. The initiated ice crystal 

would grow from the left side to the central area as indicated in Figure 6.15 (b) to (e). 

The area with condensated supercooled droplets was more likely to form ice. These 

condensated supercooled droplets would act as the preferential ice nucleation sites to 
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form ice and finally lead to the full coverage of ice on the surface. It is reported that the 

saturated water vapour pressure around the condensated supercooled droplets would 

always be higher than the ice-covered area at a constant temperature. Because of this, 

some of these condensated supercooled droplets would evaporate and migrate into the 

ice crystal, which could form ice bridges toward the condensates [397]. If an ice bridge 

touched the nearby condensated droplet, the supercooled droplet would freeze much 

more quickly. The phenomenon could be explained by Wegener-Bergeron-Findeisen 

process in meteorology: the propagation characteristic of ice crystal which comes from 

the saturated water vapour pressure difference between formed ice and supercooled 

droplets [398]. Because of the smooth surface topography, the formed ice block would 

have much less contact area with the sample surface, this could also be favourable for 

reducing the ice adhesion strength, which has been further verified in Section 6.5. 

 

By comparing Figure 6.15 and Figure 6.17, it could be easy to find the degree of 

promoting effect of supercooled water droplets for ice growth on sample surfaces of 

NP-glycol and NP-glycerol vary because the existing form of supercooled water 

droplets on them had exhibited relatively large differences. The growth rate of ice on 

NP-glycerol was much lower than that on NP-glycol, which was also consistent with 

the results from ice delay tests shown in Section 6.4. 
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6.4.2 Ice diminishing process 

 

Figure 6.18 Ice diminishing process on NP-glycol (a) t=0 s (b) t=50 s (c) t=80 s (d) t=130 s. 

 

Figure 6.18 showed the ice retardation process on NP-glycol. With reduced system 

humidity, sublimation would occur and ice diminishment would take place. The surface 

morphology of NP-glycol remained unchanged during the whole process. The edges of 

the formed ice also changed into angular shape from the initial rounded shape, as 

indicated in Figure 6.18 (a) to (b). With time going on, the ice layer kept becoming 

thinner. The direction of ice retraction was also opposite to the ice growth and spread 

direction. Considering the smooth and flat surface, no ice anchoring or retardation of 

ice movement was found. The only difference was that it took around 130 s for the 

whole ice layer to sublimate, which was much quicker. And it indicated a thinner ice 

layer thickness, which showed that the ice layer spread could be easier than that of NP-

glycol. 
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Figure 6.19 Ice diminishing process on NP-glycerol (a) t=0 s (b) t=75 s (c) t=150 s (d) t=225 s 

(e) t=300 s (d) t=375 s. 

 

Figure 6.19 showed the diminishment process of ice on NP-glycerol. The whole process 

seemed to be quite similar to that of NP-glycol. It could be found that the surface 

morphology of NP-glycerol maintained intact when the ice crystal receded during the 

sublimation. From Figure 6.19 (a) to (b), the ice layer seemed to become thinner. The 

thickness of the ice layer kept reducing with reduced system humidity. The edges also 

changed from rounded to angular, as shown in image (d). The main changes took place 
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on the formed surface ice block, less phenomenon between the sample/ice interfaces 

could be found until image (d). The disappearance direction of the formed ice crystal 

was just the opposite of the propagation direction. It took more than 300 s to finish the 

whole process, and no surface damage could be found on the surface. With smooth and 

flat surface, there was also no ice anchoring or retardation of ice movement observed 

during the whole process. This could also verify the low value of ice adhesion strength, 

indicating good potential in de-icing applications. 

 

6.5 Relationship between Structure Icephobicity/Durability 

Improvements with Ice Depressing Liquid Incorporation 

6.5.1 Influence of ice depressing liquid incorporation on sample structures 

 

Figure 6.20 Schematic diagram indicating the effect of ice depressing molecules on the 

sample structures during the curing process. 
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The additions of ice depressing liquid and Ni scaffold made huge differences in the 

structure and the icephobic performance. Figure 6.20 illustrated the influence of ice 

depressing liquid on the sample structures during the curing process. As indicated in 

the Section 6.1.2, the ice depressing liquid suffered the volatilization and diffused out 

during the curing treatment. Ice depressing liquid could distribute inside the PDMS 

matrix in the form of droplets. Some portions of the ice depressing liquid were released 

slowly. Some of the ice depressing molecules still remained inside the matrix [399]. 

