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ABSTRACT 

Atmospheric ice accretes and accumulates outdoors on the surfaces of several 
engineering applications, representing a hazard for various industrial sectors, 
including power transmission, renewable energy, telecommunication and 
transportation (ground, sea and air). For instance, ice accumulation on power lines 
can compromise operational performance and mechanical stability, thus ultimately 
causing their collapse. Moreover, ice accretion on aircraft surfaces can alter 
aerodynamics, endangering flight operations and, most importantly, human life. 
Current methods to mitigate icing problems include manual operations, mechanical 
vibrations, compressed air, thermal heating and chemical fluids. However, these 
methods, known as active anti-icing and deicing methods, are not durable and cause 
additional costs, energy consumption and environmental pollution. Considering 
these drawbacks, passive methods, which can remove ice without external energy 
input, have been developed as more sustainable alternatives to active methods. These 
passive strategies mainly consist of coatings, which reduce ice adhesion and facilitate 
passive ice removal. 

The work presented in this thesis aims at fabricating novel polymer composite 
coatings with icephobic properties using flame spray technology. Flame spraying 
allows the fast processing of materials, fed in powder form, heated to a melt or semi-
molten state using a combustive flame, and accelerated towards a substrate to form 
a coating. As a result, coatings can be produced on large surfaces using a single 
fabrication step. The first stage of the research focused on fabricating plain low-
density polyethylene (LDPE) coatings. The flame spraying parameters were varied 
to study their effect on the properties and icephobic behaviour of coatings. Coatings 
were characterised by measuring thickness, roughness, surface chemical 
composition, wetting behaviour and thermal properties. In addition, the icephobicity 
of coatings was evaluated by accreting ice using an icing wind tunnel and measuring 
ice adhesion using a centrifugal ice adhesion test. The results showed that the 
selected process parameters and resulting heat input transferred to the polymer 
significantly affected the icephobicity of coatings. In particular, the higher the heat 
input, the higher the oxidation produced in the polymer and the lower was the 
icephobic behaviour of coatings. The second stage of the research aimed at 
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developing novel composite coatings, named lubricated icephobic coatings (LICs), 
by adding a solid lubricating additive to the LDPE material. To produce the 
composite coatings, the flame spray process was modified to feed the additive and 
simultaneously spray it with LDPE. The modified flame spray process was named 
flame spraying with hybrid feedstock injection. The results demonstrated that the 
addition of lubricating additives improved the icephobic behaviour of plain flame-
sprayed LDPE coatings. The third stage of the research focused on assessing the 
durability of LICs under various environmental stresses, such as exposure to 
repeated icing/deicing cycles, different corrosive media and ultraviolet radiation on 
laboratory scale. The results showed that stable icephobic behaviour could be 
obtained for LICs over the icing/deicing cycles. Moreover, the lubricated coatings 
demonstrated good chemical resistance in the studied corrosive environments and 
limited photo-oxidation during exposure to ultraviolet radiation. 

This research demonstrated the potential of lubricated icephobic coatings, which 
could be used as anti-icing solutions in the future. In addition, flame spraying allows 
the fast deposition of coatings on large surfaces, and these advantages are relevant 
to many industrial sectors facing icing problems. Therefore, further research is 
needed on the potential application of these coatings in various industrial sectors to 
limit the current inconveniences caused by ice formation. 
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SOMMARIO 

Il ghiaccio atmosferico cresce e si accumula nell’ambiente esterno sulle superfici di 
numerose applicazioni ingegneristiche, rappresentando un pericolo per vari settori 
industriali, tra cui trasmissione energetica, energia rinnovabile, telecomunicazioni e 
trasporti (terra, mare e aria). Ad esempio, l'accumulo di ghiaccio sulle linee elettriche 
può comprometterne le prestazioni operative e la stabilità meccanica e, alla fine, 
provocarne il crollo. Inoltre, l'accumulo di ghiaccio sulle superfici degli aerei può 
alterarne l'aerodinamicità, mettendo in pericolo le operazioni di volo e, quel che più 
importa, la vita umana. Gli attuali metodi per ridurre i problemi causati dalla 
formazione di ghiaccio sono vari: rimozione mediante operazioni manuali, vibrazioni 
meccaniche, aria compressa, scioglimento tramite riscaldamento termico o con 
prodotti chimici specifici. Tuttavia, questi metodi, noti come metodi attivi 
antighiaccio, non sono durevoli e sono causa di costi aggiuntivi, di consumo di 
energia e di inquinamento ambientale. Considerando questi inconvenienti, i metodi 
passivi, che possono rimuovere il ghiaccio senza l’input di una energia esterna, sono 
stati sviluppati come alternative più sostenibili ai metodi attivi. Queste strategie 
passive consistono principalmente in rivestimenti, che riducono l’adesione del 
ghiaccio e ne facilitano la sua rimozione passiva.  

Lo studio presentato in questa tesi ha avuto come obiettivo la realizzazione di 
nuovi rivestimenti compositi polimerici con proprietà ghiacciofobiche (dall’inglese, 
“icephobic”) utilizzando il metodo della spruzzatura a fiamma. La spruzzatura a 
fiamma consente una rapida lavorazione dei materiali, che vengono alimentati sotto 
forma di polvere, riscaldati allo stato fuso o semifuso utilizzando una fiamma 
comburente e accelerati verso un substrato per formare un rivestimento. Di 
conseguenza, i rivestimenti possono essere prodotti su grandi superfici utilizzando 
un'unica fase di fabbricazione. La prima fase della ricerca si è focalizzata sulla 
fabbricazione di rivestimenti in polietilene a bassa densità (LDPE). I parametri di 
spruzzatura a fiamma sono stati variati per studiarne l'effetto sulle proprietà e sul 
comportamento ghiacciofobico dei rivestimenti. I rivestimenti sono stati 
caratterizzati misurando lo spessore, la rugosità, la composizione chimica 
superficiale, il comportamento di bagnatura e le proprietà termiche. Inoltre, il 
comportamento ghiacciofobico dei rivestimenti è stato valutato accrescendo il 
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ghiaccio in una galleria del vento e misurando la sua adesione con una prova di 
adesione centrifuga. I risultati hanno dimostrato che i parametri di processo 
selezionati e il conseguente apporto di calore trasferito al polimero hanno 
influenzato in modo significativo il comportamento ghiacciofobico dei rivestimenti. 
In particolare, in presenza di un maggiore apporto di energia termica, sono stati 
osservati una maggiore ossidazione nel polimero e un ridotto comportamento 
ghiacciofobico dei rivestimenti. La seconda fase della ricerca ha avuto come obiettivo 
lo sviluppo di nuovi rivestimenti compositi, denominati rivestimenti ghiacciofobici 
lubrificati (LICs), aggiungendo un additivo lubrificante solido al materiale LDPE. 
Per produrre i rivestimenti compositi, il processo di spruzzatura a fiamma è stato 
modificato per aggiungere l'additivo e spruzzarlo contemporaneamente con il 
LDPE. Il processo di spruzzatura a fiamma modificato è stato denominato 
spruzzatura a fiamma con iniezione ibrida di materia prima. I risultati hanno 
dimostrato che l'aggiunta di additivi lubrificanti ha migliorato il comportamento 
ghiacciofobico dei rivestimenti in LDPE spruzzati a fiamma. La terza fase della 
ricerca si è incentrata sullo studio della durabilità dei LICs sottoposti a vari fattori di 
stress ambientali, come ad esempio l'esposizione a cicli ripetuti di accrescimento e 
rimozione del ghiaccio, a diversi ambienti corrosivi e a radiazioni ultraviolette su 
scala di laboratorio. I risultati hanno mostrato che è stato possibile ottenere un 
comportamento ghiacciofobico stabile per i LICs durante i cicli di accrescimento e 
rimozione del ghiaccio. Inoltre, i rivestimenti lubrificati hanno dimostrato una buona 
resistenza chimica negli ambienti corrosivi esaminati e una limitata foto-ossidazione 
durante l’esposizione ai raggi ultravioletti. 

Questa ricerca ha dimostrato il potenziale dei rivestimenti ghiacciofobici 
lubrificati, che potrebbero essere utilizzati come soluzioni antighiaccio in futuro. 
Inoltre, la spruzzatura a fiamma consente una rapida deposizione di rivestimenti su 
grandi superfici e questi vantaggi sono rilevanti per molti settori industriali che 
devono affrontare i problemi legati alla formazione del ghiaccio. Pertanto, si rendono 
necessarie ulteriori ricerche per una potenziale applicazione di tali rivestimenti in vari 
settori industriali per limitare gli attuali inconvenienti causati dalla formazione di 
ghiaccio. 
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1 INTRODUCTION 

The issues related to the undesired formation and accumulation of ice on outdoor 
structures are well known to those who live in the coldest regions of the world. Ice 
adhesion and accumulation on exposed surfaces can compromise the operational 
performance of several applications, cause their malfunctioning or reduced 
efficiency in operations and even endanger human life [1–3]. Icing problems are 
faced in various engineering fields, such as aviation, maritime and ground 
transportation, power transmission and renewable energy sectors [2, 4–8]. For 
example, ice accretion and accumulation on the wings and surfaces of an aircraft can 
result in loss of lift, increase in drag, grave danger of stalling and even fatal accidents 
[9–12]. To address these issues, the aviation industry uses several deicing and anti-
icing methods to ensure safe flight operations. These methods mainly consist of 
chemical deicing fluids sprayed onto the aircraft surfaces, electrical heating, 
vibrations and compressed air, which are used to prevent or delay ice formation and 
remove the ice that may accumulate in flight [13, 14]. These active methods, which 
require energy input to function, are also employed in other applications facing icing 
problems [15, 16]. The active methods currently employed effectively remove the ice 
accumulated on functional surfaces, and they are therefore widely used. However, 
their use is always related to energy waste, time-consuming operations and 
environmental pollution [17–19]. These drawbacks have strongly motivated the 
scientific community to find more sustainable and efficient deicing and anti-icing 
methods.  

Passive anti-icing methods represent a promising alternative to current active 
methods. Passive methods consist of ice-repellent surfaces, such as paints, coatings 
and surface modifications, which reduce ice adhesion or even avoid ice formation 
on surfaces, thus passively mitigating icing problems [20]. Passive methods are 
known as icephobic coatings. Icephobic coatings represent an efficient and 
innovative approach to solving icing problems since the coatings act against ice with 
no need for an energy input or time-consuming operations. 

The main objective of this thesis is to develop a novel icephobic polymer coating, 
which can be fabricated using flame spray technology. This method was selected 
owing to its advantages of a one-step process and large-scale production, which are 
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specifically relevant for most industrial sectors facing icing problems. In the first 
stage of the research, the author investigated the effect of the employed process 
parameters on the properties and icephobicity of flame-sprayed low-density 
polyethylene (LDPE) coatings. In the second stage, a polymeric lubricating additive 
was added to the structure of plain LDPE coatings to develop novel lubricated 
composite coatings. The effect of lubricant addition on the properties and icephobic 
behaviour of coatings was studied. In the last stage, lubricated composite coatings 
were exposed to various environmental stresses, such as repeated icing/deicing 
cycles, immersion in various corrosive media and exposure to ultraviolet radiation. 
Their durability was investigated under these conditions. This thesis introduces both 
scientific and technological novelties. For the first time, the flame spray process has 
been implemented to fabricate a novel design of icephobic coating, termed here 
lubricated icephobic coating (LIC). The traditional flame spray method has been 
modified to co-spray both LDPE and lubricating additive materials in order to 
fabricate LICs in one step. In this dissertation, this modified method is named the 
flame spray process with hybrid feedstock injection. 

The thesis comprises eight chapters, including this introduction. Chapters 2-4 
provide the reader with the theoretical background of the present study. Chapter 2 
introduces the concept of icephobicity and ice adhesion together with the factors 
affecting the adhesion between ice and a solid surface. Chapter 3 summarises the 
passive anti-icing and deicing methods presented in the literature. Chapter 4 
introduces the principles of thermal spray technologies, focusing on the fabrication 
of polymeric coatings. Moreover, the effect of the selected process parameters on 
the properties of polymer coatings is discussed. Chapter 5 states the detailed aims of 
the present study and defines the investigated research questions. Chapter 6 starts 
with the experimental part of the thesis and introduces the feedstock materials, the 
modified coating technology and the characterisation methods used in this study. 
Chapter 7 reports the main results of this work together with the discussion. Finally, 
Chapter 8 describes the scientific contributions of this thesis and suggests future 
work on the topic. The appendix includes the four original publications that 
comprise this thesis.  
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2 ICEPHOBICITY AND ICE ADHESION  

In the last few decades, the term “icephobicity” (from ice and Greek φόβος phobos 
“fear”) has been commonly used by the research community to describe the ability 
of surfaces to repel ice or retard ice formation [20–23]. Icephobicity is described 
based on the anti-icing mechanism of the surface [21, 24]. A surface is considered 
icephobic if it can repel incoming water droplets in cold environments. This 
condition assumes that theoretically no ice can form without water depositing and 
adhering to surfaces [25–28]. Moreover, the surface is icephobic if it can delay or 
prevent ice nucleation and formation by keeping water in the liquid phase as long as 
needed for the concerned application [29–32]. Finally, the surface is considered 
icephobic if it can reduce the adhesion strength to ice [33–36] and maintain this value 
below 100 kPa [21, 37]. However, the latter is not an absolute value. It depends on 
several factors, such as the employed ice adhesion test method, ice type and other 
variables, which will be described later in this chapter. This thesis describes the 
development of icephobic coatings that can reduce ice adhesion strength, and 
therefore the icephobicity of such surfaces is characterised by measuring ice 
adhesion. 

In engineering applications, the aim of adhesion to surfaces is commonly to form 
a firm bond between the parts. However, when ice adheres to surfaces, the situation 
is reversed. All forces responsible for adhesion must be decreased to weaken the 
bond strength between the ice (adhesive) and the solid (adherend). Therefore, 
identifying the adhesion forces responsible for the ice-solid bond is important when 
designing coatings with enhanced icephobicity. Several studies have found that 
intermolecular interactions and mechanical interlocking between ice and the solid 
surface significantly influence icephobicity [38–41]. Moreover, this property is 
affected by ice formation conditions and test-related factors [42, 43]. This chapter 
presents an overview of the literature on ice adhesion. The first part introduces the 
definition of adhesion and describes the adhesion mechanisms in the case of ice. The 
second part discusses the main factors influencing ice adhesion.  
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2.1 Ice adhesion mechanisms 

The term “adhesion” commonly describes the phenomenon or condition in which 
two bodies, the adhesive and the adherend, come into contact and stick together 
[44]. This term is used both for the fundamental atomic and molecular forces that 
hold two phases together, known as “fundamental” adhesion, and the numerical 
values obtained from an adhesion test, known as “practical” adhesion [44, 45]. 
Concerning fundamental adhesion, different intermolecular adhesion forces are 
present between the two parts that come into contact [46]. The principal 
intermolecular interactions responsible for the adhesion mechanisms are covalent 
forces, non-covalent forces, diffusion forces and friction forces [44, 47, 48]. 
Moreover, these forces are classified as strong or weak and short- or long-range 
forces based on the strength and scale of interaction [46]. Several theories have been 
developed to describe the different mechanisms leading to adhesion [45], such as 1) 
electrostatic, 2) adsorption, 3) mechanical, 4) diffusion theories and, more recently, 
5) pressure-sensitive theories [44, 45]. Electrostatic theories state that adhesion 
results from electrostatic interactions between the adhesive and the adherend 
(surfaces in contact form an electrical double layer [45]). Adsorption theories define 
the adhesion phenomena in terms of intermolecular forces (mainly van der Waals 
forces and acid-base interactions) acting between the adhesive and the adherend 
molecules [45]. This phenomenon is known as physisorption when adsorption 
occurs due to solely physical interactions. However, if covalent bonds form between 
the molecules of adhesive and adherend after adsorption, the phenomenon is known 
as chemisorption [45]. Mechanical theories state that adhesion occurs when the 
adhesive penetrates the cavities of the rough and porous adherend surface, thus 
forming hooks that hold the phases together [45]. This adhesion phenomenon is 
known as mechanical keying or mechanical interlocking [44, 49]. Diffusion theories 
define the adhesion phenomena as occurring due to the intermixing of two materials 
at the molecular level. This adhesion phenomenon requires sufficient mobility of 
molecules at the interface to occur. Moreover, the adhesive and adherend should 
have similar solubility parameters and high compatibility to allow interdiffusion [49]. 
Pressure-sensitive theories describe the adhesion phenomena as resulting from the 
viscous forces of the adhesive, which adheres to the surfaces upon applied pressure 
[44].  

Considering fundamental adhesion between ice and a solid surface, ice adhesion 
on a solid surface can be described at the molecular level as attractive forces (non-
covalent interactions) between the molecules of water in the ice crystal and the 
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molecules of the solid surface [39–41, 50]. On a larger scale, the surface roughness 
of the solid becomes an important factor in understanding ice adhesion. The 
presence of surface roughness on the solid surface can increase the interfacial contact 
area with ice, thus leading to more non-covalent interactions and mechanical 
interlocking, contributing to ice adhesion [51]. Therefore, the ice adhesion force 
mainly depends on electrostatic forces, hydrogen bonding, van der Waals forces and 
mechanical interlocking [40, 41, 50]. A schematisation of these adhesion forces 
between ice and a solid surface is presented in Figure 1. 
 

 

Figure 1.  Schematic illustration of the adhesion forces between ice and a solid surface, such as 
electrostatic forces, hydrogen bonding and mechanical interlocking. 

Electrostatic forces at the ice-solid interface 

Electrostatic forces occur between two electrically charged entities with a transfer of 
electrons between the atoms and molecules at the interface [40, 46, 52]. Electrostatic 
forces are attractive if the two bodies have a charge of opposite signs and are based 
on Coulomb’s law and acceptor-donor interactions [52, 53]. Petrenko and Ryzhkin 
[50] have claimed that electrostatic forces are always present at the ice-solid interface 
and play an essential role in ice adhesion. They have supposed that an electric charge 
is present at the ice surface due to the presence of charge defects in the ice crystal 
[39, 50, 53]. This charge at the ice surface may induce an opposite charge on the solid 
surface in contact with ice, thus forming an electrical double-layer structure at the 
ice-solid interface [39]. Petrenko and Ryzhkin [39, 50] have modelled that the force 
of this electrostatic interaction depends on the dielectric permittivity of the solid. 
The lower the dielectric permittivity of the solid material, the lower may be the 
contribution of electrostatic forces to adhesion [39, 40]. The authors have considered 
the example of Teflon in contact with ice as a solid material with low dielectric 
permittivity. This property may lower the contribution of electrostatic forces to ice 
adhesion, thus justifying the potential icephobic character of this material [39, 41].   
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Hydrogen bonding and van der Waals forces at the ice-solid interface 

Hydrogen bonding is an attractive electrostatic interaction between an 
electronegative atom and a hydrogen atom covalently bonded to another 
electronegative atom (e.g. nitrogen, oxygen or fluorine) [54]. In the case of ice, a 
hydrogen atom can form a hydrogen bond with an electronegative atom. Petrenko 
and Peng [55] have shown that the strength of the hydrogen bond depends on the 
adherend chemical composition and its affinity with water, which determine the 
adherend wetting properties [55]. The higher the chemical affinity of the solid surface 
with water, the higher is the degree of hydrogen bonding formed at the ice-solid 
interface, resulting in increased values of ice adhesion strength [55, 56]. Van der 
Waals forces consist of attractive and repulsive interactions, always present between 
atoms and molecules [46]. Van der Waals forces include different contributions, such 
as London dispersion forces, Keesom forces and Debye forces [45, 46]. London 
forces are generated from the interaction between a fluctuating dipole and an 
induced dipole in atoms and molecules. Keesom forces arise from the attraction 
between permanent dipoles, and Debye forces originate from the interaction 
between a permanent dipole and an induced dipole [45, 46]. Van der Waal forces are 
also present between the atoms and molecules at the ice-solid interface [40, 41, 57]. 
However, a few studies have concluded that these interactions may not be dominant 
in determining the adhesion to ice [38, 41, 57, 58]. 
 
Mechanical interlocking at the ice-solid interface 

Mechanical interlocking occurs between ice and the solid at the nano-micrometre 
scale, which is larger than the atomic and molecular scale of electrostatic interactions 
and hydrogen bonding [57]. Solid surfaces are rarely ideally smooth. A certain level 
of irregularities (i.e. asperities and cavities) and pores is always present. Water can 
penetrate the cavities and pores of surfaces before it solidifies to become ice. Once 
water solidifies, ice can anchor itself with the surface irregularities, thus establishing 
adhesion via mechanical interlocking [40, 41, 57]. Surface roughness contributes to 
mechanical interlocking by increasing the contact surface area between the ice and 
the solid surface, and its effect has been estimated by measuring the values of ice 
adhesion strength [56, 59, 60]. Chen et al. [56] have measured the ice adhesion 
strength of smooth and textured silicon surfaces. They have found that textured 
surfaces have ice adhesion strength 4.5 times higher than flat surfaces, on which 
almost no mechanical interlocking formed. Moreover, Hassan et al. [60] have found 
that ice adhesion strength increases from 0.142 MPa to 2.279 MPa for surface 
roughness Ra from 0.47 μm to 1.65 μm on aluminium surfaces. However, the degree 
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of mechanical interlocking on rough surfaces depends on other factors, such as the 
ice formation method, icing conditions and the chemical composition of the solid 
surface [56, 61]. These aspects will be discussed in the following Section 2.2.1.  

In addition to molecular interactions and mechanical interlocking, an amorphous 
ice layer, known as the liquid-like layer or quasi-liquid layer, can be present between 
the ice crystal and the solid surface, which can influence ice adhesion [41, 53, 62]. 
Several studies have evidenced that the test temperature affects the physical 
properties of the liquid-like layer (in particular, its viscosity). The physical properties 
of this layer determine the fracture mode at the ice-solid interface, thus influencing 
the obtained ice adhesion value [35, 53, 62]. More information on the liquid-like layer 
and its effect on ice adhesion can be found in the following studies [38, 40, 53, 63–

65]. 
 

Concerning practical adhesion, the value of ice adhesion is obtained using an ice 
adhesion test. Ice represents the adhesive material, which is formed through water 
freezing or accretion from supercooled droplets in the ice adhesion tests. In general, 
ice adhesion strength 𝜏𝑖𝑐𝑒[Pa] is calculated as the ratio between the maximum 
force 𝐹𝑚𝑎𝑥 [N] required to detach the ice from the solid surface and the contact area 
𝐴 [m2] at the ice-solid interface, given by Equation 1 [22, 66–69]: 

 

𝜏𝑖𝑐𝑒 =
𝐹𝑚𝑎𝑥

𝐴
 (1) 

Ice detachment can occur at the ice-solid interface (interfacial failure or adhesive 
failure), within the ice material and/or the solid material (cohesive failure) or partially 
at the interface and partially in the materials (mixed adhesive/cohesive failure). 
However, the discussion in this section is limited to the scenario of interfacial failure. 
Moreover, different loading modes, which determine the type of ice adhesion test, 
can be used to detach ice. For example, if a tensile load is applied to detach ice, the 
test is called a tensile ice adhesion test. The most common loading modes and 
corresponding ice adhesion tests will be described briefly in Section 2.2.3 below. 

2.2 Factors influencing practical ice adhesion 

Factors influencing ice adhesion have been classified into three main categories: 1) 
the solid surface to which ice adheres, 2) the ice formation and meteorological 
conditions, and 3) the test apparatus and related experimental conditions [69]. 
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However, several factors from the same or different categories can influence each 
other, and it is complex to distinguish or separate the effect of single factors on ice 
adhesion. The following sections will describe the influence of the most well-known 
factors affecting ice adhesion strength, referring to the experimental results 
presented in the literature. The discussion will mainly focus on the properties of the 
solid surface directly in contact with ice. Other factors related to ice formation and 
test apparatus are presented more briefly, as these aspects are relevant for the state 
of the art but beyond the scope of this thesis.  

2.2.1 Factors related to solid surfaces  

Ice adhesion is influenced by the surface properties of a solid in contact with ice, 
such as topography and chemical composition [70]. Concerning surface topography, 
a rough surface allows an increased contact area with ice compared to a smooth 
surface. If ice perfectly adheres to the surface features, increased surface roughness 
results in a higher contact area between ice and surface, which can increase ice 
adhesion strength [51, 71–73]. However, if air pockets are stably present at the ice-
solid interface, no intimate contact exists between the ice and the valleys and peaks 
of the solid surface [74]. In that case, the contact area is lower compared to a smooth 
surface. Air pockets at the interface can act as stress concentrators, promoting crack 
formation at the ice-solid interface during ice removal [59, 75]. The crack formation 
allows debonding of ice at lower stresses, which may result in reduced ice adhesion 
strength [61, 75–77]. Furthermore, the effect of surface roughness on ice adhesion 
varies depending on the chemical composition of the solid surface, which affects the 
wetting properties of the solid surface [78]. For example, ice adhesion can increase 
with increased roughness when the water repellence of the surface is low. 
Conversely, ice adhesion can decrease with increased roughness when the water 
repellence of the surface is high [69, 79, 80]. However, these correlations between 
roughness, water repellence and ice adhesion of surfaces are not always verified. 
Other factors (e.g. ice accretion parameters, ice type, which could penetrate more or 
less into the surface features, and scale of investigation) need to be considered when 
establishing relationships between these properties [56, 61, 81–83]. 

Considering now the case of an ideally smooth surface, the chemical composition 
of the solid surface has been shown to influence ice adhesion [84–86]. Ice adhesion 
strength is affected by a property of the solid surface known as surface free energy 
(SFE) [87]. SFE represents the work required to form a unit area of a solid surface. 
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This property can be indirectly evaluated by measuring the contact angle of different 
liquids on a solid surface using models suitable for the solid material [88–91]. Several 
models have been developed from the theories on intermolecular interactions 
between an ideal solid surface and a liquid (dispersion and polar interactions, such 
as van der Waals and hydrogen bond intermolecular forces) [87]. In laboratory-scale 
ice adhesion tests, the lower the SFE of smooth surfaces, the lower is the reported 
ice adhesion strength [85–87, 92–94]. The chemical composition of the surface can 
also be affected by the presence of contaminants, which have been shown to 
influence ice adhesion strength [95]. For example, Raraty and Tabor [95] have 
measured that greasy contaminants, i.e. a monolayer of stearic acid, on a steel surface 
reduce the ice adhesion strength by ten times compared to a clean steel surface. 
Therefore, ensuring the cleanliness of the solid surface before the ice adhesion test 
is essential to obtain reliable and reproducible results. 

Considering that icing phenomena involve the interaction of surfaces with water 
molecules, the water contact angle and other related wetting properties have been 
extensively studied in correlation with ice adhesion strength [22, 68, 84, 96–98]. 
When a droplet of water (W) is deposited on an ideal solid surface (S), the water 
droplet forms an equilibrium contact angle 𝜃𝑒 with the solid surface, as presented 
schematically in Figure 2. The equilibrium contact angle, also known as Young’s 
contact angle or static water contact angle (WCA), is defined for an ideal surface, 
which is a smooth, inert and chemically homogeneous solid surface [99, 100]. 
However, this angle is referred to as the apparent contact angle when real surfaces 
are considered, which are characterised by local topographical and chemical 
inhomogeneities. When the apparent contact angle lies between 0° and 90°, the 
surface is called hydrophilic (the surface attracts water). When this angle is higher 
than 90° or even greater than 150°, the surface is referred to as hydrophobic or 
superhydrophobic, respectively (the surface repels water). For ideal surfaces, the 
equilibrium contact angle is derived from the equilibrium of three tension or energy 
components acting at the point of contact between the water-vapour, solid-vapour 
and solid-water interfaces. These components are the surface tension at the water-
vapour interface 𝛾𝑊, the surface free energy at the solid-vapour interface 𝛾𝑆 and the 
interfacial tension between the solid and water 𝛾𝑆𝑊, as illustrated in Figure 2. The 
energies at the equilibrium condition are described by Young’s equation [78, 99] 
(Equation 2) as follows: 
 

𝛾𝑆𝑊 + 𝛾𝑊cos 𝜃𝑒 =  𝛾𝑆 (2) 
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According to Young’s equation, a solid surface with high surface energy (i.e. high 𝛾𝑆) 
exhibits a low contact angle, whereas a surface with low surface energy (i.e. low 𝛾𝑆) 
exhibits a high contact angle [101]. 
 

 

Figure 2.  Water droplet on an ideal solid surface and the definition of Young’s equilibrium contact 
angle. 

When the water droplet solidifies, the solid surface (S) is now in contact with a 
droplet of ice (I) and a new solid-ice interface is formed (SI)[84]. The work required 
to separate the solid-ice interface (SI) to create two new surfaces (S and I) is known 
as the thermodynamic work of adhesion (𝑊𝑎). The thermodynamic work of 
adhesion is defined here as the reversible work to separate a unit area of the solid-
ice interface. Assuming that no deformations occur in the solid or the ice during 
separation, 𝑊𝑎 is measured using the Dupré equation [102] (Equation 3) as follows: 
 

𝑊𝑎 = 𝛾𝑆 + 𝛾I − 𝛾𝑆𝐼 (3) 

where 𝛾𝑆 and 𝛾I represent the surface free energies of the solid and the ice, 
respectively, and 𝛾SI indicates the interfacial free energy between the solid and the 
ice. By inserting the definition of 𝛾𝑆 from Equation 2 in Equation 3, 𝑊𝑎 can be 
expressed by Equation 4 as follows:  
 

𝑊𝑎 = 𝛾𝑆𝑊 + 𝛾𝑊cos 𝜃𝑒 + 𝛾I − 𝛾𝑆𝐼 (4) 

Assuming that the surface tension of water is similar to the surface free energy of ice 
[65] and that the solid-water interfacial tension is similar to the solid-ice interfacial 
free energy [84], 𝑊𝑎 can be approximated using the following Equation 5 [84]:  

 
𝑊𝑎 ≈  𝛾𝑊(1 +  cos 𝜃𝑒) (5) 
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According to Equation 5, when the contact angle of water approaches 180°, the 
work of adhesion to an ideal surface approaches zero. In other words, as the contact 
angle between the water and solid rises (i.e. as the surface becomes more and more 
hydrophobic), the work of adhesion decreases [36, 68, 84]. Makkonen [84] has stated 
that deviation in macro-scale experiments from the relationship expressed in 
Equation 5 may imply that some work is spent on material deformation or that the 
solid-ice contact is complex or incomplete [84]. Considering that Equation 1 
describes ice adhesion as a measure of pressure and Equation 5 expresses the work 
of adhesion as a measure of energy [68], a relationship can be found between these 
two quantities by multiplying the ice adhesion by the surface contact area of the ice 
and a measure of distance, as defined in the following Equation 6: 
 

𝑊𝑎 = 𝜏𝑖𝑐𝑒𝐴𝛿 (6) 

where 𝛿 is a characteristic measure of the removal distance between the ice and 
surface [68]. Therefore, combining Equations 5 and 6 results in Equation 7: 

  

𝜏𝑖𝑐𝑒 ≈  
𝛾𝑊

𝐴𝛿
(1 +  cos 𝜃𝑒) (7) 

According to Equation 7, a dependence exists in theory between ice adhesion and 
the water surface tension and water contact angle on the surface in question [68].   

Additionally to the static contact angle, other wetting properties have been 
studied to find a correlation with ice adhesion, such as advancing contact angle (𝜃𝑎𝑑𝑣 
or ACA) and receding contact angle (𝜃𝑟𝑒𝑐 or RCA), roll-off angle (RoA), also known 
as sliding angle (SA), and contact angle hysteresis (CAH) [22, 68, 94, 103, 104]. ACA 
and RCA represent the maximum and minimum angles in the hysteresis range, as 
determined by increasing and decreasing the water droplet volume [101]. RoA 
corresponds to the inclination angle at which the water droplet rolls off the solid 
surface. CAH, which is crucial for determining the mobility of water droplets on 
surfaces, is described as the difference between ACA and RCA or their cosines [101]. 
Figure 3 presents a schematisation of the advancing contact angle, receding contact 
angle, roll-off angle or sliding angle. 
 



 

12 

 

Figure 3.  Schematic representation of a) advancing water contact angle (𝜃𝑎𝑑𝑣), b) receding water 
contact angle (𝜃𝑟𝑒𝑐) and c) roll-off angle (RoA) or sliding angle (SA). Adapted from [101]. 

When the contact angle 𝜃𝑒 in Equation 5 is replaced by the receding contact angle 
𝜃𝑟𝑒𝑐, the work of adhesion is known as the practical work of adhesion 𝑊𝑝, thus 
resulting in Equation 8 [22, 94]:  
 

𝑊𝑝 ≈  𝛾𝑊(1 +  cos 𝜃𝑟𝑒𝑐) (8) 

The same reasoning may be applied to Equation 8 as was applied to Equation 5 to 
derive Equation 7, with an analogous result [68]. As a result, both static and receding 
contact angles can correlate with ice adhesion following a cosine function. Several 
studies have demonstrated a correlation between ice adhesion and the receding 
contact angle [22, 94, 103]. However, other works discard such a relation [37] or 
consider this valid for surfaces with ice adhesion strengths above 160 kPa (transverse 
shear ice adhesion test with moulded ice) [22, 96]. Moreover, researchers have 
demonstrated that wetting properties vary with temperatures (due to water 
condensation phenomena on cold surfaces) and a better correlation can be found 
with ice adhesion if the wetting properties are evaluated at the icing test temperature 
and conditions [85, 105, 106]. Additionally, the effect of surface roughness on 
wetting properties needs to be considered. Young’s equation is modified based on 
different wetting states, which are presented in Figure 4. If the water wets the actual 
solid surface thoroughly, the water droplet is in a Wenzel wetting state. However, if 
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the water droplet partially wets the surface features and stable air pockets are present 
beneath the droplet, the water droplet is in a Cassie-Baxter wetting state [107]. 
 

 

Figure 4.  Schematic representation of a water droplet in a Wenzel wetting state (on the left) and a 
Cassie-Baxter wetting state (on the right). 

In summary, the thermodynamic theory predicts a cosine relationship between ice 
adhesion strength, water contact angle and receding contact angle. However, the 
experimentally measured ice adhesion strength depends on other factors related to 
the solid surface in contact with ice, icing formation and test conditions. Therefore, 
these factors should be considered in the theoretical models and additional 
fundamental and experimental studies are needed to validate this relationship. 

In addition to surface properties, the bulk properties of the solid material to 
which ice adheres have been shown to affect the ice adhesion strength [37, 84, 86]. 
The ice adhesion strength has been found to depend on the mechanical properties 
of the solid material, such as Young’s modulus and shear modulus [37, 75, 86, 108, 
109]. Young’s modulus, also referred to as elastic modulus, is a measure of the 
stiffness of the solid material under tensile or compressive stresses, while the shear 
modulus measures the stiffness under shear stress. In theory, ice adhesion strength 
𝜏𝑖𝑐𝑒, can be approximated using the following Equation 9 [75, 86, 110]:  

 

𝜏𝑖𝑐𝑒 = √
𝐸∗𝛾𝑆

𝜋𝑎Λ
 (9) 

where 𝐸∗ represents the apparent bulk Young’s modulus of the solid material, 𝛾𝑆 is 
the surface free energy of the solid surface, 𝑎 is the length of the crack and Λ is a 
non-dimensional constant [86]. According to Equation 9, ice adhesion strength can 
be decreased by reducing the Young’s modulus of the solid to which ice adheres. 
Several studies have demonstrated that when ice is removed from a solid with low 
Young’s modulus, the formation of macroscopic crack is promoted at the ice-solid 
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interface, thus lowering the ice adhesion strength [86, 109, 111]. This mechanism of 
crack formation at the ice-solid interface depends on the property mismatch and 
deformation incompatibility between the ice and the solid [86]. However, He et al. 
[96] have examined the relationship between ice adhesion strength and elastic 
modulus of different solid surfaces. They have found that not all solid surfaces with 
low elastic modulus demonstrate low ice adhesion strength, whereas all solids with 
low ice adhesion always show low elastic modulus [96, 112]. Therefore, the 
relationship in Equation 9 has not always been verified in the direction of low elastic 
modulus resulting in low ice adhesion strength. Furthermore, Golovin et al. [113] 
have demonstrated that coatings with a high elastic modulus might be more effective 
at removing ice on large areas due to a mechanism known as low interfacial 
toughness. A direct correlation between the ice adhesion strength and the shear 
modulus 𝐺 has been found for soft solid materials, such as elastomers [37, 114, 115]. 
The stress required to shear a block of ice from a soft film (such as an elastomeric 
coating) is given by the following Equation 10: 
 

𝜏𝑖𝑐𝑒 = 𝐵√
𝑊𝑎𝐺

𝑡𝑐

 (10) 

where 𝐵 is an experimental constant, 𝑊𝑎 is the work of adhesion and 𝑡𝑐 is the 
thickness of the soft coating [37, 114, 115]. According to Equation 10, the lower the 
shear modulus (for example, obtained by reducing the cross-link density of the 
elastomer [37]), the lower is the obtained ice adhesion strength. Moreover, solid 
surfaces with alternating low and high shear moduli areas have been proposed to 
simultaneously promote low ice adhesion (low shear moduli areas) and ensure the 
durability (high shear moduli areas) of the solid material [116]. Additionally, the 
higher the thickness of the elastomeric coating, the lower may be the measured ice 
adhesion [117, 118]. However, the effect of thickness on ice adhesion has been found 
to be negligible for rigid polymeric solids (which are in a glassy state, i.e. below the 
glass transition temperature at the ice adhesion test temperature) [117]. 

In addition to mechanical properties, the thermal properties of the solid material 
have been found to influence the measured ice adhesion strength [72, 84, 119, 120]. 
One thermal property of the solid material is the coefficient of linear thermal 
expansion (CTE), which describes how the dimensions of the material change with 
a temperature variation. Makkonen [84] has claimed that when the solid material is 
in contact with ice and cooled down to the test temperature, thermal contraction 
always occurs for both the ice and the solid material. If the CTE of the solid differs 
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from the CTE of ice, stresses can be induced at the interface during cooling with 
possible formation of fractures at the ice-solid interface and ice cracking, thus 
weakening the ice adhesion strength [72, 84]. Moreover, the solid material and ice 
may also have a different heat capacity and coefficient of thermal conduction, 
resulting in different cooling rates, thus causing additional stress at the interface [84]. 
However, when the solid material remains elastic down to the test temperature, the 
effect of CTE mismatch is absent [84]. Another thermal property affecting ice 
adhesion strength is the glass transition temperature (Tg) of the polymeric solid [119, 
120]. Tg is the temperature range where an amorphous or semicrystalline polymer 
changes from a rigid glassy material (below Tg) to a soft or rubbery (not melted) 
material (above Tg), and this property is usually measured in terms of the stiffness or 
modulus [121]. If the Tg of the solid polymer is lower than the temperature of the 
ice adhesion test, the polymer is in a rubbery state (the polymer behaves like a 
rubbery material) when ice is detached. Murase et al. [119, 120] have shown that 
polymer solids in a rubbery state at the icing test temperature demonstrate lower ice 
adhesion values compared to glassy polymers. However, they have reported the 
difficulty of distinguishing between the contribution of viscoelastic properties 
(related to Tg) and surface properties of polymer solids because low surface energy 
polymers typically have low glass transition temperatures [120]. More information 
on other factors related to the solid material affecting ice adhesion (e.g. molecular 
flexibility of the solid surface, hardness and water adhesion force) can be found in 
the following sources [41, 83, 96, 122].  

2.2.2 Factors related to ice formation and meteorological conditions 

In laboratory-scale tests, ice is generally formed from water. The properties of water, 
particularly its composition and the presence of contaminants, have been shown to 
affect ice adhesion [84, 95, 123, 124]. For example, impurities in water, such as salts, 
lower the ice adhesion compared to pure water [84, 124]. Moreover, air-saturated 
water can result in more reproducible and realistic results of ice adhesion than de-
aired water, considering that water in natural environments is invariably air-saturated 
[123]. 

Ice can be formed using different methods, such as accretion from supercooled 
water droplets and freezing from water, thus resulting in different ice types [43]. Ice 
can be accreted from supercooled water droplets and is known as impact ice or in-
cloud ice [43]. Impact ice is generally accreted on the solid surface using an icing 
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wind tunnel containing a spray nozzle system, which atomises water to 
microdroplets. The microdroplets can be supercooled by a cold wind and accelerated 
at different velocities towards the solid surface, where they accumulate, forming an 
ice block [125–129]. Different types of impact ice can be formed using an icing wind 
tunnel, such as glaze ice, rime ice and mixed types, by varying the ice accretion 
parameters (temperature, airspeed, liquid water content (LWC) and medium volume 
diameter (MVD) of the droplets in the cloud). A schematisation of glaze ice and rime 
ice is presented in Figure 5. However, another type of impact ice, known as 
precipitation ice, can also be formed without a wind tunnel by spraying water 
droplets from the ceiling of a cold room [43]. Additional information on impact ice, 
its characteristics and ice accretion parameters can be found in the following studies 
[2, 33, 130–132]. Another type of ice used for ice adhesion tests is known as moulded 
ice or bulk water ice [33]. Moulded ice is formed in a mould filled with water, frozen 
in a refrigerator or on a Peltier plate at freezing temperatures. The solid surface to 
which ice adheres can already be in contact with the water column before water 
solidification [22, 84, 133] or placed in contact after moulded ice is formed, following 
a second refrigeration cycle to allow the formation of the ice-solid bond [134].  
 

 

Figure 5.  Schematic illustration of a) glaze ice and b) rime ice. Adapted from [131]. 

The ice formation method affects the properties of the ice and determines its contact 
with the surface, which influences the ice adhesion results [35, 132, 135–139]. For 
example, if impact ice is formed from a cloud with high water content, the accreted 
glaze ice has a significant amount of liquid water in its dense structure. As a result, 
this ice type can create better contact with the solid surface upon which it is accreted. 
Conversely, if drier icing conditions are employed, rime ice with a porous structure 
is accreted on the solid surface. As a result, compared to glaze ice, rime ice has a 
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reduced contact area with the solid surface, and this can influence ice adhesion 
strength [2, 135, 140]. Rønneberg et al. [43] have investigated the effect of three 
different ice types, such as precipitation ice, in-cloud ice and bulk water ice, on ice 
adhesion for the same aluminium surface under similar environmental conditions. 
They have found that the ice adhesion strengths measured with the centrifugal ice 
adhesion test vary with the ice type, and a correlation can be established between ice 
adhesion strength and the apparent density of ice. The ice adhesion strength has 
increased, changing from bulk water ice (highly dense ice structure) to in-cloud ice 
accreted using a wind tunnel (medium dense ice structure) up to precipitation ice 
(porous ice structure)[43]. 

Considering moulded ice, the ice adhesion strength can be affected by the 
freezing rate and time to form the ice block [69, 84, 141, 142]. Kasaai and Farzaneh 
[69] have reported that higher freezing rates and shorter freezing times can result in 
decreased ice adhesion values. This effect may be caused by thermally induced 
stresses (compressive or tensile, depending on the thermal expansion coefficient of 
the ice and solid material) at the ice-solid interface [84]. The faster the freezing rate, 
the greater may be the stresses induced at the ice-solid interface. Therefore, slower 
freezing rates have been recommended to decrease this effect when moulded ice is 
used in ice adhesion tests [84]. Moreover, several studies have shown that additional 
freezing time is beneficial before testing to relax the stresses at the ice-solid interface 
[141] and ensure stable ice adhesion behaviour of the solid surface [142]. 

Another factor affecting ice adhesion strength is the test temperature [35, 42, 62, 
69, 84, 138]. Jellinek [62] has measured the shear ice adhesion strength of moulded 
ice on steel surfaces at different temperatures. The ice adhesion strength has linearly 
increased with decreasing temperature up to -13 °C, showing adhesive fracture. For 
colder temperatures, ice adhesion strength has been independent of temperature, 
showing the cohesive fracture of ice. Another study has found similar results for 
aluminium surfaces using impact ice and a centrifugal adhesion test [35]. However, 
the effect of temperature on ice adhesion may also depend on the mechanical and 
thermal properties of the solid material at the test temperature and the employed ice 
adhesion test [42, 84]. Therefore, this dependence has been not always verified [42, 
84]. Additional information on other factors related to ice formation and 
meteorological conditions affecting ice adhesion (e.g. humidity and ice thickness) 
can be found in the following studies [69, 143–145]. 
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2.2.3 Factors related to the test apparatus and experimental conditions 

Ice adhesion tests are performed by applying a load to the ice-solid system or directly 
to the ice. Different loading modes can be used to detach the ice from the solid 
surface, and the loading mode determines the type of ice adhesion test. For example, 
in the tensile ice adhesion test, a tensile load is applied to detach the ice. Moreover, 
a transverse shear force is applied to detach the ice in the transverse shear ice 
adhesion test, and a centrifugal force is generated to detach the ice in the centrifugal 
ice adhesion test. A schematic illustration of the above-mentioned ice adhesion tests 
is presented in Figure 6. Each loading mode generates a specific stress distribution 
at the ice-solid interface. For example, in the centrifugal ice adhesion test (CAT, 
Figure 6c), the ice-solid system rotates with increasing angular velocity and a 
centrifugal force is generated to detach the ice [146, 147]. Finite element simulations 
have demonstrated that both in-plane shear and out-of-plane normal stresses are 
generated at the ice-solid interface by the centrifugal force [147]. However, ice 
adhesion strength is measured qualitatively taking only the shear stress component 
into consideration, thus neglecting the effect of minor normal stresses [66, 147].  
 

 

Figure 6.  Schematic illustrations of some test methods used for ice adhesion strength 
measurements: (a) tensile test, (b) transverse shear test and (c) centrifugal test. Adapted 
from [33, 66].  
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For each ice adhesion test, the maximum load measured at ice detachment is used 
to calculate the ice adhesion strength for that test. For example, for the centrifugal 
test, the maximum centrifugal force 𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓 can be expressed using Equation 11:  

 
𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓 = 𝑚𝑟𝜔2 =  𝑤𝐿ℎ𝜌𝑟𝜔2 (11) 

where 𝑚 [kg] is the mass, 𝑤 [m] is the width, 𝐿 [m] is the length, ℎ [m] is the height 
and 𝜌 [kg/m3] is the density of ice, 𝑟 [m] is the radius of rotation and 𝜔 [rad/s] is 
the angular velocity at the instant of ice detachment [147]. The shear ice adhesion 
strength 𝜏𝑖𝑐𝑒 [Pa] is estimated as the ratio between the centrifugal force calculated at 
the time of ice detachment and the ice-solid interfacial area 𝐴 [m2] using Equation 
12 [147]: 

𝜏𝑖𝑐𝑒 =
𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓

𝐴
 (12) 

Each ice adhesion test has a specific equation to evaluate the ice adhesion strength 
based on the stress distribution generated by the applied load at the ice-solid 
interface. More details on ice adhesion test methods can be found in the following 
literature reviews [33, 34, 36, 66, 69, 84, 123, 148]. 

The loading mode used to detach the ice from the solid surface influences the ice 
adhesion strength [34, 42, 149]. In a recent inter-laboratory study presented by 
Rønneberg et al. [42], moulded ice has been removed from the same solid surface 
using two different ice adhesion tests, namely the vertical shear and centrifugal tests. 
The results have shown the ice adhesion of bare aluminium surfaces to be equal to 
509 kPa ± 185 kPa using the vertical shear test and 326 kPa ± 30 kPa using the 
centrifugal test at a test temperature of -10 °C [42]. The results indicate a significant 
variability in the ice adhesion strength values between different tests for the same 
surface material and ice type [42]. Moreover, that study has highlighted the challenge 
in comparing ice adhesion results obtained from different test apparatus. Therefore, 
more inter-laboratory studies and round-robin testing are necessary and 
recommended between different research groups in the icing research community. 
Such collaboration will help to further understand ice adhesion and its comparability 
between similar and different icing test setups in various laboratories [33, 135]. 