Due to the differences in interfacial tension between the PDMS resin and the infused 

liquid (including glycol and glycerol), there would be big variations among the 

dimension and density of the formed internal porosities which came from the curing of 

the mixtures derived from the difference in dispersed states [400]. By comparing the 

FTIR spectrum results of pure PDMS, the -OH stretching was found to be the 

supporting evidence of the existence of ice depressing liquid. Some portions of the ice 

depressing liquid were dispersed inside PDMS cross-linked network. The results 

proved that there would be ice depressing liquid molecules remaining inside the 

samples even if some volatilization has taken place during the post-baking treatments. 

 

6.5.2 Effect of different oil infusions in delaying ice formation 

 

Figure 6.8 indicated the two different ice nucleation behaviours including 

heterogeneous and homogenous nucleations. The nucleation process at the liquid-solid 

interfaces (shown in Set 1) was recognized that the heterogeneous nucleation played a 

dominant role throughout the whole process [390]. As for Set 2, when nucleation took 

place indiscriminately both inside the droplet and at the gas-liquid interfaces [401], the 

homogenous nucleation contributes the majority of the whole phase change process. 

Due to the different nucleation processes, the icing durations of water droplet on 

samples with ice depressing liquids was much longer than that on samples without any 

addition. The relationships between the free energy barrier of homogenous nucleation 

and heterogenous nucleation could be described by equation (6.1) [335]: 
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∆𝐺ℎ𝑒𝑡𝑒 = ∆𝐺ℎ𝑜𝑚𝑜𝑓(𝑚, 𝑥)                     (6.1) 

 

where  ∆𝐺ℎ𝑒𝑡𝑒  and ∆𝐺ℎ𝑜𝑚𝑜  represent the free energy barrier of heterogeneous 

nucleation and homogenous nucleation, respectively. 𝑓(𝑚, 𝑥) is the geometric factor, 

with the range from 0 and 1. Therefore, the energy barrier overcome by homogeneous 

nucleation during the ice nucleation is always larger than that of heterogeneous 

nucleation. The ice delay duration of samples with ice depressing liquids (mainly 

homogeneous nucleation) would be longer when compared with the value of samples 

without ice depressing liquids infusion. 

 

Combined with the surface chemistry analysis, it indicated that the hydroxyl groups 

play vital roles in delaying the ice formation which mainly comes from the ice 

depressing molecules. The hydroxyl groups could form hydrogen bond networks with 

free water molecules, which also decreased the effective concentration variation 

between ice and the free water molecules [402]. Therefore, the freezing point of the 

water droplet at the solid-liquid interfaces decreased. 

 

The relationship between Gibbs free energy (ΔG) and ice embryo radius (r) shows that 

if the radius of the ice embryo is higher than the critical value rc, the growth of the ice 

embryo in energy aspects could help more with the homogenous nucleation [112]. It is 

thought that the water molecules at the gas-liquid interface contributed more to the 

growth of ice embryos than that at the solid-liquid interface, thus promoting the 

homogenous nucleation progress. 

 

Ice nucleation delay time 𝜏 was related to the nucleation free energy ∆𝐺𝑛, as shown 

in equation (6.2) [379]: 

 

                      𝐽(𝑇) = 𝜏−1 = 𝐾𝑒𝑥𝑝(−
∆𝐺𝑛

𝑘𝐵𝑇
)                    (6.2) 
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∆𝐺𝑛 can be further calculated by equation (6.3) [403, 404]: 

 

                   ∆𝐺𝑛 =
16𝜋𝛾𝑙𝑤

3

3∆𝐺𝑣
2  𝑓(𝑚, 𝑥)                   (6.3) 

 

Here, ∆𝐺𝑣 represents the volumetric free energy during the phase-change, which can 

be calculated by equation (6.4): 

 

                      ∆𝐺𝑣 =  ∆𝐻𝑣
(𝑇𝑚−𝑇)

𝑇𝑚
                     (6.4) 

 

where 𝐽(𝑇)  shows the nucleation rate, 𝑘𝐵  is the Boltzmann constant (non-

dimensional), 𝐾  is kinetic constant. ∆𝐻𝑣  represents the enthalpy of phase-change, 

𝑇𝑚  means phase-transition temperature and 𝛾𝑙𝑤  is ice-water interfacial 

energy. 𝑓(𝑚. 𝑥) is a surface factor that is governed by the energy and geometry of the 

involved interfaces. The value of 𝑓(𝑚. 𝑥) is in the range from 0 to 1. 