Another factor influencing ice adhesion is the loading rate, representing how fast 
the load is applied to the ice-solid system to detach the ice. In a technical report, 
Jellinek [150] has shown that an increased rate of shear load results in increased ice 
adhesion strength for mirror polished stainless steel surfaces using moulded ice at a 
test temperature of -4.5 °C. Kasaai and Farzaneh [69] have suggested that the strain 
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rate should be constant in the test to obtain reproducible results. In addition, the 
strain rate should be set carefully, as ice exhibits elastic behaviour at low strain rates 
and brittle behaviour at high strain rates [69]. However, the mechanical behaviour of 
ice also depends on the temperature at which the ice is detached. This factor should 
be considered when determining the effect of strain rate on ice adhesion [95, 151]. 
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3 SURFACE DESIGN TOWARDS LOW ICE 
ADHESION  

Icephobic coatings, such as passive anti-icing methods, are designed to lower the ice 
adhesion properties of the surfaces where they are applied. Different designs allow 
different mechanisms to reduce ice adhesion strength. This chapter presents the state 
of the art of icephobic surfaces presented in the literature. In addition, durability 
requirements for icephobic surfaces are introduced and discussed briefly. 

3.1 Passive surface designs to lower ice adhesion 
 
Lowering the ice adhesion of surfaces represents one of the strategies for designing 
icephobic surfaces (ice adhesion < 100 kPa [21, 37]). Menini and Farzaneh [41] have 
stated that “to decrease ice adhesion on a given solid, its surface has to be modified 
or coated with a material capable, at the molecular or crystal level, of disrupting the 
structure of the ice immediately adjacent to the solid”. According to their study, 
several strategies can be used to disrupt the ice structure, such as coatings: 

- composed of methyl groups (-CH3) or trifluoromethyl groups (-CF3) with 
low surface free energy properties, which are densely packed at the coating 
surface; 

- having a heterogeneous chemical composition on the surface, containing at 
least two very hydrophobic components to disrupt the structure of the liquid-
like layer at the ice-coating interface; 

- able to maintain stable air pockets at the ice-solid interface to reduce the real 
ice-coating contact area and disrupt bonding by creating stress concentrations 
(superhydrophobic or porous coatings) [41].  

In addition to these strategies, other designs of novel icephobic surfaces have been 
inspired by nature, such as the superhydrophobic surfaces (SHSs) of lotus leaves and 
the slippery liquid-infused porous surfaces (SLIPSs) of pitcher plants [20, 87]. The 
literature presents a vibrant spectrum of anti-icing surfaces, demonstrating great 
potential with low ice adhesion strengths varying from 0.2 to 10 kPa and large-scale 
deicing capacity [37, 70, 86, 113, 152, 153]. However, when it comes to the general 
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question of what defines a real icephobic surface from an engineering perspective, 
the typical answer is that it depends, because the environment and operating 
circumstances have a significant impact on ice formation and hence the design of 
icephobic surfaces [154]. 

A recent literature review has classified four surface designs, namely smooth 
surfaces, textured surfaces, slippery surfaces and sub-surface textured surfaces, as 
the main strategies to lower ice adhesion [112]. These strategies are summarised in 
Figure 7. The following sections will briefly describe the before-mentioned surface 
designs, focusing on smooth surfaces, which are more closely related to the coating 
design fabricated in this work. 
 

 

Figure 7.  Strategies towards designing icephobic surfaces by lowering ice adhesion strength can be 
roughly divided into four types via surface properties: smooth surfaces, textured surfaces 
(i.e., hierarchical hydrophobic surfaces or SHSs), slippery surfaces, and sub-surface 
textured surfaces [112]. 

3.1.1 Smooth surfaces 

Smooth icephobic surfaces are generally made of materials with low surface free 
energy [79, 87, 155]. Fabrication of smooth surfaces is often facile and cost-effective 
and can be performed using machining, depositing, moulding, spraying, thermal 
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spraying, spin-coating, dip-coating and other methods [112]. In addition, smooth 
surfaces are considered potential icephobic surfaces since their production methods 
generally cover large areas, which is beneficial for various engineering applications 
facing icing problems [87]. Concerning the processing of polymeric materials, some 
processes require several fabrication steps when thermosets and elastomeric polymer 
coatings are processed, such as post-curing or thermal treatment after spraying, spin-
coating and dip coatings. Other processes, such as moulding and thermal spraying, 
can be completed in one step when thermoplastic polymers are processed. One-step 
fabrication reduces the processing time of coatings, increasing their appeal in several 
industrial applications. 

To achieve low ice adhesion behaviour, researchers have designed smooth 
surfaces with tuned mechanical properties, surface chemistry and coating thickness 
[37, 86, 108, 109, 116, 117, 156]. Table 1 summarises the main strategies reported in 
the literature with a description of the mechanism responsible for lowering ice 
adhesion. Moreover, novel smooth surface designs can be derived by combining the 
strategies listed in Table 1. For instance, He et al. [112] have suggested in their review 
on the design of icephobic surfaces that several materials, such as polyelectrolytes, 
ions, salts and lubricants, can be incorporated into smooth coatings. Incorporating 
different materials into the coating structure can enhance interfacial slippage and 
create chemical heterogeneity at the ice-solid interface [112]. Both interfacial slippage 
and chemical heterogeneity at the surface can contribute to further lowering the ice 
adhesion strength due to the synergic effects of different strategies. Therefore, there 
is a potential for further development and design of smooth surfaces for applications 
facing icing problems. 
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Table 1.  Most common strategies to lower ice adhesion of smooth surfaces. 

 
Strategy  Description 

Varying the mechanical 
properties of coatings 

The elastic modulus of elastomeric coatings is decreased by reducing their 
cross-link density. The cross-link density is reduced by tuning the weight ratio 
of the prepolymer to the curing agent. The lower the cross-link density, the 
lower the obtained elastic modulus. This results in lowered ice adhesion 
strength. For polydimethylsiloxane (PDMS) coatings, the weight ratio has 
been varied from 10:1 to 10:10, leading to a reduction of the ice adhesion 
strength of about 92.3% from 36.5 kPa to 2.8 kPa [156].  
The shear modulus of elastomeric coatings/gels is decreased by reducing 
their cross-link density. This reduction results in lowered ice adhesion 
strength [37, 108, 109].  

Varying the coating 
thickness 

An increase in coating thickness causes a decrease in ice adhesion [109, 
117].  

Varying the surface free 
energy of coating surfaces 

The surface free energy of elastomeric coatings is decreased via a 
silanisation reaction of perfluorodecyltrichlorosilane. After surface silanisation, 
ice adhesion strength decreases by approximately 25% [86]. 

Inducing interfacial slippage 
(no friction condition) at the 
ice-coating interface 

If the polymeric chains are sufficiently mobile within the elastomer, slippage 
can occur at the ice-solid interface. Interfacial slippage is achieved by adding 
a miscible oil (liquid lubricant) to the elastomer network with no formation of 
an oil liquid layer on top of the coating surface [37, 108]. 

Inducing crack propagation 
at the ice-coating interface 

The coating is made alternating high shear modulus areas (phase 1) and low 
shear modulus (phase 2) areas, forming a material known as a stress-
localised viscoelastic material. When shear load is applied to the ice-coating 
system, ice detaches at first from the low shear modulus areas. A cavity (i.e. 
crack) forms locally between phase 2 and the ice, and a crack propagates at 
the interface. As a result, stress-localised coatings show reduced ice 
adhesion compared to coatings made of solely high shear modulus materials 
[116]. 

Creating heterogeneity of 
intermolecular forces and 
water molecule orientation at 
the ice-coating interface 
(molecular level effect) 

Heterogeneity of intermolecular forces (hydrogen bond, electrostatic forces) is 
induced at the ice-coating interface by the presence of chemical 
heterogeneities. For example, composite coatings were produced by mixing 
polymeric materials, such as polysiloxane and fluorocarbon polymers. This 
chemical heterogeneity resulted in reduced ice adhesion compared to plain 
polysiloxane and fluorocarbon-based homogeneous coatings [41, 157]. In 
addition, different molecular groups at the coating surface form various 
disparities in terms of energy bonding and water molecule orientation, thus 
weakening the ice–material interface and reducing ice adhesion [41, 119, 
158]. 

3.1.2 Other surface designs 

Apart from smooth surfaces, other surface designs have been developed to tackle 
icing problems, such as textured surfaces, slippery surfaces and sub-surface textured 
surfaces [112]. Textured surface designs have been inspired by the micro-nano 
structure of lotus leaves, which repel incoming water droplets thanks to the presence 
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of a hierarchical structure covered by a hydrophobic natural wax [159]. Textured 
surfaces can be hydrophobic or superhydrophobic surfaces (SHSs), depending on 
their hierarchical structure and chemical properties [86]. SHSs have been fabricated 
to lower ice adhesion using different methods on a laboratory scale [26, 152, 160–

163], and these methods generally involve several processing steps. For example, 
SHS surfaces are produced by mixing a polymer matrix with micro- and nano-
particles of different dimensions using spraying, spin coating or brushing to deposit 
the coating and a post-curing process [26, 152, 160, 161]. Then, the particles are 
added to create a surface texture that induces high water repellence. Moreover, 
superhydrophobicity can be achieved using a chemical vapour deposition method by 
growing coatings based on silicone nanofilaments [77, 164]. Furthermore, textured 
surfaces can be manufactured using the chemical etching of metal substrates prior 
to surface modification with low free energy materials [162]. More expensive and 
sophisticated methods, such as laser texturing [136, 165], air plasma treatment [166], 
lithography [70] and radio frequency sputtering [163], can be used to obtain the 
desired surface texture. Finally, different processes and surface treatments can be 
potentially combined to fabricate superhydrophobic coatings. 

Some studies have shown lower ice adhesion for SHSs due to a reduced contact 
area between the ice and the surface  [17, 97, 160]. Ideally, this condition is verified 
if air pockets remain trapped between the ice and the hierarchical structure of the 
solid surface (Cassie ice regime [74]). However, other studies have reported that 
SHSs are not always icephobic [56, 75, 87, 167]. SHSs may lose their water repellence 
in a highly humid environment and sub-zero conditions due to water condensation, 
which thoroughly wet the hierarchical structure [162, 168]. This case scenario can 
also be influenced by the icing conditions, type of accreted ice and hierarchical 
structure of the SHS [61]. Moreover, the water penetrating the surface structure can 
solidify and form mechanical interlocking with the surface, thus increasing ice 
adhesion (increased contact area between the ice and the surface compared to a 
smooth surface) [56, 85]. Finally, the hierarchical structure can be mechanically 
damaged during icing/deicing cycles, thus causing a loss in superhydrophobic 
properties [167]. 

Slippery liquid-infused porous surfaces (SLIPSs) represent another surface design 
used to reduce ice adhesion strength. Inspired by Nepenthes pitcher plants [147], 
SLIPSs consist of a nano-microtextured solid, which locks a lubricating fluid in place 
[169]. The hierarchical nano-microstructure of the solid is fabricated using methods 
similar to those previously reported for textured surfaces. After the texture is 
fabricated, it is infused with the lubricating fluid. Several slippery surfaces have been 
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fabricated for anti-icing applications using various lubricating fluids, such as organic 
lubricating fluids (e.g. silicone, liquid paraffin, oils, fluorinated fluids) [76, 77, 153, 
170–173] and aqueous lubricating fluids [94, 174–176]. The lubricant forms a 
smooth, slippery surface, which can reduce ice adhesion [20, 153]. Once the ice is 
formed on a slippery surface, the lubricant layer protects the surface structure by 
preventing mechanical interlocking between the ice and the surface [177, 178]. 
However, if the liquid lubricant is depleted from the surface, the icephobicity of 
slippery surfaces can decrease [76, 179, 180]. Moreover, lubricant depletion can cause 
environmental pollution [87]. Many solutions for improving the stability of liquid 
lubricants on slippery surfaces have been proposed [112]. The most common 
strategies are entrapping the liquid lubricant within a network of cross-linked 
elastomers [37, 181] or using solid lubricants instead of liquid ones [182, 183] to 
increase lubricant stability and hence achieve long-term icephobicity. Although this 
appears to be a promising anti-icing method, currently, there are no commercially 
available slippery surfaces for industrial applications [87]. 

Sub-surface textured surfaces have been recently proposed as a novel strategy to 
reduce ice adhesion. They consist of coatings with a hydrophobic surface and a sub-
surface textured structure [112]. This surface design is based on the macro-crack 
initiator (MACI) concept to reduce ice adhesion [86]. Macro-cracks are initiated at 
the ice-coating interface due to stiffness inhomogeneity (sub-surface texture in the 
coating matrix) generated in the structure of coatings [86]. For example, different 
sub-structures of internal holes have been introduced into the coating structure to 
create this stiffness inhomogeneity [86]. The fabrication method of these surfaces 
consists of several steps (spin-coating, curing, bonding) and comprises the use of 
moulds to create the sub-surface texture. Although this class of surfaces has been  
demonstrated to weaken the ice–solid interface dramatically [86], further theoretical 
and experimental investigation is required on their stability and durability [112]. 

3.2 Alternative surface designs to lower ice adhesion 

Recent studies on the design of icephobic surfaces have considered incorporating 
active anti-icing and deicing methods (e.g. electro-thermal, photo-thermal and 
magnetic responsive stimuli) in passive icephobic surfaces to improve their deicing 
reliability and efficiency [112]. Several novel surface designs have been fabricated 
with a combination of active and passive methods, including magnetic-responsive 
icephobic surfaces [184–186], photo-thermal promoted icephobic surfaces [177, 187, 
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188] and electro-thermal icephobic surfaces [189–191]. For example, icephobic 
surfaces combined with photo-thermal traps can actively melt the interfacial ice using 
the energy from the sun, thus being more effective in lowering ice adhesion [192]. 
These emerging anti-icing surfaces have been referred to as dynamic anti-icing 
surfaces (DAISs), and more information can be found in a recent literature review 
[193]. Although DAISs have demonstrated increased durability, wider temperature 
tolerance and greater environmental adaptability [173], further theoretical and 
experimental investigations are needed to establish their feasibility in real 
applications [193]. 

Another recent work has presented a novel approach to designing durable and 
scalable icephobic surfaces, named buckling elastomer-like anti-icing metallic 
surfaces or BEAMS [194]. This anti-icing strategy is based on the principle that the 
deflection of a thin metallic plate during buckling can induce crack-opening 
displacements, thus facilitating ice de-bonding. Additional information can be found 
in the following study [194].  

3.3 Durability requirements of icephobic surfaces 

Durability, defined as the resistance of coatings to external agents affecting the 
coating performance, is one of the most critical characteristics of icephobic coatings 
required for practical and long-term use [195]. Although several surface designs have 
been developed and used to demonstrate their ability to reduce ice adhesion strength, 
further research is still required to assess their long-term performance. Ideal 
solutions to icing problems would be passive coatings, which maintain their 
characteristics and anti-icing properties for a decade or longer and can be easily 
repaired after damage [196, 197]. However, the design and fabrication of passive 
anti-icing surfaces are still challenging for long-term use [112]. In addition, each 
surface design has some advantages and limitations in specific applications that face 
icing problems. For example, SHSs have shown lower mechanical stability and 
decreased icephobic performance in comparison with smooth surfaces under 
repeated icing/deicing cycles due to the fragility of their hierarchical structure [136, 
162, 197]. Therefore, the use of certain superhydrophobic surfaces may be not 
suitable in applications where the long-term mechanical stability of the coating is a 
requirement. Moreover, durability tests should be planned considering the possible 
application for the icephobic coating and related environmental stresses. Field tests 
and exposure to realistic environmental conditions can benefit the development of 
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icephobic coatings to better understand their behaviour in use for the specific 
application. 

In recent years, passive icephobic surfaces have been developed, focusing on the 
durability assessment of such materials to improve understanding of their 
degradation mechanism and, consequently, their potential use in real applications 
[195, 198]. Several studies have performed cyclic icing/deicing cycles on coatings to 
test the durability of their icephobic properties [37, 166, 173, 195]. The variations in 
ice adhesion strength have been monitored over the cycles, indicating changes in the 
icephobic properties of the coatings. However, no common standard for assessing 
the durability of icephobic properties has been established yet (icing/deicing 
processes, number of icing/deicing cycles, water grade, freezing procedure, ice type 
and other test variables are currently undefined) [197]. Different methods are used 
for the icing and deicing procedures of icephobic coatings. For example, icing 
involves pouring water into a mould positioned on the surface and freezing it at 
specified temperatures in a freezer [22, 37]. In another method, ice is formed from 
supercooled water microdroplets in an icing wind tunnel under controlled icing 
conditions [136, 146, 147, 199]. Deicing can be accomplished by heating [153, 165, 
200], substrate deformation [73] or, more aggressively, mechanical loading of the ice 
[22, 166, 201]. Moreover, some researchers have carried out a few icing/deicing 
cycles [77, 166, 173, 202], while others have used 100 cycles [37, 165, 203] or even 
170 cycles [200]. It is evident that each research group has established specific 
icing/deicing test procedures, and discussions on the icing performance and 
durability of coatings should be approached with caution when comparing results 
from different studies [197]. 

In addition to ice, other external factors, classified as environmental, chemical 
and mechanical factors, can compromise the durability of icephobic coatings [195]. 
All these factors can alter the original properties of coatings, thus consequently 
influencing their icephobic behaviour [195, 198]. For example, oxidation induced by 
ultraviolet irradiation (UV) and heat degradation represent two environmental 
factors that can compromise coating durability. Moreover, chemical factors, such as 
corrosion and hydrolysis, and mechanical stimuli, such as erosion, abrasion and 
impact, can compromise the durability of icephobic coatings. For instance, typical 
tests to assess durability against mechanical stimuli have consisted of dry particle 
erosion [204], wet particle erosion [205], rain erosion [200] and wear tests using an 
abrasive medium [183, 206]. However, no common standard for assessing the 
durability of icephobic coatings under environmental stresses has been established 
yet [197]. Therefore, some studies have proposed testing the durability of icephobic 
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coatings by following the standard methods employed to assess the durability of 
coatings in general [195, 197, 207]. 

The durability of the icephobic coating designed in this work was investigated 
focusing on the effect of chemical and environmental factors. Coatings were 
immersed under different corrosive media and exposed to ultraviolet (UV) radiation. 
The reasons for selecting these conditions are the following. Icephobic coatings may 
encounter several environments in outdoor applications, such as marine 
environments, acid rain, solutions containing cleaning agents and detergents, and 
others [197]. Previous studies have investigated the durability of icephobic coatings 
immersed in acidic, saline and basic solutions [195, 202, 206, 208]. In those studies, 
variations in surface morphology, chemical composition and wetting properties of 
coatings have been found after immersion. Variations in surface properties generally 
influence the icephobicity of coatings [83, 84, 209, 210]. Moreover, icephobic 
coatings are used outdoors and exposed to UV radiation from sunlight. UV 
irradiation causes materials, especially polymers, to degrade, thus decreasing their 
performance and shortening their lifetime [211]. A recent study has demonstrated 
that UV ageing of polyurethane-based coatings has a negative influence on the 
icephobic behaviour of surfaces [198]. Therefore, it is essential to understand the 
deterioration of coatings under these conditions so as to further improve their 
durability.     
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4 THERMAL SPRAYING OF POLYMERS 

Thermal spray technology includes a wide selection of coating deposition techniques. 
For these techniques, an energy source is used to melt the feedstock material and 
propel it towards a substrate to form a coating. Different materials can be deposited, 
such as metals, ceramics, polymers and composites. In this research, the flame spray 
technique was selected to fabricate icephobic polymer coatings as it enables the 
deposition of thermoplastic polymers in one step on large areas. In this chapter, 
different thermal spraying methods are described briefly and the effect of the process 
parameters on coating properties is discussed, focusing on the processing of 
polymeric materials. 

4.1 Processing of polymers via thermal spray technologies 

Thermal spraying of polymers can be traced back to the 1940s when the chemical 
company E.I. du Pont designed and produced the first thermally sprayable 
polyethylene (PE) powder [212]. The conventional flame spray (FS) process has 
represented the first thermal spray technique employed to deposit polymer coatings. 
Moreover, this technique has been frequently used for industrial applications of 
polymer coatings due to its simplicity and the low economic investment required 
[213]. The FS process mainly consists of the following fabrication steps, which are 
illustrated in Figure 8: 

1. The polymeric feedstock material, generally in the form of powder, is fed to 
the spray gun. 

2. In the spray gun, the chemical reaction between a fuel (generally acetylene 
or propane) and an oxidizing gas (generally oxygen or air) produces a 
combustion flame (heat source) at the nozzle of the spray gun. The 
combustion flame represents the heat source of the flame spray process. The 
feedstock material is then transported by carrier gases in the gun and injected 
into the combustion flame. 
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3. The feedstock material is accelerated towards the substrate and impacts the 
substrate in the form of molten or partially molten particles.  

4. The particles spread, coalesce with each other and solidify to form a coating 
[213, 214].  

 

 

Figure 8.  Schematic illustration of the fabrication steps of the flame spray process. 

Traditional flame spray guns have been initially designed to deposit metals [212]. 
However, earlier attempts to spray polymer powders with that equipment have been 
unsuccessful due to the unavoidable thermal degradation caused to the polymeric 
material [212]. Therefore, technical adjustments have been applied to the spray gun 
setups to spray polymers successfully [212]. For example, specific nozzles have been 
designed to prevent or limit the thermal degradation of polymer powders [215]. In 
these nozzles, a ring of shroud gas (generally air or nitrogen) is generated between 
the outer flame ring and the inner stream of polymer powder during spraying [216, 
217]. The ring of shroud gas acts as thermal insulation, keeping the polymer powder 
separated from the hot flame to some extent [215, 217]. A schematic illustration of 
the flame spray gun used to spray polymer is presented in Figure 9. Several flame 
spray combustion guns are commercially available (e.g. Metco 6P-II ThermoSpray® 
Gun model (Oerlikon Metco, Switzerland) and TeroDyn® System 2000, TeroDyn® 
System 3000, TeroDyn 3500 and Castodyn 8000 models (Castolin Eutectic, 
Switzerland)) [212]. These flame spray guns have been used to spray different 
polymer powders using gas combinations of oxygen-propane, air-propane or 
oxygen-acetylene [212, 218–228]. 
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Figure 9.  Principle of the flame spray gun used for polymer spraying. 

In addition to the flame spray method, the literature reports the use of other thermal 
spray techniques to produce polymer coatings and polymer composite coatings 
[213]. Commonly employed thermal spray techniques are air plasma spraying (APS) 
[229–231], high-velocity oxygen fuel (HVOF) [232–234] and high-velocity air fuel 
(HVAF) processes [213]. Although the fabrication steps presented above for the FS 
method are common to all thermal spray techniques, the latter differ in the used heat 
source, process temperature, particle velocity, gun geometry and other technical 
details [214, 235]. Figure 10 presents the process temperature and particle velocity 
for various thermal spray processes.  

 

 

Figure 10.  Process temperature and particle velocity for different thermal spray processes. Modified 
from [214, 217, 236].  
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Considering the elevated process temperatures reached during various thermal spray 
processes (Figure 10), the processing of polymeric materials using these methods 
generally involves a significant risk of thermal degradation [213]. Therefore, 
alternative thermal spray processes have been developed to overcome the limitations 
of such high-temperature processes [237–240]. One example is the warm spray (WS) 
process, also known as two-stage HVOF since this process is based on the high-
velocity impact of powder particles [238–240]. The warm spray gun is modified from 
a commercial HVOF spraying gun, introducing a mixing chamber immediately after 
the combustion section. The mixing chamber reduces the gas temperature in the 
nozzle, thus decreasing the heat transferred to the feedstock material [238]. A study 
has reported that polymer coatings (i.e. ultrahigh-molecular-weight polyethylene) 
fabricated using the WS process demonstrate reduced thermal degradation 
compared to same coatings produced by the FS method [239, 241]. Another thermal 
spray method designed to spray polymeric powders is polymer thermal spraying 
(PTS) [237]. In this method, the heat source consists of an electro-resistive heater 
that warms up a compressed process gas, not involved in the combustion reactions. 
The electric heating element can be set to any temperature depending on the thermal 
properties of the polymer. The process parameters can be adjusted to not exceed the 
degradation temperature of the polymer during the whole spray process [237]. 
Moreover, because no flame is produced at the nozzle of the spray gun, the process 
is safer, and the deposition can be easily monitored by direct visual inspection. 
Another study has demonstrated the potential of PTS to fabricate polymer coatings 
with different coating structures (from porous to dense structures) using various 
polymeric materials [237]. Unfortunately, the above-mentioned thermal spray 
processes with reduced process temperature were not available to the author when 
conducting this study. However, previous studies have shown the potential of the 
FS method to produce polymer coatings with icephobic properties [222]. Therefore, 
the flame spray method was utilised in this research. 

A more recent process employed to fabricate polymer coatings is the cold spray 
process [242–246]. In the cold spray process, particles are accelerated to velocities 
between 500 and 1500 m/s using a stream of pre-heated inert gas with a converging-
diverging nozzle [245]. The particles are not melted in flight and maintain their solid 
state throughout the entire deposition process. As a result, the risk of material 
overheating is minimised during cold spraying [246], which is especially beneficial 
for polymeric materials. Additional information on thermal spraying techniques can 
be found in the following sources [217, 235, 247]. 
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The considerable advancement in thermal spraying of thermoplastic polymers 
has been due to the advantages of thermal spraying in comparison with traditional 
fabrication methods of polymer coatings (e.g. painting, dipping and hot melt coating 
processes) [212, 213]. Firstly, thermal spraying is a one-step process, and no adhesive 
base layer prior to coating deposition or post-treatment is generally required. 
Moreover, the process does not involve the use of solvents or the evaporation of 
volatile organic compounds (VOCs) since polymeric feedstocks are provided in the 
form of dry powder, and no post-curing is necessary after coating deposition. 
Another benefit of the technique consists in the possibility of processing polymers 
with high melt viscosity and composites with high reinforcement content [213]. 
Other methods of processing such materials require temperatures far higher than the 
polymer melting temperature (e.g. during the application of hot melt from a roll) or 
the use of solvents to lower the polymer viscosity. Furthermore, thermal spraying 
has movable and flexible equipment. The coating preparation can be carried out on-
site and on large surfaces under almost any environmental conditions (e.g. high 
humidity level and low temperature, unsuitable for painting processing) [212, 213]. 
Last but not least, coatings with superior mechanical properties can be produced 
with the desired thickness and locally repaired [212, 213]. However, there are also 
some limitations compared to traditional coating techniques. For example, the 
coating quality depends on the operator’s skills if the deposition is performed 
manually. Moreover, the surface finish of thermally sprayed polymer coatings can be 
coarser than that obtained with other coating processes, such as painting, dipping 
and fluidised deposition. Finally, some difficulties may be encountered in spraying 
around sharp corners and coating hole surfaces and narrow sections due to the 
technical limitations and dimensions of the spray gun [212, 213, 247].  

4.2 Influence of process parameters on polymer coating properties  

Flame spraying involves various process parameters, principally related to the 
combustion flame, powder injection system, feedstock material and spray process 
[235]. Figure 11 summarises the principal process parameters that can be varied in 
the flame spray process.  
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Figure 11.  Summary of principal process parameters of the flame spray (FS) process using a 
feedstock material in the form of powder. This classification is presented in [235]. 

Several process parameters can influence the same or different process variables and, 
consequently, various properties of the obtained coating. The process variables 
relevant to this work are as follows: 

1. the thermal energy in the form of heat transferred to the polymer during 
the process; 

2. the spraying time employed to deposit the polymer coating; 
3. the environment during spraying, resulting from powder carrier gases, 

combustion flame and environmental conditions of the spray booth. 
Figure 12 presents some correlations between the principal process parameters, 
process variables and resulting properties of polymer coatings. The influence of the 
process parameters on the process variables and obtained coating properties, which 
are relevant to this work, will be discussed in the following paragraph. 
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Figure 12.  Principal process parameters influencing process variables and polymer coating 
properties.  

Processing thermoplastic polymers by means of flame spraying mainly involves the 
transfer of thermal energy from the combustion flame to the polymeric material. The 
heat transfer occurs at different stages of the spray process. Before coating 
deposition, the substrate is generally pre-heated using the flame to vaporise any 
trapped water vapour and organic residue. Moreover, pre-heating allows the molten 
particles to flow into the topography of the grit-blasted substrate to ensure good 
adhesion of the coating via mechanical interlocking [212]. During deposition, heat is 
first transferred to the polymer particles in flight. Once these are deposited onto the 
substrate, the formed polymer layers are continuously heated during the deposition 
of subsequent coating layers. The amount of heat transferred from the combustion 
flame to the polymer mainly depends on: 

1. The flame temperature, which is determined by the ratio between the fuel 
and combustion gases, the type of employed gases to form the flame [248], 
and the presence of additional process gases, such as powder carrier gases 
and gases used to reduce the flame temperature.  
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2. The time the particles are exposed to the flame during flight. The longer the 
time of exposure in flight, the greater is the heat transferred to the particles. 
This time can be reduced by using shorter nozzles [249] and higher particle 
velocities [213].  

3. The spraying time, mainly defined by the chosen traverse speed of the gun 
and the number of passes (determined by the distance between the passes) 
defined to deposit a specific coating area. The slower the traverse speed, the 
greater is the heat transferred to the deposited layers of coating [235]. 

4. The spraying distance, which is defined by the distance between the nozzle 
of the spray gun and the substrate. The closer the nozzle, the closer is the 
combustion flame to the substrate, and the greater is the heat transferred to 
the material [235, 249]. 

5. The conditions of the spray environment, such as the temperature, humidity 
level and airflow of the spray booth, can influence the heat transferred to 
the material during spraying. 

After coating deposition is completed, post-heating can be performed with the flame 
(additional heat transferred to the deposited polymer) to remelt the coating surface 
and obtain the desired surface topography [213]. Finally, the cooling rate of the 
deposited polymer coating, e.g. the solidification rate of the polymer from a molten 
state, determines the physical, thermal and morphological properties of the coating 
and the degree of stress generation in its structure [213]. 

The amount of heat required to process the polymeric material mainly depends 
on the thermal and physical properties of the polymer powder (e.g. melting 
temperature, thermal degradation temperature, degree of crystallinity) [212, 213]. 
Specifically, the melting temperature and thermal degradation temperature of the 
polymer powder have been used to define indicatively the lower and upper-
temperature limit of the thermal process window, respectively [212]. The thermal 
process window is, therefore, specific for each polymer. If not enough heat is 
transferred to the polymer particles (i.e. the achieved temperature is below the 
melting temperature range of the polymer powder), particles will not coalesce with 
each other, resulting in porous coating structures [212]. On the other hand, if the 
material reaches a temperature higher than its melting temperature range, the 
thermoplastic polymer powders will be in a fully molten state. Complete melting 
allows the coalescence of the polymer particles by viscous flow to obtain a dense 
coating. However, if the process temperature exceeds the thermal degradation 
temperature of the material, gaseous products will be formed due to the vaporisation 
of the polymer, and thermal degradation and oxidation will occur [212]. At excessive 
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processing temperatures, the polymer starts to degrade, leading to possible cross-
linking of the polymer chain (formation of covalent bonds between the polymer 
chains), chain scission (breakage of covalent bonds in the polymer chains) and 
consequent oxidation [212]. Therefore, the material temperature should be 
maintained within this specific thermal process window throughout the spraying 
process to obtain a dense coating structure and minimise thermal degradation [224]. 
In addition to the process temperature, thermal degradation is also affected by the 
presence of oxygen in the spraying environment, which can contribute to polymer 
oxidation [212, 235].  

 Understanding the interrelationships between selected process parameters, 
process variables and the affected coating properties is crucial in order to deposit 
coatings with desired properties. The properties of flame-sprayed polymer coatings 
are mainly affected by the selected process parameters and process variables, which 
determine the thermal history that the material experienced during spraying [213]. 
The following discussion will focus on the influence of selected process parameters 
and process variables on the coating properties. The coating properties relevant to 
this work, such as surface and physical properties, will be discussed. 

Concerning surface properties, the surface topography of flame-sprayed polymer 
coatings is affected by several parameters. In general, the higher the temperature 
reached by the polymer during processing, the lower is the roughness obtained on 
the surface [213, 223]. The lower the spraying distance and the traverse speed of the 
gun, the greater is the heat transferred to the material and the longer the processing 
time, thus resulting in smoother coating surfaces. Surface roughness is reduced if 
post-heating is performed, which causes re-melting and re-solidification of polymers 
[223]. Furthermore, the surface roughness decreases when the powder feeding rate 
increases [223]. Another property affected by the employed process parameters (and 
the feedstock material) is the chemical composition of the obtained coating surface. 
Changes in the chemical composition of sprayed coatings are generally caused by 
polymer oxidation during the process [212, 213]. The oxidation increases with 
increasing processing temperature, indicating the occurrence of thermal degradation 
for the polymer [212, 250]. The chemical composition of coating surfaces is 
compared to that of the pristine feedstock powder to investigate the presence of 
chemical changes in the deposited material [251]. 

Concerning physical properties, the coating thickness increases with the 
increasing number of coating layers deposited on the substrate and increasing 
powder feeding rate [223]. Moreover, for constant powder feeding rates, the coating 
thickness increases with the decreasing traverse speed of the gun. Another physical 
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property affected by the process parameters is the degree of crystallinity of the 
polymer coating. The degree of crystallinity is defined as the fractional amount of 
polymer chains, which are densely organized and packed in ordered regions of the 
polymer. The degree of crystallinity represents one of the most important physical 
parameters, determining various mechanical and physical properties in semi-
crystalline polymers. It has been demonstrated that the faster the cooling rate of the 
polymer after deposition, the lower is the degree of crystallinity obtained for the 
coatings [252, 253]. Moreover, the amount of heat transferred to the material 
influences the degree of crystallinity. A study has found that the degree of 
crystallinity decreases when thermal degradation occurs in the polymeric material 
during processing [254]. In that study, the decrease in the degree of crystallinity has 
been mainly related to the reduced molecular weight caused by thermal degradation, 
which decreases the ability of the polymer to re-crystallise [254]. The reduced degree 
of crystallinity usually results in decreased mechanical properties for the material, 
such as tensile strength and Young’s modulus [212, 255, 256].  

4.3 Coating materials and applications 

Several polymeric materials have been used to fabricate thermally sprayed coatings, 
depending on the polymer properties and specific application [213]. Moreover, one 
or more additives or reinforcing materials (ceramic, polymer, metallic materials or 
composite fillers) have been added to the structure of polymer coatings to tailor the 
properties required for the desired application [213]. Therefore, coatings can be 
potentially produced for different applications by combining different materials in 
the coating structure. For instance, anti-corrosion [227, 257, 258], low friction and 
wear resistance [230, 259, 260], chemical and weathering resistance [261, 262], anti-
fouling [263] and anti-icing [222] represent some of the possible applications of 
thermally sprayed polymer coatings. Table 2 summarises the polymeric material 
employed to fabricate thermally sprayed coatings and composite coatings and the 
corresponding applications presented in the literature. 
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Table 2.  Materials of thermally sprayed polymer coatings and polymer composite coatings and their 
application. 

Polymer Application References 

Polyethylene (PE) 

Corrosion resistance [263] 
Anti-fouling [263] 
Wear resistance [241] 
Anti-icing [222, 264] 

Polypropylene (PP) Corrosion resistance [224, 237] 
Anti-icing [264] 

PE copolymer (EMAA) 

Corrosion resistance [227, 237, 258, 261, 262] 
Erosion, friction and wear resistance [241, 257, 262] 
Weathering resistance [261, 262]  
Impact resistance [256] 

Polyesters (PET) Friction and wear resistance [259, 265] 
Fluoropolymers 
 

Friction and wear resistance [260, 266] 
Corrosion resistance [221, 227] 

Polyamides 

Ignition resistance [237] 
Friction and wear resistance [225][219, 220, 230]  
Corrosion resistance [220] 
Erosion and oxidation resistance [267] 

Polyetherketone (PEEK) 

Friction and wear resistance [220, 226, 268–271] 
Corrosion resistance [220, 253] 
Biomedical application [272] 
Anti-icing  [264] 

Polyetherimides (PEI) 
Corrosion resistance [220] 
Friction and wear resistance [220] 

Polyhydroxyalkanoate (PHBV) Biomedical application [273] 

Polymethylmethacrylate (PMMA) 
Wear resistance [274] 
Biomedical application [273] 



 

42 

 

  



 

43 

5 AIM OF THE RESEARCH 

This thesis aims at designing and fabricating polymer coatings intended for anti-icing 
applications using flame spray technology. Increased understanding of the icephobic 
behaviour of polymeric coatings produced using flame spraying is needed. This 
knowledge is of fundamental importance for fabricating icephobic coatings using 
this technology. Moreover, such an industrial coating technique can be potentially 
extended to various applications facing icing problems. Therefore, many industrial 
sectors may benefit from the advantages of flame spraying as an alternative to the 
coating technologies currently employed. However, studying the effect of the 
process parameters on the coating properties and, consequently, on the coating 
icephobicity is complex. This complexity derives from the synergic effect of various 
properties of the coatings affecting icephobicity. Moreover, all the factors related to 
ice formation and ice adhesion testing were kept fixed throughout the work, and 
their effect on icephobicity will be therefore not discussed in this thesis. 

The first objective of the thesis was to understand the effect of the employed process parameters on 

the icephobic behaviour of flame-sprayed polyethylene coatings (Publication I). 

The employed process parameters in flame spraying determine the final structural 
and surface properties of deposited polymer coatings. Therefore, it is fundamental 
to understand how the process parameters affect the properties of coatings and how 
these properties consequently influence the icephobicity. To investigate this, two 
process parameters were varied, such as spraying distance and transverse speed of 
the flame spray gun. Both these parameters affect the heat transferred to the 
polymeric material during spraying, therefore their effect on the properties and 
icephobicity of low-density polyethylene (LDPE) coatings was studied. 

The second objective of the thesis was to understand the effect of additive addition on the properties 

and icephobic behaviour of flame-sprayed composite coatings (Publication II and Publication III).  

Once the effect of the process parameters on coating properties and icephobicity 
has been studied, the next step of the research aimed at further improving the 
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icephobic behaviour of coatings. To achieve this, solid lubricants (waxes) with low 
surface free energy were added to the coating structure. Composite coatings were 
fabricated, made of two polymeric components, namely matrix material (LDPE) and 
lubricating additive. These coatings are hereinafter termed lubricated icephobic 
coatings (LICs). For the fabrication of LICs, technical adjustments were applied to 
the flame spray process to feed the lubricant and avoid direct contact with the 
combustion flame during spraying. Specifically, an injector was mounted externally 
to the flame spray gun to feed the lubricant and the modified spray process was 
named the flame spray process with hybrid feedstock injection. Moreover, different 
process parameters were varied to fabricate LICs, and the effect of lubricant addition 
was studied on the icephobicity, surface roughness, chemical composition and 
wettability of coatings. 

The third objective of the thesis was to understand the durability of lubricated icephobic coatings 

under repeated icing/deicing cycles (Publication III and Publication IV). 

Icephobic coatings should maintain stable icephobic behaviour under icing 
conditions in real applications. Therefore, it was essential at this stage of the research 
to understand how durable LICs are under icing conditions. To assess coating 
durability in icing conditions, repeated icing/deicing cycles were performed, and 
changes in icephobic behaviour were studied over the cycles. In addition, variations 
in coating properties, such as morphology, surface roughness and chemical 
composition, were investigated after the cycles and correlated with icephobicity.  

The fourth objective of the thesis was to study the durability of lubricated icephobic coatings under 

various environmental stresses (Publication III). 

In addition to icing conditions, icephobic coatings may come into contact with 
different environments in real applications and be exposed to various environmental 
stresses. For this research, the durability of LICs was investigated under immersion 
in corrosive media and exposure to ultraviolet radiation. Specifically, the coatings 
were in contact with acidic, saline and basic solutions for 60 days. Moreover, the 
coatings were artificially aged using UV lamps for 1000 hours. Finally, variations in 
coating properties, such as morphology, roughness, chemical composition, 
wettability and colour changes, were monitored to assess coating durability in these 
conditions. 



 

45 

5.1 Research questions  

This thesis aims to answer the following research questions (RQ):  

1. How do the flame spray process parameters influence the properties and 
the icephobicity of plain low-density polyethylene coatings? 

2. How does the addition of lubricating additives to the coating structure affect 
the properties and the icephobicity of flame-sprayed polyethylene coatings? 

3. How durable are the lubricated icephobic coatings under repeated 
icing/deicing cycles? 

4. How durable are the lubricated icephobic coatings under various 
environmental stresses, such as immersion in corrosive media and exposure 
to ultraviolet radiation? 

 
Table 3 lists the four research questions with corresponding publications and 
chapters of this dissertation where the above research questions are discussed. Figure 
13 summarises the main objectives defined in this thesis, with reference to the 
corresponding publications and research questions. 

Table 3.  Summary of research questions with corresponding related publications and dissertation 
chapters.  

Research 
questions RQ1 RQ2 RQ3 RQ4 

Content Influence of 
process 

parameters on 
coating properties 
and icephobicity 

Effect of lubricant 
addition on coating 

properties and 
icephobicity 

Durability under 
repeated 

icing/deicing cycles 

Durability under 
various 

environmental 
stresses 

Publications I II and III III and IV III 
Chapters 7.1 7.2 7.3 7.4 
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Figure 13.  Summary of the objectives defined in this thesis with corresponding publications (PI-IV) 
and research questions (RQ1-4). 
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6 EXPERIMENTAL PROCEDURES 

This chapter introduces the materials, coating deposition technique and 
characterisation methods utilised in this research. The first part of the chapter 
describes the feedstock materials and the coating fabrication method, with a brief 
explanation of the hybrid feedstock injection system in the flame spray process. The 
second part of the chapter reports on the characterisation methods employed for the 
feedstock materials and coatings. 

6.1 Materials and coating deposition technique 

In this work, coatings were manufactured using commercially available polymeric 
materials in the form of powders. Table 4 lists the feedstock powders used to 
produce coatings in this study. The as-received powders were mechanically sieved 
before flame spraying in cases of powder agglomeration. Mechanical sieving was 
carried out to improve the powder flowability and ensure uniform powder feeding 
during the spray process. In the first stage of the research (Publication I), coatings 
were made of low-density polyethylene (LDPE) powder and fabricated using an 
oxygen-acetylene flame spray gun (CastoDyn DS 8000, Castolin Eutectic, 
Switzerland). Coatings were deposited on stainless steel substrates (EN 1.4301/2K 
(4N)), which were grit-blasted using aluminium oxide grits (grit size of 54 mesh) 
before flame spraying. A powder feeder (Sulzer Metco 4MP, Oerlikon Metco, 
Switzerland) was used to axially feed the LDPE powder in the gun. The gun was 
mounted on a single-arm robot (ABB IRB 4400/60, ABB Robotics, Sweden) that 
controlled the movement of the gun during coating deposition. 

Table 4.  Commercially available feedstock powders employed for coating fabrication in this study. 

Powder Material Trade Name Manufacturer Publication 
Low-density polyethylene 
(LDPE) 

Plascoat LDPE Plascoat Europe BV I, II, III, IV 

Fully hydrogenated cottonseed 
oil  

Lubritab® capsules JRS PHARMA GmbH & Co. 
KG 

II, III, IV 

Non-functionalised Fischer-
Tropsch hard paraffin 

VESTOWAX® H 2050 
MG 

Evonik Industries AG III 
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After fabricating plain LDPE coatings, a second solid component, named the 
lubricating additive, was added to the coating structure to produce lubricated 
icephobic coatings (LICs). In Publications II-IV, fully hydrogenated cottonseed oil 
was employed as the lubricating additive. This additive is a naturally derived wax with 
hydrophobic properties [275]. In Publication III, paraffinic wax was used as a 
possible alternative to the cottonseed oil additive in the last stage of the research. 
Both additives were chosen for their chemical compatibility with the matrix material 
[276, 277]. The additive was sprayed simultaneously with the LDPE powder from 
an external injector. A similar approach has been used to fabricate polymer 
composite coatings with low-friction properties in other studies [219, 225]. The 
external injector was mounted on the left side of the flame spray gun, oriented 
towards the gun with its axis intersecting the flame spray gun axis at about 280 mm 
from the flame spray nozzle. The additives were fed using a second powder feeder 
(PT-10 Twin powder feeder, Oerlikon Metco, Switzerland) and sprayed externally to 
the flame to prevent their degradation and vaporisation. The modified flame spray 
process is termed the flame spray process with hybrid feedstock injection in this 
work. Figure 14 presents a schematisation of the process configuration. 

 

Figure 14.  Schematisation of the flame spray process with hybrid feedstock injection to produce 
lubricated icephobic coatings (LICs). The matrix material is sprayed directly from the flame 
spray gun, whereas the lubricating additive is externally fed from an injector with argon as 
a carrier gas [Publication II]. 
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6.2 Characterisation methods 

Optical microscopy and scanning electron microscopy 
The surface morphology and the cross-sections of the coatings were analysed using 
a stereomicroscope (MZ7.5, Leica, Germany) and a scanning electron microscope 
(SEM, Jeol, IT-500, Japan). The coating samples were cut using an automatic cut-off 
machine (Discotom-10, Struers ApS, Denmark). Cross-sections were prepared by 
mounting the samples to the epoxy resin at room temperature. The mounted samples 
were then mechanical ground and polished up to a surface finish of 0.25 µm. Then, 
all samples were dried in a desiccator and coated with a thin conductive layer to 
enhance surface conductivity. A secondary electron detector was used to image the 
topographical characteristics of the samples. 

Surface topography and surface roughness measurements 
The surface topography of coatings was imaged using an optical profilometer 
(contactless measuring instrument, Alicona Infinite Focus G5, Alicona Imaging 
GmbH, Austria). The roughness parameters (Ra, Sa, Sq, Sz, Sdr) were measured 
from the optical profilometry images, which were acquired using 20× objective 
magnification at different locations of the coating surface, following standards ISO 
4288 [278] and ISO 25178-3[279]. The results were reported as the average and 
standard deviation of three measurements from different surface locations. 

Chemical characterisation  
The chemical characterisation of the polymeric materials was performed using 
Fourier-transform infrared spectrometers (FTIR, Bruker Tensor 27 FT-IR 
spectrometer, Bruker, Sweden and Spectrum One FT-IR Spectrometer, Perkin 
Elmer Instruments, United States). Attenuated total reflectance (ATR) sample 
holders with a diamond crystal were employed (GladiATR, PIKE Technologies, 
United States and Universal ATR Sampling accessory, Perkin Elmer Instruments, 
United States). The analyses were carried out in the wavenumber range 4000 cm−1 
to 600 cm−1 by recording 32 scans with a 4 cm−1 resolution. For the analysis, 
feedstock powders and coating surfaces were directly placed in contact with the 
crystal. For the coatings, measurements were performed at different locations on the 
surfaces. FTIR spectra were used to determine possible changes in the chemical 
structure or composition of the coatings after the flame spray process (Publication 
I). 
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Wettability measurements 
A droplet shape analyser (DSA100, Krüss, Germany) was used to determine the 
wetting behaviour of the coating surfaces. The instrument was located in a climate-
controlled environment (temperature of 22 °C ± 1 °C and relative humidity of 60 % 
± 3 %). The samples were placed in these conditions for 24 hours before the 
measurements to equilibrate with the test environment. The static contact angles 
were determined by depositing droplets of ultra-pure water (MilliQ, Millipore 
Corporation, United States) on the coating surfaces. The contact angle between the 
water droplet and the surface was determined using the tangent method (polynomial 
fit of droplet shape). Tilting experiments were used to analyse the water mobility 
behaviour of the surfaces. Water droplets were deposited on the surfaces, and the 
stage was tilted until the droplets rolled off. When droplet pinning occurred during 
the tilting experiments, a roll-off angle > 90° was measured. Both the static contact 
angle and roll-off angle were reported as the average and standard deviations of five 
measurements taken in different sample locations. 

Surface free energy measurements 
The surface free energy (SFE) of polymeric materials used in this work was calculated 
according to the Owens-Wendt-Rabel-Kaelble (WORK) model [88–91]. In this 
model, the surface free energy of solids is the sum of a dispersive component and a 
polar component. The dispersive component considered Van der Waals and other 
non-site-specific interactions. The polar component accounted for dipole-dipole, 
dipole-induced dipole, hydrogen bonding and other site-specific interactions 
between the surface and applied liquids [280]. The static contact angle of 3 µL 
droplets of water, diiodomethane and ethylene glycol was measured on the sample 
surfaces. The SFE values were calculated using Krüss software. However, measuring 
the surface free energies of feedstock materials in powders was challenging. 
Therefore, bulk samples of feedstock materials were produced using an oven (drying 
oven with natural convection, DL 53, DRY-Line®, VWR, Germany). The feedstock 
powders were melted and moulded into cylindrical silicon stamps. The surfaces of 
the bulk samples used for the SFE measurements had values of Ra roughness 
ranging from 0.2 to 1.7 µm. 