 

Ice depressing molecules addition was used to decrease freezing point of water (𝑇𝑚), 

so ∆𝐺𝑣 would decrease and ∆𝐺𝑛 then increase. Besides, the value of 𝑓(𝑚, 𝑥) equals 

to 1 when the homogenous nucleation takes place, and ∆𝐺𝑛 increases. To summarize, 

the addition of ice depressing liquid contributes to the increase of the icing duration τ. 

 

6.5.3 Evaluation of mechanical durability 

Although the introduction of ice depressing molecules shows good advantages in ice 

formation delay, surfaces that incorporate hydroxyl groups can in turn increase ice 

adhesion through the hydrogen bonding. Multiphase icephobic layer construction was 

designed to minimize the effect of hydroxyls to surfaces and lower the ice adhesion 

strength. The introduction of ice depressing molecules also helped with the formation 

of the porous polymer matrix, forming the three phase structures (porosity/metallic 

scaffold/polymer). The mismatch in elastic modulus between the metallic scaffolds and 

the matrix further promoted the initiation of the micro-crack on the surface. 
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The values of ice adhesion strength of different samples during 50 icing/de-icing cycles 

were shown in Figure 6.12 and Figure 6.13. It indicated that the ice adhesion strength 

of both NP-glycol and NP-glycerol were always maintained at 1.1 kPa and 0.7 kPa 

during the whole 50 cycles. The extremely low value of ice adhesion strength mainly 

comes from the multi-phase structure of NP-glycol and NP-glycerol. The introduction 

of ice depressing liquid could help to form the porous polymer, which further 

contributes to the three-phase system (porosity/metallic scaffold/polymer). The 

difference in the elastic modulus further promoted the initiation of micro-cracks on the 

surface. Because the size and distribution density of internal porosity in NP-glycerol 

was obviously larger than that in NP-glycol, it also led to a larger difference in elastic 

modulus. While for surface roughness, it could pose less effect on the ice adhesion 

strength than elastoplastic difference, the ice adhesion strength of NP-glycerol was just 

below that of NP-glycol even though the surface roughness of NP-glycerol was larger 

than the Ra of NP-glycol. 

 

 

Figure 6.21 Weight maintenance ratio variations of different samples during 50 icing/de-icing 

cycles. 
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Figure 6.21 depicted the variation in the mass of the involved samples during the 50 

icing/de-icing cycles. There was no big change taking place in the mass of the tested 

samples except for the breakage of PDMS layer in Al-PDMS, leading to some mass 

decrease, which was also mentioned in Figure 6.12. For other samples, especially the 

NP-glycol and NP-glycerol, the introduction of Ni scaffold could improve their 

mechanical durability. This also proved the good durability enhancement of the Ni 

scaffold addition to the PDMS polymer. The combination between Ni scaffolds and 

polymer helped to enable the good icephobic stability of NP-glycerol and NP-glycol. 

 

6.6 Summary 

In this work, the multi-phase icephobic system that was made up of gas (internal 

pores)/polymer/metallic scaffold was designed and prepared. With the introduction of 

ice depressing liquids, there would be hydroxyl groups attached to the surface on the 

one hand, which could integrate with the water molecules and form the hydrogen-bond 

network. This would decrease the effective concentration between the formed ice and 

the unbound water molecules, leading to a lower freezing point at the interfaces. This 

also in turn improved the anti-icing performance of the as-prepared sample. On the 

other hand, because of the formed internal pores caused by the partial evaporation of 

ice depressing liquid and also the combination with the metal scaffold/polymer 

interconnected structure, it could help to form the multi-phase composite structure. In 

this case, the elastic-plastic difference between the various phases of the system 

increased, which promoted the initiation of surface micro-cracks and introduce a 

reduction to the ice adhesion strength. The de-icing ability has also been improved. The 

freezing duration of supercooled water droplets at -20 ºC was delayed to as large as 

153.7 ± 2.5 s and 209.7 ± 4.5 s on the surfaces of NP-glycol and NP-glycerol, 

respectively. The ice adhesion strength of the two samples also remained at around 1.1 

± 0.2 kPa and 0.7 ± 0.1 kPa after 50 icing/de-icing cyclic tests. NP-glycol and NP-

glycerol showed more stability and lower ice adhesion strength in a higher quantity of 
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icing/de-icing cyclic tests compared to the reported findings [260, 318, 405-409]. The 

incorporation of ice depressing liquid, as well as the combination with metallic scaffold 

and polymer, could unfold the full potential of icephobic structures in ice protection 

areas.  