Icing tests 
The icephobic behaviour of coatings was investigated using the icing test facilities in 
the Ice Laboratory at Tampere University [147]. An icing wind tunnel (IWiT) and a 
centrifugal ice adhesion tester (CAT) are located in a cold climate room with 



 

51 

controlled temperature and relative humidity (-10°C ± 1°C and 80% ± 5%). Before 
the test, the samples were placed in the cold climate room. Once the samples reached 
the desired test conditions, ice was accreted from supercooled water microdroplets 
on 30 mm x 30 mm coating areas using the IWiT. A mixed glaze type of ice was 
accreted from atomised droplets using laboratory-grade II+ water (Purelab Option-
R 7/15, Elga, United Kingdom). For mixed glaze ice, the mean volumetric diameter 
(MVD) of the water droplets was measured to be 22 µm, and the mean droplet 
velocity was around 23 m/s. Both the MVD and mean droplet velocity were 
measured using a diagnostic camera (HiWatch HR2 camera, Oseir Oy, Finland) 
during ice accretion [281]. After ice accretion, the iced samples were kept in the cold 
climate room for several hours to guarantee complete solidification of the ice. The 
ice was then detached from the sample surface using CAT, and the ice adhesion was 
determined. The iced samples were weighed with and without ice to record the mass 
of accreted ice. 

The shear ice adhesion strength, 𝜏𝑖𝑐𝑒 [kPa], was calculated as the ratio of the 
centrifugal force 𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓 [N] at the instant of ice detachment to the area of the iced 
surface 𝐴 [m2], according to Equation 13: 

 𝜏𝑖𝑐𝑒 =
𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓

𝐴
=

𝑚𝑖𝑐𝑒𝑟𝜔2

𝐴
=

𝑚𝑖𝑐𝑒𝑟(𝛼𝑡)2

𝐴
 (13) 

 
where 𝑚𝑖𝑐𝑒 [kg] is the known mass of the accreted ice on the specimen and 𝑟 [m] is 
the radial spinning length at which the iced samples were spun. 𝜔 [rad/s] represents 
the rotational speed of the sample measured at the time 𝑡 [s] of ice detachment, using 
a constant angular acceleration 𝛼 of 300 rpm/s. The ice adhesion strength was 
reported as the average and standard deviation of four parallel samples. A test 
reference surface (3M™ PTFE Film Tape 5490, 3M, United States) was used to 
monitor the ice adhesion at each accretion event, considering possible variations in 
icing conditions. Moreover, cyclic icing/deicing tests were performed to assess the 
durability of coatings. Ice accretion and ice removal were repeated four times for 
each sample. The ice adhesion strength was recorded at each of the four cycles, and 
variations in ice adhesion enabled the durability assessment of the icephobic 
properties. Surface properties, such as morphology, roughness, wettability and 
chemical composition, were analysed before and after the cyclic tests to better 
understand the variations in icephobicity and durability of coatings. 
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Thermal characterisation 
The thermal characterisation of the as-received powders and coatings was performed 
using a differential scanning calorimeter (DSC, Netzsch DSC214 Polyma, Netzsch, 
Germany). Approximately 10 mg of the specimens was weighed and heated at 20 
°C/min from −30 °C to 150 °C in a nitrogen atmosphere (40 mL/min nitrogen 

flow). The degree of crystallinity 𝜒 [%] of the feedstock powders and coatings was 
evaluated using Equation 14: 

 χ =
Δ𝐻

Δ𝐻100%

 (14) 

 
where  Δ𝐻 [J/g] represents the enthalpy of fusion of the sample (corresponding to 
the area under the melting transition) and Δ𝐻100% [J/g] represents the enthalpy of 
fusion of the corresponding fully crystalline material. According to the literature, this 
value equals 293 J/g for fully crystalline polyethylene material [282]. Moreover, the 
thermal characterisation of as-received powders and coatings was carried out using 
a thermogravimetric analyser (TGA, Netzsch TGA209F Tarsus, Netzsch, 
Germany). The 10 mg samples were placed in an alumina pan and heated from 25 
to 600 °C at 20 °C/min in a nitrogen atmosphere (20 mL/min nitrogen flow). Both 
DSC and TGA were used to estimate the content of lubricating additive in the 
composite coating after deposition. The coefficients of linear thermal expansion 
(CTEs) of the coatings and substrate material were determined using a dilatometer 
equipped with a silica probe (DIL 402 Expedis® Select, Supreme, Netzsch, 
Germany) (Publication III). The samples were cooled to a temperature of -15 °C and 
then heated to 35 °C at 1 °C/min rate in an inert environment (helium flow rate 50 
ml/min). This temperature range was selected and the CTE values were measured 
in the range of interest from -10 °C to 25 °C. The CTE values were calculated as the 
average and standard deviation of three measurements. 

Exposure to various environmental stresses 
The icephobic coating designed in this work was not fabricated for a specific 
application. Therefore, the author chose to study some aspects of the effect of 
environmental and chemical agents on the durability of icephobic coatings, such as 
the immersion in corrosive media and the exposure to ultraviolet (UV) radiation 
(Publication III). For the immersion experiments, acidic, saline and basic solutions 
were prepared, and the coating samples were then immersed for 60 days. Using acetic 
acid (acetic acid 99-100% GPR RECTAPUR®, VWR Chemicals, France), an acidic 
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solution was prepared to mimic the exposure of the coating to an acid rain event 
(pH = 4 [283]). Sodium chloride (sodium chloride, BAKER ANALYZED® ACS, 
J.T. Baker®, VWR Chemicals, France) was used for the saline solution. The saline 
solutions had an average sea salt concentration of 35 g/L, simulating a saline 
environment. Sodium hydroxide (Sodium Hydroxide, Tamro Oy, Finland) was 
employed for the basic solution, which mimicked the environment of cleaning 
agents, detergents and ammonia solutions (pH = 11). The pH of the solutions was 
measured using a pH metre (MU 6100 H, multiparameter instrument, VWR, 
Darmstadt, Germany). The pH meter was calibrated before each measurement using 
three buffer solutions with pH values of 4, 7 and 10. Coating samples were immersed 
in acidic, saline and basic solutions for 60 days. The pH of the acidic and basic 
solutions was monitored during the 60 days and remained stable during the time of 
the experiments (the pH value was measured to be 4 ± 0.11 and 11 ± 0.03 for the 
acidic and the basic solutions, respectively, throughout the 60 days). Coating 
properties, such as chemical composition and surface morphology, were measured 
after 60 days of immersion. In addition, TGA was performed to detect possible 
absorbed water in the immersed coating samples.  

Concerning UV exposure experiments, coatings were artificially aged using UVA-
340 fluorescent lamps to simulate solar ultraviolet (UV) light. Further technical 
details on the UV chamber can be found in [284]. The samples were exposed for 
200, 500 and 1000 h. Colour changes were investigated using visual inspection and 
a chromameter (CR-200, Konica Minolta Sensing Europe B.V., The Netherlands). 
The chromaticity experiments employed a measuring mode based on L*a*b* 
coordinates (CIE 1976). In the L*a*b* colour space, L* indicates the colour 
lightness, a* the red/green coordinate and b* the yellow/blue coordinate, 
respectively [285]. According to standard ASTM D2244-02, the colour difference, 
∆𝐸𝑎𝑏

∗ , was calculated using Equation 15:  
  

∆𝐸𝑎𝑏
∗ = √(𝐿2

∗ − 𝐿1
∗  )2+ (𝑎2

∗ − 𝑎1
∗)2 + (𝑏2

∗ − 𝑏1
∗)2 

 
(15) 

where 𝐿1
∗ , 𝑎1

∗ and 𝑏1
∗ indicate the lightness, the red/green coordinate and the 

yellow/blue coordinate of the as-received samples, corresponding to 0 h exposure 
time. 𝐿2

∗ , 𝑎2
∗  and 𝑏2

∗ represent the values measured for the samples after 200 h, 500 
h and 1000 h of exposure time. Moreover, the chemical composition of the coating 
surfaces was measured using FTIR to determine any possible changes in the chemical 
structure of coatings after exposure times of 200 h, 500 h and 1000 h. 
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7 RESULTS AND DISCUSSION 

This chapter presents and discusses the main results from Publications I-IV and is 
divided into four sections. Section 7.1 presents the effect of process parameters on 
the icephobicity of plain low-density polyethylene coatings and related coating 
properties. Section 7.2 introduces the fabrication of lubricated icephobic coatings 
and discusses the effect of lubricant addition on coating icephobicity and related 
properties. Section 7.3 discusses the durability of lubricated coatings under repeated 
icing/deicing tests. Finally, section 7.4 presents the results on coating durability 
under various environmental stresses. 

7.1 The effect of flame spraying parameters on the icephobicity of 
polymer coatings 

Plain low-density polyethylene coatings were fabricated using flame spray technology 
by varying two process parameters, such as the transverse speed and spraying 
distance of the flame spray gun. Figure 15 summarises the process parameters and 
the samples analysed in Publication I. For flame spraying of polymers, the higher the 
transverse speed of the gun, the faster is the deposition process per unit length, and 
the lower is the time that the material is exposed to the combustion flame. In other 
words, the higher the traverse speed, the lower is the heat input transferred to the 
polymeric material [274]. Moreover, the greater the spraying distance, the farther is 
the flame from the substrate or the already deposited material, resulting in lower heat 
input transferred to the material [223]. The heat input transferred to the polymeric 
material determines the topography of the coating surface. The higher the heat input 
transferred to the polymeric material, the lower the obtained surface roughness of 
deposited coatings and vice versa [213, 223]. However, too high heat input could 
cause thermal degradation of the material with a detrimental effect on the properties 
of the produced coatings [213, 250]. Therefore, a trial-and-error approach was 
employed in this study to determine the optimal combination of process parameters 
in order to obtain a coating with preserved properties and enhanced icephobicity. 
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Figure 15.  Process window of the chosen parameters for flame spraying of LDPE coatings. Samples 
were identified with letters (from A to C for increasing transverse speed) and with numbers 
(from 0 to 2 for increasing spraying distance) [Publication I]. 

The ice adhesion results are presented in Figure 16 with the corresponding areal 
roughness of as-sprayed coatings. For this centrifugal ice adhesion test and mixed 
glaze ice type [173, 264], the ice adhesion values of 50 kPa and 100 kPa represent the 
low and medium-low ice adhesion limits, respectively. The results indicated that the 
process parameters had a significant effect on the icephobicity of the coating 
surfaces. In particular, the ice adhesion was higher for the coatings fabricated with 
the slowest transverse speed (from A0 to A2). For samples A0-A2, ice adhesion 
increased with increasing areal roughness, and these results are in accord with 
previous studies [137, 286]. Samples A0-A2 had the highest ice adhesion here, 
although they had the smoothest surfaces compared to the other coatings. This result 
implies that other factors might influence ice adhesion in addition to areal roughness. 
Moreover, no significant relationship between ice adhesion and areal roughness was 
found for the medium transverse speeds (samples B1 and B2). Finally, the coatings 
showed comparable areal roughness for the highest transverse speed (samples C1 
and C2), and sample C1 exhibited the lowest ice adhesion value of 32 ± 3 kPa. This 
combination of process parameters (900 mm/s and 250 mm) resulted in plain LDPE 
coatings with the lowest ice adhesion strength within the selected process window 
in Publication I. 
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Figure 16.  Ice adhesion (left axis) and areal roughness Sa (right axis) of the coatings. Teflon tape 
(TT) represents the reference material for ice adhesion used in this centrifugal test 
[Publication I].  

The chemical analysis of the coating surfaces was conducted by comparing the FTIR 
spectra of the coatings and the FTIR spectra of the as-received feedstock powder. 
The main difference between the coatings and the powder spectra was the formation 
of absorbance bands in the regions of 1700-1750 cm-1 and 800-1300 cm-1. In 
particular, a new absorbance peak at 1713 cm-1 was evident for some coatings. The 
absorbance peak at 1713 cm-1 corresponds to the presence of oxidation products 
(carbonyl and carboxyl compounds) in the polyethylene material [287]. The higher 
the absorbance intensity, the higher is the qualitative content of carbonyl and 
carboxyl compounds in the polyolefin sample. Therefore, the coating material was 
oxidised during spraying and deposition processes, and the oxidation degree 
depended on the selected process parameters.  

Figure 17 presents the intensity of the absorbance peak at 1713 cm-1 and 
corresponding ice adhesion values measured for the coatings. The absorbance peak 
intensity at 1713 cm-1 was equal to 0.04 for the as-received feedstock powder. 
According to the results, the absorbance rose from 0.15 for sample A2 to 0.30 for 
sample A0 when coatings were sprayed using a transverse speed of 500 mm/s. This 
rise in peak intensity suggests that the chemical structure of the polyethylene coatings 
was more oxidised with decreasing spraying distance. However, when the 
combustion flame was moved further away from the coating during deposition, the 
presence of oxidation compounds at the coating surfaces gradually decreased. 
Moreover, the absorbance intensity decreased with increasing transverse speed for 
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the coatings, from A0-A2 to B1-B2 until C1-C2 samples. Finally, specimen C2 had 
an absorbance intensity at 1713 cm-1 of 0.07, similar to that of the feedstock powders, 
representing the less oxidised coating surface. 

 

 

Figure 17.  Ice adhesion strength and absorbance intensity at 1713 cm−1 for the flame-sprayed LDPE 
coatings [Publication I]. 

The results presented in Figure 17 demonstrate that the process parameters had a 
significant effect on the chemical composition of the coating surfaces and hence on 
their icephobicity. The oxidation of flame-sprayed polymer coatings is a temperature 
and time-dependent phenomenon [213, 235, 250]. The oxidation degree strongly 
depends on the employed process parameters and consequently on the amount of 
heat input transferred to the material during the process. The slowest transverse 
speed lengthens the processing time, increasing the heat input transferred to the 
material and its temperature [274]. The longer the polymeric material is exposed to 
the flame, the greater the thermal oxidation will be on the deposited material. The 
mechanism of thermal oxidation of polyethylene is described in detail in Publication 
I. Moreover, the ice adhesion strength increased with the oxidation of the material, 
thus supporting the fact that thermal degradation had a negative effect on the 
icephobic behaviour of such flame-sprayed coatings.  

Thermal degradation of polymeric materials causes scission of polymer chains, 
cross-linking and the oxidation of the polymer, resulting in changes in molecular 
weight [212, 213, 250]. A loss in molecular weight generally results in a decrease in 
the degree of crystallinity [254] and a consequent decrease in the mechanical 
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properties of the polymer [212, 255, 256]. Therefore, the influence of the process 
parameters on the degree of crystallinity was investigated for the as-received 
coatings. Figure 18 presents the degree of crystallinity of as-sprayed LDPE coatings 
and the ice adhesion strength values.  
 

 

Figure 18.  Relationship between the ice adhesion strength (left axis) and the degree of crystallinity 
(right axis) of flame-sprayed LDPE coatings [Publication I]. 

The degree of crystallinity increased as the heat input transferred to the material 
decreased. For samples A0, A1 and A2, the degree of crystallinity increased with 
increasing spraying distance from 29 % at 200 mm to 40 % at 300 mm. For samples 
B1-B2, a slight rise in the degree of crystallinity was again noticed with increasing 
spraying distance, from 41 % to 42 %. After that, the degree of crystallinity remained 
stable at around 41-42 % for samples C1 and C2. For samples C1 and C2, thermal 
degradation was limited, according to previous results from the chemical analysis. 
Considering that the cooling conditions (rate of cooling in the air) after spraying 
were similar for all coatings, the variation in the degree of crystallinity was related to 
the effect of the heat input transferred to the polymeric material. Increased heat 
caused the thermal degradation of flame-sprayed LDPE coatings with a consequent 
reduction in the degree of crystallinity, as found in a previous study [288]. Therefore, 
it was concluded that thermal degradation produced by overheating the polymeric 
material had a detrimental effect on the crystallinity of coatings within the examined 
processing window. 
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The wetting properties, such as the water contact angle and water roll-off angle, 
were measured for the coating surface to establish possible correlations between 
surface oxidation, water wettability and icephobicity. The water contact angle for the 
fabricated coatings varied between 89° and 94°, thus indicating the hydrophobic 
character of all surfaces. Moreover, no roll-off angle was detected for any of the 
coating surfaces (roll-off angle > 90°). No clear correlation was found between 
wetting properties and the oxidation of surfaces. As a result, the process parameters 
seemed to have no effect on the wetting properties of flame-sprayed surfaces, despite 
the different chemical composition of the surfaces. Moreover, no clear correlation 
was found between wettability and the icephobic behaviour of these coatings. 

In summary, flame-sprayed LDPE coatings were fabricated by varying two 
process parameters, namely the transverse speed and spraying distance of the flame 
spray gun. It was found that the process parameters significantly affected the final 
chemical composition of the coating surfaces and their icephobic behaviour. The 
higher the heat input transferred to the material (and consequently, the higher the 
temperature reached by the polymer during processing), the higher was the thermal 
degradation and material oxidation. Moreover, the icephobic behaviour of surfaces 
was correlated to the thermal degradation of the material. The ice adhesion strength 
of surfaces rose with increased surface oxidation. The most icephobic coatings (C1) 
exhibited an ice adhesion strength of 32 ± 3 kPa. These coatings were fabricated 
using a transverse speed and spraying distance of 900 mm/s and 250 mm, 
respectively, and showed limited thermal degradation. Although the surface 
roughness most probably affected ice adhesion, no clear correlation was found for 
the samples in this study. The wetting properties seemed not to be significantly 
affected by the thermal oxidation of the surfaces, and no correlation was found with 
the icephobic behaviour of coatings. In conclusion, thermal degradation negatively 
affected the icephobicity of flame-sprayed LDPE coatings. However, further 
research is required to determine which aspect of thermal degradation, such as chain 
scission, cross-linking, oxidation, reduction in mechanical properties or surface 
embrittlement, directly affects the icephobicity of such flame-sprayed surfaces. 

7.2 The effect of lubricating additive on the icephobicity of polymer 
coatings 

Solid lubricating additives were added to the structure of plain flame-sprayed LDPE 
coatings. Therefore, the flame spray method was modified to feed the lubricating 
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additive externally to the combustion flame, as previously described in Section 6.1. 
Composite coatings were fabricated using two polymeric components, namely the 
matrix material and the lubricating additive. These composite coatings are referred 
to as lubricated icephobic coatings (LICs). For this work, two solid lubricating 
additives were selected, namely fully hydrogenated cottonseed oil (C) and paraffinic 
wax (P). Hydrogenated cottonseed oil consists of a hydrophobic waxy solid [275], 
commonly used in pharmaceutical applications as a coating release agent [289] or 
taste masking tool [290]. Moreover, waxes, such as paraffinic waxes, are widely used 
as additives in various coating applications to impart certain surface qualities, such 
as a glossy or matte appearance and slipperiness [291]. They also act as anti-blocking, 
anti-settling and anti-sagging agents in coatings [291]. More significantly, waxes are 
characterised by low surface free energy (SFE) properties [292, 293], which have 
been shown to promote the icephobic behaviour of smooth polymeric surfaces [87, 
92, 94]. Therefore, low surface free energy additives were added to the coating 
structure of plain flame-sprayed LDPE surfaces to potentially improve their 
icephobicity. The SFE values determined for the bulk samples of feedstock material 
are summarised in Table 5. The SFE values measured for LDPE and P were 
comparable to those reported in the literature [88, 92]. To the best of the author’s 
knowledge, no SFE has been reported for fully hydrogenated cottonseed oil in prior 
investigations. The results indicated that the lubricating additives had lower SFE 
values than the matrix material. 

Table 5.  Surface free energy (SFE) values with dispersive and polar components of low-density 
polyethylene (LDPE), fully hydrogenated cottonseed oil (C), and paraffinic wax (P), in the 
form of bulk [Publication III]. 

Feedstock Material SFE 
[mN/m] 

Dispersive Component 
[mN/m] 

Polar Component 
[mN/m] 

Low-density polyethylene 30.41 ± 1.25 29.14 ± 0.64 1.27 ± 0.61 
Cottonseed oil 19.77 ± 1.48 19.15 ± 1.19 0.62 ± 0.28 
Paraffinic wax 22.84 ± 0.04 22.19 ± 0.03 0.64 ± 0.01 

This study developed three different classes of LIC surfaces, namely LIC1-4, LIC-C 
and LIC-P coatings. LIC1-4 coatings were characterised by a 30 % theoretical 
content of C additive in the coating. The theoretical percentage of the additive 
content in the coating structure was calculated from the feeding rates imposed for 
the additive and matrix powders during spraying. LIC-C and LIC-P coatings were 
characterised by a 20 % content of C additive and P additive, respectively. An asterisk 
is indicated in the sample name if post-heating by flame was performed after 
spraying. The naming of the samples in the discussion will follow the one used in 
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the original publications. The discussion will firstly focus on the results of coatings 
based on the C additive (LIC1-4 samples with 30 % C content and LIC-C samples 
with 20 % C content), which were the most thoroughly investigated coatings in this 
work. After that, the results of coatings based on P additive (LIC-P samples with 20 
% P additive content) will be briefly presented. 

Figure 19 summarises the process parameters employed to produce coatings with 
30 % of cottonseed oil additive (indicated in the graph as LIC1, LIC2, LIC3, LIC3* 
and LIC4), flame-sprayed polyethylene coatings (FS-PE1) and plain cottonseed oil 
coatings without matrix material (L4). The L4 samples were fabricated to better 
understand the icephobic behaviour of the additive material. The FS-PE1 samples 
were produced using the same process parameters of the best polyethylene icephobic 
surface (C1 samples) described in Section 7.1 without post-heating by flame after 
coating deposition. The spraying distance was 250 mm for all coatings. According to 
the technical datasheets of the feedstock materials, the C additive has a lower melting 
point (57–70 °C) than the polyethylene matrix material (107 °C). This difference in 
thermal properties required a further adjustment of the process parameters. 
Additional compressed air was added to the flame spray gun. This addition allowed 
the further decrease of heat input during deposition and the reduction of material 
vaporisation during spraying, especially that of the low melting temperature additive. 
Moreover, the greater the compressed air pressure added to the gun, the lower is the 
heat input transferred to the polymeric material. 

 

 

Figure 19.  Process window of the chosen parameters for the coatings produced in this work 
[Publication II]. 
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The visual inspection of coatings revealed that the addition of C additive rendered 
the surface appearance of LICs more matt compared to the glossy black polyethylene 
surfaces. However, the employed microscopic techniques could not help to 
distinguish the two components on the surface and cross-section of the LICs. This 
difficulty was mainly due to the additive colour after coating deposition and the 
similarities in chemical structures between the additive and matrix materials. 
Therefore, a white additive powder with the same particle size distribution as the C 
additive was used to fabricate one LIC sample (LIC2) to estimate the structure of 
LICs produced using this technique. The images of the surface and cross-section of 
the sample acquired using an optical stereomicroscope are presented in Figure 20. 
The images clearly showed the presence of two components (black matrix and white 
additive), which seemed well intermixed on both the surface and cross-section of the 
coating. Moreover, this coating structure was specific for the employed process 
parameters, and some differences could be produced if the parameters settings were 
changed. 

 

Figure 20.  Stereomicroscope optical images of the a) surface and b) cross-section of LIC2 coating 
sample fabricated with a white coloured additive powder to demonstrate the structure of 
the lubricated icephobic coatings [unpublished results].  

The surface topography of the coatings is presented in Figure 21 with the process 
parameters of traverse speed and compressed air pressure. The results indicated that 
the process parameters significantly affected the obtained surface topography. The 
higher the heat input transferred to the polymer during processing (obtained for 
lower traverse speeds and air pressures), the smoother is the obtained surface [213, 
223]. The lubricant addition decreased the coating roughness when similar process 
parameters were utilised (LIC1 compared to FS-PE1). This effect was caused by the 
fully melted lubricant, which filled the surface topography of flame-sprayed 
polyethylene. Additionally, post-heating smoothed the coating surface due to the re-
melting and re-solidification of the polymeric materials (LIC3 compared to LIC3*). 
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Figure 21.  Surface topography of the coatings measured by optical profilometer analysis 
[Publication II]. 