 

Table 6.3 Ice adhesion strength results of reported icephobic surfaces versus icing/de-icing 

cycles 

Reference Surface type 

Ice adhesion 

1st cycle 

(kPa) 

Icing/de-icing 

cycles 

Last cycle 

(kPa) 

This work 
NP-glycol 

NP-glycerol 

1.1 

0.7 

50 

50 

1.2 

0.8 

Wang [405] LP-OG 2.0 35 8.1 

Donadei [406] 

Zhan [260] 

Henna [407] 

LIC3 

SLI-EG 

Perfluorinated oil 

23.0 

1.0 

8.0 

4 

3 

4 

63.0 

21.0 

10.0 

Kim [318] 

50%SO (100cst) 

50%SO (350cst) 

70%SO (100cst) 

70%SO (350cst) 

10.2 

16.3 

5.3 

8.3 

20 

20 

20 

20 

15.0 

20.8 

24.1 

18.9 

Sun [408] 
SHN1-1 6 10 29 

TSN1-1 14 10 37 

Deng [409] LIMNSMC 19.0 10 86.0 
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

The aim of this work was to investigate and design novel icephobic structures with 

prospective utilization in the aerospace sectors. The literature review in Chapter 2 

encompassed an examination of the importance of ice protection, principles and 

theories underlying icephobicity, surface wettability, challenges, and perspectives in 

associated domains. Standard and custom-built equipment were used to conduct in-situ 

characterisation, icephobic evaluations and durability analysis on the developed 

substrates as detailed in Chapter 3. This study examined three icephobic structures with 

unique concepts, namely the incorporation of Ni scaffolds to alleviate oil depletion in 

the PDMS-silicone system (Chapter 4), the application of phase change liquid to extend 

the icing delay time at the solid-liquid interface (Chapter 5), and the addition of ice 

depressing liquid to improve the anti-icing properties of the surface (Chapter 6). The 

three icephobic structures demonstrated low ice adhesion strength attributable to the 

micro-cracks initiation caused by the discrepancy in the elastic modulus of the multi-

phase constructions. The experimental study was meticulously designed to achieve an 

equitable research outcome on the fundamental aspects of icephobicity investigation 

and to impart the understanding for the innovative and durable icephobic structures. 

 

Initially, Ni scaffolds with microporous structures was incorporated into the LIS 

construction, followed by the application of PDMS with varying silicone oil content 

through vacuum impregnation and spinning coating techniques. The processing 

parameters for the layer structure preparation were investigated. The inclusion of Ni 

scaffolds facilitated stress redistribution during de-icing, thereby safeguarding the LIS 

material from external loads and impacts. The experimental outcomes suggest that the 

incorporation of Ni scaffolds and PDMS modified with 40 wt% silicone oil addition 

(NP-40SO) yielded surfaces that were smooth and flat with a surface roughness value 

of 0.81 ± 0.13 µm. The NP-40SO surfaces exhibited exceptional icephobic 
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characteristics, as evidenced by the ice adhesion strength value of 1.6 ± 0.2 kPa, which 

was significantly lower than that of conventional surfaces. Furthermore, the NP-40SO 

surfaces displayed remarkable de-icing performance stability even after undergoing 50 

icing/de-icing cycles In addition, the anti-icing mechanisms of NP-40SO were 

investigated through ice/frost formation tests and Environmental Scanning Electron 

Microscopy (ESEM) observation. The wetting behavior of water contact angle (WCA) 

of 111.75° and contact angle hysteresis (CAH) of 4.2° were also recorded. With the 

increasing addition of silicone oil, the measured hardness and surface free energy of the 