The chemical analysis of the LIC surfaces revealed the presence of both matrix and 
additive materials at each measurement point, indicating that both materials (and 
indeed the C additive) were uniformly dispersed over the surfaces. However, LIC1 
and LIC3* presented additional signals referring to the presence of alkene bonds. 
Alkene compounds constitute one of the initial products of the thermal degradation 
of polyethylene [294]. Therefore, this signal indicated that minor thermal degradation 
was produced for the lubricated coatings when no compressed air was added to the 
gun and post-heating was performed. In addition, the wetting experiments 
demonstrated that the addition of lubricant improved the hydrophobic character of 
LICs compared to plain LDPE coatings. However, water droplets remained pinned 
onto the surface features of all LICs, resulting in roll-off angles higher than 90°. 

Figure 22 presents the ice adhesion strength results and corresponding surface 
roughness of the coatings. All lubricated surfaces demonstrated low ice adhesion 
behaviour, with ice adhesion strength lower than 50 kPa. The addition of lubricant 
was beneficial in reducing the ice adhesion strength of polyethylene coatings (FS-
PE1 compared to LIC1 fabricated with the same process parameters). Moreover, the 
ice adhesion was further reduced by increasing the air pressure cooling the flame 
(from LIC1 to LIC3). The most icephobic surface of this study demonstrated an ice 
adhesion strength of 23 kPa ± 6 kPa. The average value of ice adhesion increased by 
roughly 61 % when post-heating was performed (LIC3* compared to LIC3). Finally, 
the average value of ice adhesion increased by nearly 35 % when a rougher surface 
was fabricated (LIC4 compared to LIC3). 
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Figure 22.  Ice adhesion strength and areal roughness Sa of the coatings. Teflon tape (TT) represents 
the reference material for the ice adhesion test [Publication II]. 

Concerning surface roughness, no clear correlation was found with ice adhesion 
strength. From LIC1 to LIC3 samples, ice adhesion decreased as areal roughness 
increased. Ice adhesion strength increased from LIC3 to LIC3* when the surface 
was smoothened by post-heating treatment. Finally, the roughest surface of this 
study, LIC4, demonstrated slightly better icephobicity than the post-heated surface 
LIC3*. Moreover, the chemical composition of coatings could have influenced their 
icephobic behaviour. A greater ice adhesion strength was measured for LIC1 and 
LIC3*. These coatings presented minor thermal degradation in their surfaces, 
probably due to the lack of additional air in the flame spray gun and post-heating 
treatment. The negative effect of thermal degradation on coating icephobicity was 
already observed for flame-sprayed coatings in the previous Section 7.1. However, 
further investigations are needed to establish a clear correlation between thermal 
degradation and icephobicity for lubricated coatings. 

Figure 23 presents the ice adhesion results as a function of the areal roughness Sa 
for lubricated coatings (in orange) and some LDPE coatings, which were previously 
presented in Section 7.1. The spraying distance for all compared samples was 250 
mm. From the comparison shown in Figure 23, some conclusions can be drawn. 
The addition of C additive to the coating structure improved the icephobicity of 
flame-sprayed polyethylene coatings (orange squares versus black squares). Even the 
roughest lubricated coatings of this study (LIC4) exhibited low ice adhesion 
behaviour. This result indicated that the icephobic behaviour of these coatings was 
mainly affected by the surface chemistry, rather than the surface roughness. 
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Moreover, the thermal degradation of the polymers negatively affected the 
icephobicity of coatings. Material degradation was minimised by cooling the flame 
using additional air and eliminating post-heating. When the lubricant was included 
in the coating structure, post-heating by flame was not beneficial for the icephobicity 
(ice adhesion of LIC3 compared to LIC3*). In contrast, when only LDPE was 
sprayed, post-heating helped to improve the icephobicity of coatings (ice adhesion 
of FS-PE1 compared to C1*). 

 

 

Figure 23.  Icephobic performances of lubricated icephobic coatings (in orange) of Publication II 
compared to flame-sprayed polyethylene coatings (in black) of Publication I. Ice adhesion 
strength versus areal roughness Sa. Modified from [Publication II].  

Lubricated coatings based on the C additive were further developed to investigate 
the effect of the additive content on the icephobic behaviour of the surfaces. The 
feeding rate of the C powder was reduced to obtain a theoretical percentage of 
additive content in the coating structure of approximately 20 m%. Figure 24 
compares the ice adhesion strength values of coatings with 20 % (LIC-C and LIC-
C*) and 30 % (LIC1-4) of the C additive. Areal roughness values, Sa, are indicated 
for each surface. According to the results, coatings with 20 % additive content 
exhibited values of ice adhesion strength above 50 kPa, while coatings with 30 % 
additive content showed an ice adhesion strength below 50 kPa. Moreover, no clear 
trend was found between ice adhesion strength and areal roughness for these 
coatings. Therefore, the lower additive content probably contributed to the increased 
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ice adhesion strength in LIC-C and LIC-C* coatings. Regarding the effect of post-
heating on coating icephobicity, the average value of ice adhesion strength of post-
heated LIC-C* coatings increased by roughly 13 % compared to the LIC-C samples. 
However, these results varied within the standard deviation and the influence of 
post-heating on the ice adhesion strength was not clear for these coatings. 
 

 

Figure 24.  Icephobic behaviour of lubricated icephobic coatings (LICs) with 30 % content (LIC1, LIC2, 
LIC3, LIC3* and LIC4) and 20 % content (LIC-C and LIC-C*) of cottonseed oil additive. Ice 
adhesion strength is reported on the left axis and corresponding areal roughness Sa on 
the right axis. 

Figure 25 presents the ice adhesion strength of coatings with 20 % content of C 
additive, 20 % content of P additive, and plain feedstock material coatings with 
corresponding areal roughness values. Regarding the P-based coatings, the addition 
of paraffinic wax seemed to be not beneficial for improving the icephobic behaviour 
of plain LDPE coatings. This result was confirmed by the icephobic behaviour of 
the plain paraffinic coatings (FS-P sample in Figure 25), which tended to behave 
more like plain LDPE coatings than plain C coatings. Therefore, this attempt was 
not successful as expected, considering the measured low surface free energy of 
paraffinic wax (Table 5). However, P-based coatings showed ice adhesion values 
below the medium-low ice adhesion limit, demonstrating the potential for further 
development of such icephobic surfaces. Therefore, further studies are suggested for 
coatings based on the P additive.  
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Figure 25.  Icephobic behaviour of lubricated icephobic coatings (LICs) and flame-sprayed (FS) 
feedstock material coatings, measured at −10 °C with mixed glaze ice. Ice adhesion 
strength is reported on the left axis and corresponding areal roughness Sa on the right 
axis [Publication III]. 

In summary, LICs were fabricated in a single step using the flame spray method with 
hybrid feedstock injection. LICs were two-component coatings formed by the 
matrix material (LDPE) and the lubricating additive. Two lubricating additives were 
used, namely fully hydrogenated cottonseed oil (C) and paraffinic wax (P). The 
additive content in the coating structure was set to be around 30 m%. The addition 
of C additive improved the hydrophobicity of plain LDPE coatings. All LICs with 
30 % C additive demonstrated low ice adhesion behaviour below 50 kPa. Minor 
thermal degradation, which was detected for some coatings, seemed to have a 
negative influence on their icephobic behaviour. When the C additive content was 
reduced to 20 % in the coating structure, an increase in ice adhesion strength was 
evidenced. Finally, the P additive seemed to not improve the icephobicity of the 
plain LDPE coatings.  

7.3 The durability of lubricated coatings under cyclic icing/deicing 

All the lubricated coatings fabricated in this work underwent repeated icing/deicing 
cycles, and variations in ice adhesion strength were recorded to assess the durability 
of their icephobic properties. Figure 26 presents the stages of the icing/deicing cycles 
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performed in this work to assess the durability of lubricated coatings. At first, the 
samples were cooled to the icing conditions (stage 1). Next, icing was performed by 
accreting mixed glaze ice from supercooled microdroplets accelerated towards the 
coating surface (stage 2). After ice solidification, deicing was carried out by applying 
a centrifugal force to the iced samples (stage 3). Finally, after ice detachment, the 
samples were placed at room temperature (stage 4) and the cycles were repeated four 
times in total. The discussion will firstly focus on the durability of coatings with the 
30 % of C additive (LIC1-4 samples). After that, the results of coatings based on C 
and P additives with 20 % content (LIC-C and LIC-P samples) will be presented. 

 

Figure 26.  Stages of the cyclic icing/deicing tests. 1) Cooling stage of the samples from room 
temperature to the icing test temperature. 2) Icing stage with the accretion of mixed glaze 
ice from supercooled water droplets in the icing wind tunnel and solidification of the ice 
block. 3) Deicing stage with the removal of the ice block using the centrifugal ice adhesion 
tester. 4) Warming stage with samples stored at room temperature [Publication IV]. 

The ice adhesion values measured at each cycle for LICs with 30 % of C additive in 
the coating structure are presented in Figure 27. All the lubricated coatings exhibited 
ice adhesion values below 50 kPa in the first cycle. Moreover, all the coatings 
demonstrated a general increase in ice adhesion strength from the first to the second 
cycle. This increase in ice adhesion strength corresponded to a reduction in the 
icephobicity of surfaces. After the second cycle, all the coatings showed increased 
ice adhesion, except for LIC1, which seemed to exhibit a more stable icephobic 
behaviour. Similarly, coatings LIC2 and LIC3* seemed to stabilise their icephobic 
behaviour after the third cycle. In contrast, coatings LIC3 and LIC4 degraded 
gradually until the fourth cycle. Due to the significant variations in icephobic 
behaviour from the low to the medium-low ice adhesion limit, this study considered 
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four cycles to be sufficient to evaluate the icing performance of such coatings. 
Despite their decreased icephobicity across the cycles, all the LICs maintained an ice 
adhesion strength of below 100 kPa, thus retaining their icephobicity within the 
medium-low ice adhesion level. 

 

Figure 27.  Ice adhesion results for all LICs over four icing/deicing cycles [Publication IV]. 

Increased ice adhesion over the cycles was probably due to changes in surface 
properties produced during consecutive icing/deicing actions [98], [156]. Previous 
studies have shown that mechanical damage and variations in surface chemistry 
constitute the main causes of decreased icephobic performance for icephobic 
coatings [82], [155], [156], [159], [195], [199]. Figure 28 shows the surface topography 
and micrographs of all the coating surfaces before and after four icing/deicing cycles. 
All the coatings were mechanically damaged after the cyclic tests, as seen from the 
micrographic analyses. The micrographs revealed different defects, such as surface 
erosion, scratches and cracks. Surface defects, most commonly scratches, were 
produced for all the coatings, which were also visible from optical analyses, as 
reported in the supporting information of Publication IV. However, a few scratches 
were already evident before icing from the micrographs of the LIC1 and LIC2 
samples. Moreover, cracking of the surfaces was revealed between the unmelted 
particles, indicated in Figure 28, for samples LIC3 and LIC4. 
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Figure 28.  Surface topographies and morphologies of the coatings before and after four icing/deicing 
cycles. Optical profilometer images of the surface areas before icing/deicing cycles (left). 
The colour scale in the images indicates the height of the surface: a lighter colour for 
peaks and a darker colour for valleys. Electron microscope images of the coating surface 
before (middle) and after four icing/deicing cycles (right) [Publication IV]. 

The areas between unmelted particles were assumed to be the lubricant-rich regions 
of the coating surfaces. The experiments showed that cracking occurred after the 
cooling stage (stage 1) of the icing/deicing tests. However, crack formation was not 
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revealed after the cooling stage if these coatings were deposited on an LDPE 
substrate (matrix material). Therefore, the effect of the substrate material on the 
cracking behaviour was further investigated. A significant mismatch was found 
between the coefficient of thermal expansions (CTE) of the free coating (182.4 ± 
1.7 × 10-6 °C-1) and the stainless steel substrate (15.1 ± 0.1 × 10-6 °C-1). Considering 
that the coating had a higher CTE than the substrate material, the latter may 
constrain the coating from shrinking during the cooling stage, thus inducing tensile 
stresses in the coating [195, 295]. If induced tensile stresses exceed the cohesive 
strength of the coating, cracking can occur [296, 297]. For these reasons, crack 
formation was assumed to be caused by the tensile stresses induced in the coating 
during cooling, which exceeded the low cohesive strength of the lubricant-rich 
regions between the unmelted particles of the coating surface. However, the latter 
issue was not verified for coatings fabricated using different combinations of process 
parameters (the coatings LIC1, LIC2, LIC3 and LIC3*), previously presented in 
Figure 19. The results regarding crack formation are discussed in more detail in 
Publication IV. 

Mechanical damage of surfaces definitively represented one cause of the gradual 
increase in ice adhesion strength for LICs over the cycles, as found in other studies 
[136, 166, 205, 209]. The presence of surface scratches after the cycles produced a 
slight increase in average height, Sa, and maximum height, Sz, for all the coatings. 
However, the Sa and Sz values varied within the standard deviation for most of the 
coatings. A more significant difference was measured before and after the cycles for 
the developed interfacial area value, Sdr. The increased area due to mechanical 
damage may increase mechanical interlocking between the ice and surface features, 
thus probably explaining the increased ice adhesion strength over the cycles [56]. 
However, a relationship between the degree of increased interfacial area and the 
increased ice adhesion could not be systematically established in this study for LICs. 
Possibly, additional factors could have influenced the icephobicity of such surfaces. 

Wetting properties were measured before and after the cycles to better 
understand the durability of the surfaces when subjected to multiple icing/deicing 
cycles. According to the wetting results, all the coatings showed a slight reduction in 
apparent WCA after the cycles, while their hydrophobic character was retained 
(apparent water contact angle > 90° for all the coatings). However, the values varied 
within the standard deviation of the measurements for most of the samples. Similar 
results were observed in other studies, where the decrease in wetting properties was 
correlated to a decrease in coating icephobicity after the cycles [103, 136, 162, 166, 
298]. The changes in surface morphology probably caused the reduction in surface 
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hydrophobicity, roughness and surface chemistry during the cycles [78]. Mechanical 
damage of the surfaces during the cycles resulted in changes in surface roughness. 
Moreover, mechanical damage might alter the local surface chemistry of the coatings 
as a result of material removal. However, chemical analysis of the surfaces indicated 
no changes in the surface chemistry before and after the cycles. As a result, the 
primary cause for the decreased hydrophobicity of surfaces was related to 
mechanical damage and the presence of scratches might have reduced the 
hydrophobic character of the surfaces. Moreover, the soft additive, which is more 
hydrophobic than the matrix material, could have been removed from the surface 
locally during deicing. This local elimination might account for the modest decrease 
in hydrophobicity at the surface. 

One of the most interesting results of the cyclic tests was the stable icephobic 
behaviour of the LIC1 sample, although this surface was not the most icephobic one 
compared to all the other coatings in the first cycle (Figure 22). Several factors could 
have determined the stability in the icephobic behaviour of this coating. At first, 
LIC1 was one of the smoothest surface morphologies of this study, together with 
LIC3*, as revealed by the optical profilometry analysis described in Section 7.2. It 
was demonstrated that smoother surfaces reduced the formation of mechanical 
interlocking between the ice and the surface features compared to rougher surfaces 
[56]. This characteristic could be beneficial during repeated icing/deicing tests since 
it reduces mechanical interlocking and decreases the possibility of surface damage 
by ice removal [209]. Additionally, the compositional study of LICs using thermal 
analyses revealed that LIC1 contained a C additive content of approximately 20-
25 m% after deposition, which was lower (approximately half) than the other 
coatings. This finding was justified by the higher heat input employed to process this 
coating (no additional compressed air) compared to the other coatings. The warmer 
combustion flame with no additional air could have vaporised part of the C additive 
during spraying, thus reducing its amount in the coating structure. Moreover, the 
reduced quantity of lubricant in the coating structure might have increased the 
mechanical resistance of the coating surface to ice removal during deicing. 
Therefore, the more stable icephobicity of the LIC1 sample could derive from a 
combination of topographical characteristics of the coating surface and lubricating 
additive content. 

To verify the hypotheses on the stable icephobic behaviour of the LIC1 sample, 
two coatings with relatively smooth surfaces, namely LIC-C and LIC-C*, were 
fabricated with a reduced amount of cottonseed oil additive (imposed theoretical 
percentage of C additive of 20 %). From the thermal analyses, the C content in both 
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coatings after deposition was calculated to be around 18 m%. The durability of these 
coatings was again evaluated under repeated icing/deicing cycles, and the ice 
adhesion values obtained at each cycle are presented in Figure 29. The ice adhesion 
values of LIC-C and LIC-C* coatings were maintained over the cycles within the low 
and medium-low ice adhesion limits. The coatings showed relatively stable ice 
adhesion strength values, which varied within the standard deviations over the cycles. 
Therefore, a more stable icephobic behaviour was obtained for coatings with a 
reduced amount of C additive. This finding suggested that reducing the C additive 
in the coating structure could be beneficial in improving the durability of the 
icephobic properties of lubricated coatings. 

 

 

Figure 29.  Ice adhesion results for lubricated icephobic coatings (LICs) under four icing/deicing 
cycles. C and P refer to fully hydrogenated cottonseed oil and paraffinic wax additives, 
respectively. The asterisk indicates the post-heating treatment by flame [Publication III]. 

After the cycles, the surfaces were analysed to detect any defect produced during the 
cyclic tests. The micrographs revealed the presence of scratches on the surfaces of 
LIC-C and LIC-C* coatings. However, the mechanical damage was visibly lower 
compared to coatings with a higher C additive content. The revealed surface 
scratches seemed to not have a significant effect on the icephobic behaviour of LIC-
C and LIC-C* coatings, which remained stable over the cycles. Moreover, no 
substantial changes in surface roughness and surface chemistry were revealed after 
the cycles. The results on wetting properties indicated that the coatings had a slight 
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reduction in apparent WCA after the cycles. This slight decrease in hydrophobicity 
might be related to the presence of a few scratches. In contrast to the apparent WCA 
results, the cycles affected the water mobility behaviour of the surfaces. After the 
cycles, no roll-off angles were observed for the LIC-C and LIC-C* coatings, which 
initially had roll-off angles of around 73° and 49°, respectively. This result was due 
to water droplets that became trapped in surface defects, such as scratches, formed 
during the cyclic testing. 

The LIC-P and LIC-P* coatings showed higher ice adhesion values compared to 
the C-based coatings and a slight increase in ice adhesion over the cycles (Figure 29). 
However, no scratches were revealed on the surfaces of P-based coatings after the 
cycles, thus demonstrating higher mechanical durability to wear against ice shedding 
in comparison to the C-based coatings. Therefore, this additive could be considered 
an alternative to the C additive for further developments of such lubricated coatings. 

In summary, this work examined the durability of flame-sprayed lubricated 
icephobic coatings (LICs) under repeated icing/deicing cycles. Different lubricated 
coatings underwent repeated icing/deicing cycles, such as coatings with 30 % C 
additive (LIC1-4), coatings with 20 % C additive (LIC-C and LIC-C*) and coatings 
with 20 % P additive. Concerning the coatings with 30 % C additive, all the LICs 
showed low ice adhesion behaviour below 50 kPa at the first icing/deicing cycle. 
Over the cycles, some coatings (LIC1, LIC2 and LIC3*) tended to maintain a stable 
icephobic behaviour, while other coatings (LIC3 and LIC4) showed a progressive 
loss of icephobicity. Surface defects, mainly scratches, were revealed on the surfaces, 
with a minor reduction in surface hydrophobicity and increased surface roughness. 
The LIC1 sample demonstrated the most stable icephobic behaviour of all the 
coatings. This coating was characterised by a relatively smooth surface and a reduced 
content of the lubricating additive after deposition. Therefore, relatively smooth 
coatings with reduced C additive content were fabricated (LIC-C and LIC-C*). The 
results showed that the reduction in C content was beneficial for obtaining more 
stable icephobic behaviour over the cycles. Furthermore, no significant changes in 
surface roughness, water contact angle and surface chemistry were revealed after the 
cycles with the characterisation methods, although minor surface scratches were 
detected after the cycles. Finally, the P-based coatings showed higher ice adhesion 
values compared to the C-based coatings. However, no scratches were revealed on 
the surfaces of P-based coatings after the cycles, demonstrating better mechanical 
durability than the C-based coatings.   
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7.4 The durability of lubricated coatings under various 
environmental stresses 

Icephobic coatings may come into contact with various outdoor environments 
during their use in different applications. Therefore, lubricated coatings were 
immersed in corrosive media, such as acidic, saline and basic solutions to mimic their 
exposure to acidic rain, saline environments and solutions of cleaning agents and 
detergents. Two LIC coatings were selected for this investigation, which contained 
20 % of lubricating additive in their structure, namely LIC-C* with cottonseed oil 
additive and LIC-P* with paraffinic wax additive. In addition, variations in chemical 
composition and surface morphology were investigated after 60 days of immersion 
to assess their durability in these environments. 

Surface chemical characterisations were performed for LIC-C* and LIC-P* using 
FTIR. The spectra of the as-received coatings were compared to those obtained after 
60 days of immersion in different solutions, and the results are presented in Figure 
30. The FTIR spectra of LIC-C* coatings (Figure 30a) revealed no significant 
changes in the chemical composition of surfaces when exposed to acidic and saline 
environments. However, slight alterations in the chemical structure were observed 
for the basic environment. Weak signals were detected in the range from 1650 to 
1500 cm-1. These signals probably corresponded to the presence of alkene bonds 
[299, 300], which constitute one of the initial products of degradation in polyolefins 
[294]. Moreover, a higher peak intensity was detected at 1740 cm-1 and 1173 cm-1, 
corresponding to the increased presence of ester bonds. Finally, a weak signal was 
detected between 3700 and 3200 cm-1, probably indicating the presence of hydroxyl 
bonds [299, 300]. Hydroxyl bonds and the increased intensity of ester bonds might 
account for the formation of the hydrolysis products of esters, which are primarily 
carboxylic acids [300]. The FTIR spectra of LIC-P* coatings (Figure 30b) 
demonstrated no significant chemical changes for surfaces in contact with all the 
studied corrosive media. Therefore, the paraffinic wax additive better preserved its 
chemical composition after immersion compared to the fully hydrogenated 
cottonseed oil additive. Additionally, thermogravimetric studies revealed no 
absorbed water after 60 days of immersion in the coating structures, suggesting that 
both lubricated coatings had good barrier properties to water absorption in the 
studied conditions. 
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Figure 30.  FTIR spectra of LICs surfaces after ageing in different environments: (a) LIC-C*, and (b) 
LIC-P*. The regions of the spectra are highlighted by yellow boxes when chemical 
modifications are detected [Publication III]. 

After immersion, the coating morphologies were analysed to determine their 
durability in the studied corrosive environments. Figure 31 shows the surface 
morphologies of the coatings after 60 days of immersion in acidic, saline and basic 
solutions. The results showed that the surface morphologies of the as-received 
coatings altered after immersion. The surfaces of as-received coatings were 
characterised by small protuberances, which were not detected after immersion. 
Therefore, structural modifications of the coating surfaces were produced in all the 
solutions. Regarding LIC-C* samples, the surfaces were characterised by flake-like 
structures after immersion. Moreover, patches of flake-like structures were observed 
for samples submerged in basic solutions. These flakes could originate from the 
hydrolytic degradation of the C additive, which could be the most susceptible coating 
component to hydrolysis. Moreover, structural changes were also observed for the 
LIC-P* samples after immersion. The immersion in acidic solutions produced finer 
structures in comparison to saline and basic environments. The revealed structural 
changes caused variations in surface morphology and surface chemistry for the 
lubricated coatings, both of which could affect the icephobic behaviour of the 
coatings after immersion [83, 209, 210]. However, further research is required to 
establish these correlations. 
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Figure 31.  Micrographs of the surface morphologies of LICs after 60 days of immersion in acidic, 
saline, and basic solutions [Publication III]. 

Water-induced degradation of polymers, i.e. hydrolysis, can cause cross-linking and 
the formation of porous structures on the exposed polymer surfaces, thus causing 
surface structural changes [195]. Moreover, polymers with water-sensitive functional 
groups are more likely to be affected by hydrolysis [195, 300]. For example, the ester 
groups found in the C additive are more prone to hydrolysis than the primary and 
secondary alkyl groups found in polyolefins [195, 299]. This fact could explain the 
weak hydroxyl signal revealed for all the aged LIC-C* surfaces, which was absent for 
the LIC-P* surfaces (Figure 30). Moreover, additional factors could influence the 
effect of hydrolysis, such as surface hydrophobicity, surface porosity and mechanical 
stresses [195]. For example, the tendency to hydrolysis of the surface decreases with 
increased hydrophobicity [195]. Therefore, despite the existence of ester bonds, the 
increased water-repellent characteristics of the LIC-C* samples might have 
contributed to retarding the hydrolysis reaction in the coatings, thus resulting in 
minor chemical changes in the surfaces.  

Another environmental stress considered in this work for lubricated coatings was 
the exposure to ultraviolet radiation (UV). Icephobic coatings are typically utilised in 
outdoor environments, where they are exposed to UV radiation. Degradation of 
polymers due to UV irradiation generally reduces their performance and shortens 
their lifetime [211]. Therefore, understanding the degradation process of the 
polymers used in this work in the presence of UV light is critical to further improve 
the durability of LICs under these conditions. Figure 32 presents the FTIR spectra 
of LIC-P* coatings after specific exposure times to UV radiation. According to the 
results, the aged surfaces exhibited an increased signal intensity in the region between 
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1850 cm-1 and 1650 cm-1. The signal gradually rose in intensity with increasing 
exposure time up to 1000 h. This signal corresponded to the formation of carbonyl 
groups in the polymer structure. The broad peak with the strongest signal at 1713 
cm-1 indicated the formation of numerous oxidation products, such as carboxylic 
acid, carboxylic ester and carboxylic anhydride, as reported in previous studies on 
the photodegradation of polyolefins [287, 301, 302]. 

 

Figure 32.  FTIR spectra of the coatings at different exposure times to UV radiation: (a) LIC-P* 
spectra, (b) LIC-P* spectra enlarged in the region of interest. The spectra region is 
highlighted by a yellow box when chemical modifications are detected [Publication III]. 

Figure 33 presents the FTIR spectra of LIC-C* coatings at different exposure times. 
According to the spectra, the signal intensity progressively increased with exposure 
time in the region between 2000 and 1000 cm-1. After 200 hours, a slight rise in 
intensity was observed for the peaks at 1737 and 1173 cm-1. This rise qualitatively 
indicated the increased stretching signal of the carbonyl bond (C=O) and carbon-
oxygen bond (C–O) of the ester group. After 500 hours, the signal intensities of 
these bonds further increased, and the peak at 1737 cm-1 split into two peaks at 1740 
cm-1 and 1727 cm-1. The first signal at 1740 cm-1 indicated a qualitative increase in 
carbonyl bonds in the polymer structure, and the second signal at 1727 cm-1 indicated 
the formation of carboxylic acids, according to previous work [303]. These findings 
showed that chemical modifications were produced in the LIC-C* samples after UV 
exposure, forming oxidation products due to photo-oxidation. Based on the 
comparison between the LIC-P* and LIC-C* spectra after exposure, the photo-
oxidation of LIC-C* coatings was mainly caused by the oxidation of the C additive. 
No additional peaks were found in the spectra after 1000 h compared to 500 h of 
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exposure. In general, both coatings demonstrated surface photo-oxidation after 
exposure to UV radiation. As described in Section 7.1, the ice adhesion values rose 
with increased surface oxidation for the plain LDPE coatings. The higher the 
oxidation of the surfaces, the higher was the measured ice adhesion strength. 
Moreover, a recent study has indicated that the ultraviolet ageing of polyurethane-
based coatings has a detrimental effect on their icephobic properties [198]. However, 
further research is required to ascertain the effect of UV ageing on the icephobicity 
of lubricated icephobic coatings. 

 

Figure 33.  FTIR spectra of the coatings at different exposure times to UV radiation: (a) LIC-C* 
spectra, (b) LIC-C* spectra enlarged in the region of interest [Publication III]. 

Photo-oxidation under UV irradiation resulted in colour alterations of the coating 
surfaces. Figure 34 compares the variation in colour, ∆𝐸𝑎𝑏

∗ , revealed for the coating 
surfaces at different exposure times. The colour change value increased with 
exposure time for LIC-C* coatings but remained stable for LIC-P* coatings. Similar 
results on colour variations have been found in previous studies for aged 
polyethylene samples [304]. Moreover, colour observations on aged coatings well 
correlated with the FTIR results. A more evident variation in colour was found when 
considerable changes in signal intensities were detected in the FTIR spectra of LIC-
C* samples and vice versa for LIC-P* samples. These findings are in accordance 
with recent research on photodegraded polymers and waxes [305]. 
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Figure 34.  Comparison of colour changes for LIC-C* and LIC-P*coatings at different exposure times 
to UV irradiation. [Publication III]. 

Concerning the susceptibility of chemical bonds to UV radiation, the carbonyl 
groups of ester bonds behave as UV light-absorbing groups [299]. Moreover, ester 
bonds are more photosensitive than the primary and secondary alkyl groups found 
in polyolefins [306]. Therefore, the presence of ester bonds in the C additive could 
explain the reason for the LIC-C* coatings being more susceptible to 
photodegradation than the LIC-P* coatings. Moreover, non-degraded, pure 
polyolefins should be resistant to photo-oxidation, considering that they ideally do 
not absorb UV irradiation. Conversely, the results revealed minor oxidation for the 
LIC-P* coatings. UV irradiation can be absorbed if unsaturation or carbonyl groups 
are generated during the production process or if additives sensitive to UV are added 
[299]. Weak signals were revealed at 1731 cm-1 for the LDPE powder feedstock and 
at 1630 cm-1 for the as-received LIC-P* coatings. These signals corresponded to the 
carbonyl products present in the feedstock material and alkenes produced during the 
coating fabrication of LIC-P*, respectively. Therefore, their presence in the LIC-P* 
coatings might have increased their tendency to photodegradation. However, LIC-
P* samples better withstood exposure to UV radiation than the LIC-C* samples. 

In summary, the durability of lubricated coatings was tested under immersion in 
various corrosive media, namely acidic, saline and basic solutions, and exposure to 
UV radiation. Lubricated coatings based on both cottonseed oil additive (LIC-C*) 
and paraffinic wax additive (LIC-P*) were studied. The LIC-C* and LIC-P* coatings 
showed good chemical durability in all the studied corrosive media. C-based coatings 
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demonstrated minor changes in chemical compositions after immersion in basic 
environments, probably due to hydrolysis of the C additive. After 60 days of 
immersion, structural changes were observed on the surfaces of both coatings. 
Moreover, both coatings demonstrated surface photo-oxidation after 1000 hours of 
exposure to UV radiation, with LIC-C* coatings more oxidised than the LIC-P* 
coatings. 
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8 CONCLUSIONS AND SUGGESTIONS FOR 
FUTURE WORK 

For decades, the design and fabrication of novel icephobic coatings with permanent 
icephobicity and practical durability in various environments have been the primary 
goal of the scientific community working on mitigating icing problems. In future 
decades, research on icephobic coating will further develop to meet the requirements 
of applications facing icing problems. In this work, icephobic polymer coatings were 
fabricated in one step using flame spray technology. The initial investigation focused 
on understanding the effect of the process parameters on the icephobic behaviour 
of plain polyethylene coatings. In the second stage, polymer composite coatings were 
fabricated by adding a lubricating additive to the polyethylene matrix, to further 
enhance the icephobicity of such coatings. The final stage of the research focused 
on a durability assessment of the lubricated coatings. Their durability was tested 
under various environmental stresses, such as icing/deicing cycles, immersion in 
corrosive media and exposure to UV radiation, which icephobic coatings might 
experience in real applications. These tests were performed to increase the 
understanding on the degradation behaviour of lubricated coatings. The results will 
support further research in the development of such coatings in future work.  

8.1 Scientific contribution 

The following discussion addresses the research questions presented in Chapter 5 
and describes the scientific contribution of this thesis.  

1. How do the flame spray process parameters influence the properties and the 
icephobicity of plain low-density polyethylene coatings? 

The process parameters of spraying distance and transverse speed were varied in the 
flame spray process to fabricate plain low-density polyethylene coatings. The shorter 
the spraying distance, the closer is the flame to the substrate or the already deposited 
material. This condition implies a higher heat transferred to the polymeric material 



 

84 

compared to longer spraying distances. Moreover, the slower the transverse speed 
of the flame gun, the longer is the deposition time. As a result, the material is heated 
for a longer time compared to faster transverse speeds. Therefore, the heat input 
transferred to the polymeric material increases with decreased spraying distance and 
transverse speed. The higher the heat input transferred to the polymer during 
spraying, the smoother is the obtained coating surface. It was found that the process 
parameters had a significant effect on the surface roughness of polyethylene 
coatings. For a constant spraying distance of 250 mm, the areal roughness Sa varied 
from 3 µm to 18 µm when transverse speeds of 500 mm/s and 900 mm/s were used, 
respectively. However, the higher the heat input, the greater the risk of thermal 
degradation for flame-sprayed polymers. The chemical composition of polyethylene 
coatings showed the presence of oxidation products due to thermal degradation 
during flame spraying. The thermal degradation was gradually reduced using a faster 
transverse speed (900 mm/s) and longer spraying distance (300 mm/s) during the 
process (signal intensity of oxidation products decreased from 0.30 to 0.07 within 
the process window analysed in this work). Most importantly, the icephobic 
behaviour of polyethylene coatings was significantly influenced by thermal 
degradation and surface oxidation. Ice adhesion strength varied from 123 kPa ± 
33 kPa for the most oxidised surface of this work to 32 kPa ± 3 kPa when minor 
oxidation was detected on the coating surface. Moreover, thermal degradation 
negatively affected the degree of crystallinity of the polyethylene coatings, which 
decreased from 41 % to 29 % with increased thermal oxidation within the process 
window analysed in this work.  

2. How does the addition of lubricating additives to the coating structure affect the 
properties and the icephobicity of flame-sprayed polyethylene coatings? 

 
Two solid lubricating additives were added to low-density polyethylene coatings, 
namely fully hydrogenated cottonseed oil and paraffinic wax. Compared to the low-
density polyethylene material, these additives are characterised by lower surface free 
energy, which is believed to enhance the icephobicity of surfaces. Three different 
lubricated coatings were produced by varying the type of additive and its content in 
the coating structure. Coatings were fabricated with a 30 % cottonseed oil additive, 
20 % cottonseed oil additive and 20 % paraffinic wax additive. The addition of both 
kinds of additives improved the hydrophobicity of the plain low-density 
polyethylene coatings. Moreover, the results showed that all the lubricated coatings 
with 30 % cottonseed oil content exhibited low ice adhesion behaviour below 
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50 kPa, regardless of the surface roughness. The most icephobic coating of this study 
had an ice adhesion strength of 23 kPa ± 6 kPa. Low ice adhesion behaviour was 
demonstrated even for the rougher coating of this work (coating with an ice adhesion 
strength of 31 kPa ± 3 kPa and areal roughness Sa of 37 µm ± 4 µm). These results 
indicated that adding a 30 % cottonseed oil additive was beneficial in enhancing the 
icephobicity of plain low-density polyethylene coatings. However, ice adhesion 
strength increased above 50 kPa when the content of the cottonseed oil additive was 
reduced from 30 % to 20 %. Therefore, the decrease in additive content negatively 
affected the icephobic behaviour of lubricated coatings. Finally, the addition of the 
paraffinic additive seemed to be not beneficial in improving the icephobicity of the 
plain low-density polyethylene coatings, maintaining their ice adhesion strengths 
above 50 kPa. 

3. How durable are the lubricated icephobic coatings under repeated icing/deicing 
cycles? 

The durability of lubricated icephobic coatings was studied under repeated 
icing/deicing cycles. Regarding the lubricated coatings with 30 % cottonseed oil 
content, some coatings demonstrated stable icephobic behaviour, while others 
showed a gradual increase in adhesion strength over the cycles. The ice adhesion 
strength increased from values below 50 kPa to 100 kPa over the four cycles for all 
coatings with a 30 % cottonseed oil content. This increase in ice adhesion strength 
was related to the formation of defects, mainly surface scratches, formed on the 
surfaces during ice removal. The formation of surface scratches increased the surface 
roughness and slightly reduced the surface hydrophobicity of the coatings after the 
cycles. Regarding the lubricated coatings with a 20 % cottonseed oil content, the ice 
adhesion strength was stable over the four cycles, varying within the standard 
deviation of the results. This result indicated that reducing the additive content from 
30 % to 20 % was beneficial in achieving stable icephobic behaviour in the lubricated 
coatings over the cycles. Moreover, surface defects were reduced after the cycles, 
and no significant variations in surface roughness and hydrophobicity were observed 
with the employed characterisation methods. Therefore, the durability of the 
lubricated coatings was improved with a reduction in cottonseed oil content. Finally, 
coatings with a 20 % paraffinic additive showed higher ice adhesion values and less 
stable icephobic behaviour over the cycles than those with a 20 % cottonseed oil 
additive. However, no surface scratches were revealed on the surfaces of coatings 
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based on paraffinic wax after the cycles, demonstrating better mechanical durability 
compared to coatings based on cottonseed oil. 

4. How durable are the lubricated icephobic coatings under various environmental 
stresses, such as immersion in corrosive media and exposure to ultraviolet 
radiation? 

 
The durability of coatings with a 20 % cottonseed oil additive and paraffinic additive 
was tested under various environmental stresses, such as immersion in acidic, saline 
and basic solutions and exposure to ultraviolet radiation. According to the results of 
the immersion experiments, coatings based on cottonseed oil demonstrated good 
chemical stability in acidic and saline environments. In contrast, changes in chemical 
composition were revealed after immersion in a basic environment. However, no 
variations were observed in the chemical composition of coatings based on paraffinic 
wax after immersion in all the studied corrosive media. As a result, the paraffinic 
additive showed better chemical stability than the cottonseed oil additive in these 
conditions. Although no chemical alterations were revealed for coatings based on 
paraffinic wax, structural changes were observed after immersion for all the studied 
surfaces. Structural changes generally produce variations in surface morphology and 
surface chemistry, which may affect the icephobic behaviour of these coatings. 
However, further research is required to establish these correlations. According to 
the results on exposure to UV radiation, both coatings showed the presence of 
photo-oxidation products after exposure. However, the coatings based on paraffinic 
wax showed less oxidation than those based on cottonseed oil additive. This result 
was due to the chemical composition of the cottonseed oil additive, which was 
demonstrated to be more sensitive to photodegradation. Moreover, colour changes 
after UV exposure were significant in coatings based on cottonseed oil. The colour 
difference ∆𝐸𝑎𝑏

∗  was equal to 5.48 between the pristine and aged samples for coatings 
based on cottonseed oil compared to a value of 0.26 measured for the coatings based 
on paraffinic wax. These results supported the findings of the chemical analysis. 
However, further research is required to study the effect of UV ageing on the 
icephobicity of such lubricated coatings. 
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8.2 Suggestions for future work 

In this thesis, low-density polyethylene coatings were fabricated using flame spray 
technology. Moreover, lubricating additives with low surface free energy were added 
to the coatings to further improve their icephobic behaviour. This study 
demonstrated the feasibility of using flame spraying to produce icephobic coatings 
with low ice adhesion properties. In the first stage of the research, thermal 
degradation of the coating surfaces negatively affected the icephobic behaviour of 
coatings. However, it was not investigated which phenomenon caused by thermal 
degradation, such as chain scission, cross-linking, oxidation, reduction in mechanical 
properties or surface embrittlement, had the major effect on the coating 
icephobicity. Therefore, further research is recommended on these topics. 
Moreover, previous studies on icephobic surfaces have demonstrated correlations 
between the bulk properties (Young’s modulus and the shear modulus) of the 
coating material and ice adhesion strength. Therefore, bulk properties could be 
measured from commercially available materials or bulk samples obtained from the 
feedstock powder materials (e.g. powder placed in a mould and melted in an oven). 
Even better, flame spray methods could be used as an additive manufacturing 
technique to fabricate bulk samples suitable for mechanical testing. However, the 
latter would require additional experimental work. Furthermore, the relationships 
between icephobic behaviour and the properties of flame-sprayed coatings, such as 
surface morphology, surface roughness and wettability, could not be fully explained 
in this study. This was due to the fact that several coating properties affect 
icephobicity simultaneously, and it was complex to distinguish the effect of each 
single property. Moreover, the relationships between the properties could be unclear 
due to the sensitivity of the employed characterisation techniques. Therefore, more 
surface-sensitive characterisation techniques are recommended for future studies, 
which could analyse surface properties in more detail to better understand the factors 
affecting the icephobicity of such flame-sprayed surfaces. 

Regarding the durability assessment of lubricated icephobic coatings under 
repeated icing/deicing cycles, coatings could be tested using more cycles to establish 
their long-term performance on a laboratory scale, and different types of ice could 
be used for these cyclic tests. Moreover, field tests could help to better understand 
the durability of coatings in use. For example, finding correlations between the 
ageing of icephobic properties both on laboratory scale and in field use would benefit 
the development of icephobic coatings. Therefore, collaboration with industrial 
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partners from sectors that face icing problems would help to further develop this 
research. 

Regarding materials development, an alternative thermoplastic polymer matrix 
and lubricating additive materials (or even more than two components) could be 
combined and processed using flame spraying. However, material selection for 
coating fabrication should be mainly driven by the durability requirement and 
application of the coating. In this thesis, no specific application was selected for the 
lubricated coatings. Another suggestion for future work would be to select one or a 
few applications facing icing problems to understand the possible advantages and 
limitations of both the fabrication technique and the materials used in this study. 
This selection would allow the design of lubricating coatings with properties tailored 
for a specific application. Therefore, this avenue of research is recommended for the 
future development of lubricated icephobic coatings. 
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Abstract The present work investigates the effect of dif-

ferent process parameters on the production of low-density

polyethylene (LDPE) coatings by flame spray technology.

Previously, flame spraying of polymers has been success-

fully performed to obtain durable icephobic coatings,

providing an interesting solution for applications facing

icing problems, e.g. in marine, aviation, energy, and

transportation industry. However, the fine tailoring of the

process parameters represents a necessary strategy for

optimising the coating production due to the unique ther-

mal properties of each polymer. For this purpose, we vary

the heat input of the process during flame spraying of the

coating, by changing the transverse speed and the spraying

distance. The results show that the variation in the process

parameters strongly influenced the quality of the polymer

coating, including its areal roughness, thickness, chemical

composition, thermal stability, and degree of crystallinity.

Furthermore, we demonstrate that these properties signifi-

cantly affect the icephobic behaviour of the surface within

the spray window of the chosen parameters. In conclusion,

the relationship between the thermal degradation of the

polymer and the icephobicity of the surface was defined.

This highlights the importance of process parameter opti-

misation in order to achieve the desired icephobic perfor-

mance of the LPDE coatings.

Keywords flame spraying � ice adhesion strength �
icephobic surface � polymer coating � thermal degradation

Introduction

The accumulation of ice and snow on outdoor structures

represents a serious problem in Nordic regions as well as in

several countries in both hemispheres (Ref 1). In fact, the

atmospheric ice strongly adheres to bare surfaces and its

accumulation contributes to compromising the effective-

ness and efficiency of different applications, for example,

power lines and electrical conductors during winter storms

(Ref 2). Moreover, ice accretion on aircraft surfaces pro-

duces severe changes in their aerodynamic properties (Ref

3). Since the accumulation of ice represents an adverse

impact on both safety and structure performances (Ref

4, 5), different strategies are developed to prevent ice

adhesion on outdoor surfaces. Several active and passive

methods have been adopted to avoid ice accumulation and

reduce safety issues. On one hand, active methods include

processes involving the mechanical removal of ice by

scraping and vibrating the structure, the use of de-icing

chemical fluids, and thermal heating above the freezing

point (Ref 6). Unfortunately, these active methods produce

environmental pollution, energy consumption, and inef-

fective manual operations. On the other hand, passive

methods represent a smart strategy, which aims to develop

efficient and durable anti-ice solutions. These methods

consist of using icephobic material to coat the ice-exposed

surfaces, preventing ice accumulation and consequent

safety issues. Theoretically, the surface is considered as

icephobic when it effectively reduces the adhesion strength

of ice and prevents ice accumulation (Ref 7). In particular,

the adhesion forces should be low in order to practically
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shed the ice off from the surface (Ref 8). However, only a

few coatings have been achieved this, withstanding their

durability (Ref 9).

The research and development of icephobic surfaces

have been achieved a considerable interest in the speciality

of coating design, during the last two decades (Ref 10, 11).

Different coating technologies have been used for the

production of icephobic surfaces, mainly chemical syn-

thesis (Ref 12), sol–gel methods (Ref 13), and other lab-

oratory-scale coating and painting processes. However,

these methods generally require extended processing time,

a large waste of chemicals, and controlled environmental

conditions. Therefore, thermal spray technology represents

a valid alternative to the chemical synthesis for the pro-

duction of smart coatings (Ref 14). This technique aims to

improve the performance of a component by adding a

functionalised coating to the surface (Ref 15). Anti-corro-

sion (Ref 16-19), low friction and wear resistance (Ref 20-

23), chemical and weathering resistance (Ref 24, 25), and

antifouling (Ref 26, 27) represent some of the applications

of the thermally sprayed coatings. In particular, flame

spraying represents one of the thermal spray techniques

used for the production of polymer coatings. In this pro-

cess, the material in the form of powder is fed into a spray

gun. The powder is injected into a combustion flame,

which is used to melt the thermoplastic polymers during

spraying. The melted particles hit the substrate, spread, and

coalesce within each other to form a coating (Ref 28). The

main advantage of flame spraying is that the melting and

the consolidation of the polymer happen almost simulta-

neously during a single-step spraying process. Conse-

quently, additional post-treatments are not necessary after

the material deposition for the coating consolidation, such

as post-curing at room temperature, ultraviolet radiation, or

oven treatment, which are needed in some other surface

technologies (Ref 9, 12). However, the temperature of the

flame in thermal spraying is much higher than the melting

temperature of polymers (Ref 29). Although specific

equipment is available for flame spraying of polymers, a

certain degree of material degradation always takes place

during the flame processes (Ref 29). Therefore, fine tai-

loring of the process parameters is necessary to avoid the

thermal degradation of the material, consisting of polymer

chain scission, oxidation, surface embrittlement (Ref 30),

and decrease in mechanical properties (Ref 29).

Our previous studies (Ref 31, 32) have demonstrated the

icephobic property of thermally sprayed polymer coatings.

For instance, polyethylene coatings showed potential ice-

phobicity with ice adhesion value of 54 kPa for the pol-

ished surface (69 kPa for the as-sprayed surface). In

addition, good coating durability was achieved for high-

velocity impact test and particle erosion tests (Ref 31).

Moreover, lubricant-infused porous coating (slippery liquid

impregnated porous surface, SLIPS) showed extremely low

ice adhesion (21 kPa for Thermally Sprayed SLIPS) and

enhanced water repellency (Ref 32). However, further

research is needed to optimise the manufacturing process

of thermally sprayed icephobic coatings. Therefore,

investigations are necessary on the effect of flame spraying

parameters on the icephobicity of the surface. In particular,

the process parameters strongly influence the performance

of the coating (Ref 33). In addition, we have noticed that

the chemical and thermal characterisations of the polymer

coatings are essential in order to optimise the spray process

for the selected purposes and coating requirements.

Therefore, this study aims the optimisation of the process

parameters to obtain an icephobic coating with preserved

mechanical and structural properties. The influence of the

process parameters on the coating properties was investi-

gated by varying transverse speed and spraying distance of

the spray gun for the polyethylene material. These

parameters affect the heat input on the material during the

process and thus the coating properties and its possible

thermal degradation. In addition, the relationship between

the icephobicity and the degradation of the coating is

investigated, referring to the chemical and thermal char-

acteristics of the flame-sprayed polymer coatings.