NP-SO samples decreased. The increase in the actual nucleation free energy barrier 

during the freezing process resulted in a delay in ice nucleation at the liquid-solid 

interface and an extension of the icing duration. Specifically, the icing duration was 

prolonged by approximately 20 seconds, as the NP-50SO samples had an average icing 

duration of 80 ± 3.1s compared to the Ni-PDMS surface. The inclusion of Ni scaffolds 

during the de-icing process aided in stress redistribution, which effectively protected 

the LIS structures from external loads and impacts. Additionally, it prevented quick 

depletion of infused oil lubricants caused by large polymer deformation. The 

multiphase construction significantly reduced oil depletion by over three times after 50 

cycles of anti-icing/de-icing tests, thus addressing concerns regarding oil depletion in 

extended service environments. Moreover, the multiphase LIS construction promoted 

the initiation of micro-cracks at the solid-ice interfaces, which facilitated easy ice 

detachment. The NP-SO samples with Ni scaffolds showed an ice adhesion strength of 

down to 2.0 ± 0.7 kPa after 50 cycles of anti-icing/de-icing tests, while samples without 

Ni scaffolds exhibited surface damage after only 30 cycles. 

 

Phase change liquids were introduced into a multi-phase icephobic structure composed 

of Ni scaffolds and PDMS to enhance its anti-icing performance. Two phase change 

materials, groundnut oil and coconut oil, with varying phase change temperatures were 

chosen along with silicone oil as a reference material and were incorporated into the Ni 

scaffolds/PDMS system. The phase change liquids were able to absorb and release heat 

over a specific temperature range during the phase change process. The release of heat 
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from the phase change material could raise the temperature on the sample surface, 

which could delay the icing process of the supercooled water droplet. Ni 

scaffolds/PDMS modified with 20 wt% groundnut oil and 3 wt% Alumina aerogel (NP-

20GO3Al) were prepared to enhance the anti-icing performance of the multi-phase 

icephobic structure. The surface chemical properties of NP-20GO3Al were analyzed 

using FTIR spectrometry and differential scanning calorimetry, which showed that 

groundnut oil was diffused into PDMS matrix and the phase change properties (phase 

transition temperature interval: -16.0 ºC to 2.4 ºC) of PDMS were well retained. The 

heat transfer efficiency during the phase change was 3.2 J/g. Environmental Scanning 

Electron Microscopy (ESEM) observations revealed the importance of the phase 

change liquid and the presence of the oil layer in delaying the icing time to 78 ± 2.9 s 

and reducing the formed frost per unit area to 3.7 ± 0.6 mg/cm2. Moreover, the freezing 

time of droplets on the sample surface was found to be 7-8 times longer compared to 

that observed on aluminum alloy. The actual freezing temperature of the water on the 

samples surface was reduced to -10 ºC. The ice adhesion strength was maintained at 

around 9.8 ± 1.2 kPa during the 50 icing/de-icing cyclic tests due to the addition of Ni 

scaffolds. The mechanism identified in this study could be transferable to other 

icephobic coatings and surfaces. 

 

In order to reduce the freezing points of water on the sample surface, ice depressing 

liquid was introduced into the Ni scaffolds/PDMS. Glycol and glycerol were selected 

as the ice depressing liquids infused in the Ni scaffolds/PDMS system. SEM results 

indicated the formation of internal pores in the multi-phase structures, while the ice 

depressing liquid experienced volatilization and diffusion during the curing process. 

However, the surface of the structure remained smooth, without visible pores, and the 

roughness remained at Ra≈1 μm. The incorporation of ice depressing liquids in the form 

of glycol and glycerol facilitated the formation of a porous polymer, thereby 

contributing to the development of a three-phase system that included porosity, metallic 

scaffold, and polymer. This system was observed to initiate micro-cracks on the surface 

due to the difference in the elastic modulus. The study found that the retention of 
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significantly low ice adhesion strength (1.1 ± 0.2 kPa and 0.7 ± 0.1 kPa, respectively) 

was achieved for 50 icing/de-icing cycles by incorporating glycol and glycerol in the 

multi-phase structures. In contrast, the reference value for Ni-PDMS samples was 29.8 

± 2.9 kPa. The freezing duration of supercooled water droplets at -20 ºC was delayed 

to 153.7 ± 2.5 s and 209.7 ± 4.5 s on the surfaces of NP-glycol and NP-glycerol, 

respectively. This can be attributed to the formation of hydrogen bond networks 

between the hydroxyl groups and the free water molecules, which decreased the 

effective concentration between ice and the free water molecules. Moreover, the in-situ 

ESEM observation demonstrated the process of ice accretion and diminishment on the 

NP-glycol and NP-glycerol surfaces. The combination of the mechanical advantages 

offered by Ni scaffolds and the favorable icephobicity provided by ice depressing liquid 

modified PDMS presents a promising approach for the development of durable 

icephobic surfaces. This strategy offers a new feasibility and provides valuable insights 

for designing robust icephobic surfaces. 

 

7.2 Future Work 

The present doctoral project has a specific scope aimed at investigating the fundamental 

science underlying durability and anti-icing mechanisms, developing anti-icing layer 

structures with exceptional mechanical durability, and practically applying the resulting 

anti-icing coatings. Accordingly, a number of specific domains have been identified for 

future research that aims to advance the field of icephobicity science. 

 

In the present study, it was found that there is room for improvement in the selection of 

metal phases and polymers in multiphase systems, in addition to the Ni scaffolds and 

PDMS used. The research presented in this thesis provides insightful guidance on the 

phase composition of multiphase durable anti-icing structures. Due to the random pore 

distribution of the Ni scaffolds utilized in this study, a more detailed control of the 

distribution of the metal mesh is necessary to elucidate the relationship between the 
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distribution status of the metal mesh and the mechanism of micro-crack generation. The 

distribution of the metal mesh can be more precisely controlled by lithography and dry 

etching on a silicon substrate, which can be patterned with the required shape, followed 

by sputtering a nickel seed layer on the substrate and electroplating to fabricate the Ni 

scaffold. The results of this study may also aid in developing a theoretical relationship 

between the difference in elastic modulus and ice adhesion strength. Further 

investigations can be conducted to explore the synergy between the distribution of the 

multiphase structure and its related correlation, and to determine the appropriate phase 

composition that maximizes the icephobic performance. Furthermore, the scope of this 

study can be expanded to include the use of various polymers, such as 

polytetrafluoroethylene (PTFE), polyurethane (PU), polyoxymethylene copolymer 

thermoplastic (POTs), and others, to validate the findings. 

 

To gain a deeper comprehension and accurate measurement of the icephobicity of 

diverse surfaces, a variety of prototype tests must be performed to evaluate different 

icephobic performances. These evaluations may entail assessments conducted under 

simulated working conditions, such as wind tunnel tests designed for airfoil 

applications, as well as tests conducted in real-world conditions. Moreover, it is crucial 

to take into account the specific application for which the anti-icing or de-icing surface 

will be used, as the desired icephobic performance can be significantly impacted. For 

instance, a surface that is highly effective in mitigating ice adhesion on an airplane wing 

may not exhibit comparable results when applied to a power line or a car windshield. 

Therefore, it is imperative to obtain a comprehensive understanding of the various 

properties and behaviors that contribute to icephobicity, and to customize the design 

and testing of anti-icing and de-icing surfaces accordingly. 

 

To further advance the research and development of icephobic coatings, additional 

simulation analysis work could be conducted to provide more precise guidance. This 

may include stress analysis, thermal transfer analysis, and material response under 

erosion impact using finite element analysis. To better capture the intricacies of ice 
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adhesion and icephobicity, modelling at different scales, such as macroscale, microscale, 

and nanoscale, may be necessary. Various simulation methods, such as finite element 

analysis, molecular dynamics, or other appropriate techniques, could be applied to 

uncover the underlying mechanisms of ice adhesion and detachment. By utilizing a 

multi-scale simulation approach, the complex interplay between surface morphology, 

surface energy, and ice accretion can be more comprehensively investigated, leading to 

the development of more effective icephobic coatings with tailored properties for 

different applications. The results of these simulations can provide valuable insights 

into the design and optimization of icephobic coatings, by predicting performance 

under varying conditions and informing the selection of materials and surface structures. 

Moreover, simulation work can provide a cost-effective and efficient means of testing 

and evaluating different coating designs before physical testing is conducted, reducing 

the time and expense involved in the development process. Therefore, further 

exploration and application of simulation analysis in the research and development of 

icephobic coatings are crucial for advancing this field and improving the performance 

and durability of icephobic coatings in various applications. 
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