Materials and Methods

Material and Coating Fabrication

The material used in this work was a low-density poly-

ethylene (LDPE) powder (Plascoat Europe BV, Zuidland,

The Netherlands). The morphology of the polymer powder

was analysed by a scanning electron microscope (SEM,

Philips XL30, The Netherlands). The size distribution of

the powder was below 300 lm for 95% of the particles, as

given by the powder supplier. In addition, the particle size

distribution was investigated by laser diffraction analysis

using the dry powder method (LS 13 320 Laser Diffraction

Particle Size Analyser, Beckman Coulter, Inc., United

States). The coatings were prepared by using an oxygen-

acetylene flame spray gun (CastoDyn DS 8000, Castolin

Eutectic, Switzerland) with gas pressure for oxygen and

acetylene of 4.2 bar and 0.7 bar, respectively. A powder

feeder (Sulzer Metco 4MP, Oerlikon Metco, Switzerland)

was used with compressed air as the carrier gas for feeding

the powder in the gun. A powder feed rate of 26 g/min was

defined for coating production. The coatings were auto-

matically sprayed by a single-arm robot (ABB IRB

4400/60, ABB Robotics, Sweden), controlling the trans-

verse speed and the spraying distance of the spray gun

during the coating production. These two parameters were

varied for the production of the polyethylene coatings,
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keeping as constant all the others. In particular, the heat

input of the combustion flame on the sprayed surface

changed based on the combination of the chosen process

parameters. In fact, the closer the spraying distance and the

slower the transverse speed, the higher the heat transferred

to the polymeric material. Consequently, a systematic

study was designed to investigate the effect of the heat

input of the process on the coating performances. The

values of transverse speed and spraying distance and the

number of specimens analysed in this work are summarised

in Fig. 1. These values were chosen based on the param-

eters suggested by the spray gun manufacturer for spraying

polymers. In particular, it was recommended to use a

minimum spraying distance of 250 mm during the process

production. However, we decided to spray only one sample

by using 200-mm distance to investigate the effect of the

heat input for an extreme condition of the chosen process

window (sample A0). The coatings were sprayed on grit-

blasted (alumina grits, 54 Mesh) stainless steel substrate

(UNS S31603) with dimensions of 200 mm 9 50 mm 9

1.5 mm. Each coating was sprayed following fixed pro-

duction steps, such as pre-heating of the substrate, spray-

ing, and post-heating by flame. In particular, prior to the

spraying, the substrates were pre-heated with the flame, to

ensure good coating adhesion. After pre-heating, three

layers of powder were sprayed with 5-mm step on the

whole substrate to obtain a thick coating. A thermal

imaging camera (Ti300 Infrared Camera IR Fusion Tech-

nology, Fluke Corporation, United States) was used to

monitor the temperature of the metal substrate before

spraying. The thermal camera was calibrated by experi-

mentally measuring the emissivity of the substrate mate-

rial. Then, the spraying of the coating started when the

substrate reached the melting transition temperature of the

polymer powder (around 120 �C). This monitoring avoided

the over-melting of the substrate, which might cause the

vaporisation of the polymer powder hitting the substrate.

Moreover, this prevents the formation of defects in the

polymer coating, such as voids, contaminants, and degra-

dation (Ref 34). However, the monitored temperature was

representative of the substrate until the spraying of the

coating started. This is due to the different emissivities

between the stainless steel substrate and polymer coating.

Microstructural and Surface Characterisation

The microstructure of the coating was analysed by a scanning

electron microscope (SEM, Jeol, IT-500, Japan), investigat-

ing the presence of defects within the coating structure, such

as voids and contaminations. In addition, energy dispersive

x-ray spectroscopy (SEM/EDS) was used to obtain a semi-

quantitative elemental composition (oxygen and carbon mass

percentage, in the case of our material) in very specific

locations of the cross section for coatings sprayed with dif-

ferent process parameters. For this test, the cross sections of

the sample were coated by both carbon and gold sputtering to

enhance the surface conductivity. The analysis was carried

out by using an acceleration voltage of 10 kV in high vacuum

by using a back-scattered electrons detector. This permitted

the analysis of the coating chemical composition for different

process parameters. Moreover, an optical microscope (Leica

DM2500 M, Germany) was used to measure the thickness of

the coating as an average of nine measurements in different

points along the width of the specimen. The areal roughness

(Sa) was measured with an optical profilometer (Alicona

Infinite Focus G5, Alicona Imaging GmbH, Austria) by using

209 objective magnification in the areas of 2 9 2 mm2,

according to ISO 4288 procedure. The texture of the surface

was analysed by using 59 objective magnification in areas of

approximately 30 9 30 mm2.

Ice Accretion and Ice Adhesion

Ice adhesion test of the coatings was performed using the

icing facilities at Tampere University (Ref 35). Firstly, arti-

ficial ice was accreted from supercooled droplets in the icing

wind tunnel on a surface area of 30 9 30 mm2 of the speci-

men. In the present and previous studies (Ref 31, 32, 35), a

mixed-glaze type of ice was accreted onto the specimen

surface. The characteristic icing parameters are summarised

in Table 1. After the ice was formed, the ice adhesion was

measured using the centrifugal ice adhesion test (CAT) in

sub-zero ambient condition. In thismethod, the iced specimen

is rotatedwith increasing speed until the ice detaches from the

surface of the specimen. A sensor monitors the moment at

which the ice detaches from the surface, and therefore, the ice

adhesion can be evaluated. The test setup is described in detail

in the previous work (Ref 35).

Fig. 1 Process window of the chosen parameters for flame spraying

of LDPE coatings. Samples were identified with letters (from A to C

for increasing transverse speed) and with numbers (from 0 to 2 for

increasing spraying distance)
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The shear ice adhesion strength is evaluated as the ratio

between the centrifugal force, F(N), at the moment of ice

detachment and the iced area, A(m2), of the specimen.

Equation 1 evaluates the adhesion strength, siceðkPaÞ, as
follows:

sice ¼
F

A
¼ micerx2

A
ðEq 1Þ

where miceðkgÞ is the mass of the accreted ice on the surface

of the specimen, r(m) is the radial spinning length, and

xðrad/sÞ is the rotational speed. The ice adhesion of the

coating was evaluated as an average of four parallel samples

during the icing accretion event. A test reference surface

(TT) (Teflon tape, 3 M, United States) was tested to control

the value of the ice adhesion for every accretion event. The

reference material is essential to ensure the repeatability of

the results, due to the variability of the ice adhesion strength

for different icing conditions (Ref 36-38).

Wettability

The wettability of the surfaces was examined using a

droplet shape analyser (DSA100, Krüss, Germany) to

evaluate the static contact angle and the roll-off angle of

the water droplets on the coating surface. The experiments

were performed by pouring 6 ll water droplets of ultra-

high purity water (MilliQ, Millipore Corporation, United

States) onto the surfaces. The tendency of the water droplet

to roll off from the surface was investigated by tilting

experiment. In particular, the angle of inclination of the

sample was measured when the droplet rolled off from the

coating surface. The values were evaluated as an average

of five measurements in different areas of the same coating

surface at 21 �C and 60% relative humidity.

Chemical and Thermal Characterisations

Polymers are well-known heat-sensitive materials, and

consequently, their structure is strongly influenced by the

temperature reached by the material during flame spraying.

This is mainly related to the time that the material spends

in contact with the flame. In fact, the heat input of the

process increases as the transverse speed and the spraying

distance decreases (longer time process), producing possi-

ble oxidation and physical degradation of the sprayed

polymer (Ref 34). For this reason, a thermal-processing

window is recommended for each polymer to prevent

excessive thermal degradation and consequently to ensure

the quality of the coating. Therefore, chemical and thermal

analyses of both the feedstock material and the coating

were performed to analyse the possible thermal degrada-

tion produced by the process parameters, influencing the

performance of the coating.

Fourier-Transform Infrared Spectroscopy (FTIR)

The chemical characterisation of the polymer powder and

the variation in the chemical structure of the coatings were

investigated by using Fourier-transform infrared spec-

troscopy (FTIR) (Bruker Tensor 27 FT-IR spectrometer,

Bruker, Sweden). The FTIR spectra were measured at room

temperature using an attenuated total reflection (ATR)

spectrometer whereas the internal reflection element (IRE)

was a diamond crystal. The degree of polymer oxidation

was determined by monitoring the change in intensity of

non-volatile carbonyl oxidation products. The intensity of

the absorbance peak at 1713 cm-1 was taken as a measure

of the concentration of carbonyl compounds derived by the

polyethylene degradation (mainly carboxylic acids) (Ref

39, 40). All measurements were performed by using three

samples taken from every coating surface.

Thermogravimetric Analysis (TGA)

The variations in the thermal stability of the coating within

the spraying-process window were investigated by ther-

mogravimetric analysis (TGA) (Netzsch TGA209F Tarsus,

Netzsch, Germany). The specimen weight was approxi-

mately 10 mg and a dynamical heating was performed at

20 �C/min from 25 to 600 �C in nitrogen atmosphere.

Firstly, the degradation temperature of the polymer powder

was measured at the maximum deflection point of the TG

curve. Secondly, the thermal stability of the coatings and

their degradation degree were evaluated by comparing the

temperatures at which the 2% (T98%), the 5% (T95%), and

the 10% (T90%) of the mass of the coating were lost during

the thermal heating (Ref 41). In particular, the lower these

temperatures, the higher the degree of degradation of the

polymer coating during flame spraying.

Differential Scanning Calorimetry (DSC)

The thermal characterisation of the powder and the influ-

ence of the process parameters on the degree of crys-

tallinity of the coatings were evaluated by using a

Table 1 Parameters of the icing wind tunnel

Parameter

Room temperature - 10 �C
Relative humidity 83-86%

Water temperature 6-7 �C
Air pressure 3.5-4 bar

Airflow 60-70 l/min

Water pressure 3.5-4 bar

Water flow 0.15-0.2 l/min
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differential scanning calorimetry (DSC) (Netzsch DSC214

Polyma, Netzsch, Germany). Test specimens were weighed

approximately 10 mg. First dynamical heating was per-

formed at 20 �C/min from - 20 to 150 �C in nitrogen

atmosphere in order to evaluate the degree of crystallinity

of the produced coating. In addition to this, to evaluate the

maximum degree of crystallinity of the powder, a slow

cooling at 1 �C/min was performed after the first heating to

remove the effect of the thermal history due to the pro-

duction process of the powder. Then, the second dynamic

heating was carried out with parameters identical to the

first heating only for the powder. The degree of crys-

tallinity of the powder was compared to one of the coatings

to understand the effect of the process parameters on the

degree of crystallinity of the material after flame spraying.

The degree of crystallinity v was derived by the ratio of the

measured heat of fusion and the heat of fusion for finite

crystals for the considered polymer, as shown in Eq 2:

v ¼ DH
DH100%

ðEq 2Þ

where DH (J/g) represents the melting enthalpy of the

specimen (corresponding to the melting-peak area) and

DH100% (J/g) represents the measured enthalpy based upon

a perfect crystal heat of fusion of 293 J/g (Ref 42).

Results and Discussion

Thermal spray technology, and especially flame spraying,

represents a fast technique for the production of thermo-

plastic polymer coatings due to the advantage of the

melting-consolidation transition of the polymer in one-step

process. However, polymers are known to be heat-sensitive

materials, and therefore, a thorough study is necessary to

evaluate in detail the influence of the process parameters on

the coating properties, such as thermal properties,

mechanical performance, and durability. Moreover, the

spray process parameters can influence the areal roughness

of the coating, which has been considered as one of the

main factors affecting the icephobicity of the surface (Ref

43, 44). For this reason, a compromise should be reached

between the coating performances and the resulting surface

properties affecting icephobicity, when selecting the pro-

cess parameters.

Powder Properties

The morphological analysis of the powder showed the

presence of the different dimensions and shapes of the

polymer particles. The powder morphology is shown in

Fig. 2. In particular, the particle shape varied from small

grain to stretched and narrowed flakes due to the method

used for the powder production. The analysis of the powder

dimensions indicated that 90% of the total particles count

has a diameter smaller than 278 lm and that 10% of the

total particles count is smaller than 104 lm. Moreover, the

thermal characterisation of the powder was carried out to

define the processing temperature of the coating. The

LDPE powder showed a melting-peak temperature of

109 �C and a thermal degradation temperature of 427 �C
(measured at the 2% mass loss of the TG curve of the

LDPE powder, as it is indicated in Fig. 9). Table 2 sum-

maries the LDPE powder properties.

Microstructural and Surface Properties

of the Coatings

The microscopic analyses of the coatings revealed no

defects within the structure, such as voids, even for the

specimen that was visibly degraded using the spraying

distance of 200 mm and the transverse speed 500 mm/s

(sample A0), as shown in Fig. 3. The variation in coating

thicknesses can be clearly visible from the cross sections of

the coatings sprayed by using different parameters. In fact,

the process parameters affected the deposition efficiency of

the polymer powder, as we can see from the results of the

thickness measurements in Fig. 4. Considering the powder-

feeding rate and the spraying distance as constant, the

thickness of the coating decreased as the transverse speed

increased from 500 to 900 mm/s (A1, B1, C1 and A2, B2,

C2 in Fig. 4). This result is reasonable if we assume that

Fig. 2 SEM image of LDPE powder

Table 2 Properties of LDPE powder

Powder properties

Particle size distribution - 278 ? 104 lm

Peak melting, T 109 �C
Degradation, T 427 �C
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the amount of material deposited per unit length decreases

as the transverse speed increases during the spraying pro-

cess (powder-feeding rate and spraying distance as con-

stant). However, for heat-sensitive material, this fact is not

obvious, due to the strong dependence of the flow prop-

erties of the polymer from the process temperature and the

effect of the combustion flame on the polymer powder (Ref

33). In fact, for the specimens sprayed at 500 mm/s, we can

see that the coating thickness is influenced by the heat input

within the material produced by lower transverse speed

(see A0, A1, A2 in Fig. 4).

The standard deviations of the thickness measurements

increased as the transverse speed increased from 500 to

900 mm/s. This is due to the variability in the coating

texture, being rougher for samples produced with the

higher transverse speed. This result was confirmed by the

optical profilometer analyses of the coating surface. These

analyses showed a gradual increase in the areal roughness

with increasing transverse speed. The resulting areal

roughness was related to the chosen process parameters and

varied from 5 lm for the sample A0 to 18 lm for the

sample C2. Figure 5 summarises the surface texture images

and the areal roughness values for all of the specimens

analysed in this study.

Icephobicity and Wettability of the Coating Surface

A coating is considered icephobic when the adhesion of the

ice formed on its surface is low enough that this can be

easily removed by shear. However, different methods are

used to evaluate the icephobicity of the surface. In partic-

ular, this can be evaluated by measuring the ice adhesion

with different tests (Ref 45, 46), by studying the delay of

droplet freezing (Ref 47, 48), the frost formation (Ref

49, 50), and the attitude of a cold surface to repel impacting

water droplets (Ref 11, 51). In this work, the ice adhesion

was measured by using the centrifugal adhesion method

(Ref 35) to compare the icephobic characteristic of the

produced coatings. For this test method, we defined a

surface with low ice adhesion when the adhesion of ice is

below 50 kPa (Ref 52). Moreover, the surface shows

extremely low ice adhesion when the ice is shed off with a

force lower than 10 kPa (Ref 52). Figure 6 represents the

ice adhesion value (and standard deviation) and the areal

roughness of the as-sprayed coatings.

The results showed a strong influence of the process

parameters on the icephobicity of the coating surfaces.

Firstly, for the slowest transverse speed (from A0 to A2), ice

adhesions represented the highest values obtained in this

study. The ice adhesion decreased with decreasing areal

roughness according to the previous research (Ref

37, 53, 54). In particular, samples A resulted in the highest

ice adhesion here, despite they represented the smoothest

surfaces in comparison with the other coatings. This indi-

cates that other factors are affecting the icephobicity of the

surface in addition to areal roughness. Secondly, with the

medium transverse speed (B1 and B2), no clear relation was

found between the ice adhesion and the areal roughness.

Thirdly, the lowest ice adhesion is reached with the specimen

C1 (32 ± 3 kPa), showing an optimal combination of

parameters in the process window of this study.

Fig. 3 SEM images of the cross sections of LDPE coatings sprayed with different process parameters. In particular from left to right: A0 with

200 mm and 500 mm/s; B1 with 250 mm and 700 mm/s; C1 with 300 mm and 900 mm/s

Fig. 4 Thicknesses measurement from the cross-sectional images of

the coatings
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The wettability of the surface represents another

important property in the analysis of the icephobicity of the

coatings. In previous studies, the wettability of the surface

has shown to be beneficial for the icephobicity of surfaces

(Ref 46). The hydrophobicity (water contact angle greater

than 90�) or the superhydrophobicity (water contact angle

greater than 150�) of the surface would prevent water

droplets to strongly adhere to the surface before freezing

occurs (Ref 55). The increased water contact angle and the

decreased roll-off angle have shown a reduced ice adhesion

for superhydrophobic coating when ice is frozen onto the

surface (Ref 56). However, when the ice is accreted from

supercooled droplets, no clear connection has been found

between the ice adhesion and the wettability properties of

the surface (Ref 52). The wettability properties of the

polyethylene coatings analysed in this work are

Fig. 5 Surface texture and areal roughness (Sa) of the coatings measured by optical profilometre analysis. The surface textures correspond to

coating areas of approximately 30 9 30 mm2

Fig. 6 Ice adhesion (left axis) and areal roughness Sa (right axis) of

the coatings. Teflon tape (TT) represents the reference material for ice

adhesion used in this centrifugal test
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summarised in Table 3. The water contact angle for the

produced coatings varied from 89� to 94�, showing a

general hydrophobic character of the surface. Moreover, all

the surfaces showed a roll-off angle higher than 90�, with
the water droplets pinned onto the surface; hence, no roll

off was observed. No relation between the wettability and

icephobicity of the surface was found for all the coatings

on which impact ice was accreted. Consequently, we can

conclude that the process parameters did not strongly affect

the wettability of the produced surfaces, although their

icephobicity varied. Considering the trend of the ice

adhesion results in Fig. 6, one of the factors influencing the

icephobicity of the coating can be related to the different

heat inputs of the process on the polymer material. In the

case of heat-sensitive polymers, thermal degradation plays

an important role in the coating process due to the presence

of the combustion flame (Ref 33). In fact, thermal degra-

dation might cause crosslinking of the polymer chains,

chain scission, oxidation, and loss in the molecular weight

(Ref 34). Moreover, degradation produces the embrittle-

ment of the polymer surface that visually shows the pres-

ence of surface micro-cracks. These promote the formation

of mechanical interlocking between ice and the damaged

coating surface, increasing the ice adhesion strength (Ref

57). In addition, the chemical structure of the surface

influences on the icephobicity. The possible chemical

modification of the coating during the flame spray process

might play a role in the variation in the ice adhesion

strength with the process parameters. These factors

affecting icephobicity will be investigated by using

chemical and thermal analyses.

Chemical and Thermal Properties

In flame spraying, the combustion flame melts the polymer

powder and the coating is formed by the molten particles

hitting into the substrate surface (Ref 28). However, this

flame causes the degradation of the polymer powder,

especially for the smallest powder particles that do not

withstand the flame temperature (they produce ‘‘sparks’’ in

the flame). Moreover, the slowest transverse speed

increases the time of the process, increasing the coating

temperature (Ref 33). Consequently, degradation occurs by

the mechanism of chain scission (producing short polymer

chains and decreasing the molecular weight) and oxidation

(Ref 29, 30, 58). The oxidation of thermally sprayed

material is temperature and time-dependent process (Ref

28, 29, 59). The greater the time of exposition of the

polymeric material to the flame, the higher the effect of the

thermal oxidation in the deposited material. Two types of

oxidation processes can be distinguished during the ther-

mal spray process. Firstly, the oxidation process of the

polymer powder occurs during the spraying of the powder

passing the flame, known as in-flight oxidation. Secondly,

the oxidation of the polymer splats, already deposited on

the substrate, can happen during the coating formation.

However, different researchers underlined the fundamental

difficulty of separating the effect of these two stages of

oxidation (Ref 28). The substrate temperature increases

with increasing process time and decreased spraying dis-

tance (Ref 29, 60). For this reason, the chemical and

thermal characterisations were needed for the flame-

sprayed coatings to avoid the damage of mechanical

properties, such as toughness and strength, and embrittle-

ment of the coating surface (Ref 33).

The chemical analysis of the surfaces was carried out by

investigating the possible variation in the FTIR spectra

obtained for the different coatings in comparison with the

virgin powder. Figure 7 represents the FTIR spectra of the

powder (black curve) together with selected coating sam-

ples (AO, A1, A2, and C2). The FTIR spectrum of the

LDPE powder (black curve in Fig. 7) showed the presence

of the typical methylene peaks of the polyethylene poly-

mer. In addition, the powder probably incorporates a con-

ventional thermal stabiliser of an undisclosed composition

containing polar (-OH) and carbonyl products (peak at

1734 cm-1) (Ref 61). The main difference between the

powder and the coatings spectra relied on the development

of absorbance bands in the regions 1700-1750 cm-1 and

800-1300 cm-1, respectively. In addition, the presence of a

new absorbance peak at 1713 cm-1 was really evident for

some of the sprayed coatings (intensity of absorbance peak

at 1713 cm-1 of 0.04 for the virgin powder). Specifically,

the intensity of the absorbance peak at 1713 cm-1

increased from 0.15 for the sample A2 to 0.30 for the

sample A0, considering the coatings sprayed with the

transverse speed of 500 mm/s. This increase in peak

intensity indicated the greater modification of the chemical

structure of the polyethylene with decreasing spraying

distance during flame spraying. In particular, this new peak

was related to the primary oxidation product formed by the

thermal oxidation of polyethylene, mainly consisting of

carboxylic acids and carbonyl compounds (Ref 40). In this

research, oxygen is present both in the spraying

Table 3 The wettability properties of the polyethylene coatings

Sample Water contact angle, � Water roll-off angle, �

A0 93(± 1) [ 90

A1 90(± 1) [ 90

A2 94(± 1) [ 90

B1 93(± 1) [ 90

B2 93(± 3) [ 90

C1 89(± 2) [ 90

C2 92(± 3) [ 90
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environment and in the gas mixture used for the production

of LDPE coatings. The principal chemical reactions of the

oxidation mechanism of polyethylene can be described by

three main stages (Ref 62). Firstly, free carbon radicals are

produced from the polyethylene polymer chain via chain

scission. The reaction is thermally initiated by the energy

available from the combustion flame. Secondly, the oxygen

reacts with the free carbon radicals to form peroxyl radi-

cals, carbonyl compounds, and additional free carbon

radicals. Finally, the free radicals react between each other

to form carbonyl product, shorter polymer chain, and

oxygen molecules (Ref 40, 62). The enhanced presence of

the carbonyl products in the chemical structure confirmed

that the thermal degradation of polyethylene gradually

occurred at the coating surface as the heat input of the

process increased. However, the production of carbonyl

products gradually decreased as the combustion flame was

further away from the coating surface and the time of the

process was reduced. In particular, the specimen C2

(Fig. 7) revealed an FTIR spectrum similar to the polymer

powder spectrum (the absorbance intensity at 1713 cm-1

equal to 0.07) with no evidence of the peak at 1713 cm-1.

This verified that the process parameters strongly affect the

chemical composition of the coating and consequently its

icephobicity. Figure 8 shows the relationship between the

absorbance intensity of the peak at 1713 cm-1 for the

produced coatings and the ice adhesion. We can see that

the lower the intensity of the absorbance peak at

1713 cm-1, the higher the icephobic behaviour of the

coating. However, this trend was not verified for the

sample C2 sprayed with 900 mm/s and 300 mm, where the

degree of degradation was strongly decreased due to

reduced process heat input for this combination of

parameters (intensity equal to 0.07 for C2 and no evident

peak at 1713 cm-1 in Fig. 7).

To compare the effect of process parameters on polymer

degradation, the time the polymer is exposed to elevated

temperatures was approximately estimated. The time of

exposition of the in-flight particles to the flame can be

considered of the same order for every produced coating, as

the polymer particles passed through the same combustion

flame with the same velocity. Therefore, the main effect of

degradation would directly depend on the oxidation of the

polymer splats on the substrate during the coating deposi-

tion. This oxidation mainly depends on the combination of

process parameters chosen for the coating production, such

as the transverse speed and the spraying distance. The

transverse speed mostly influences the duration of the

process and the spraying distance mainly controls the

temperature reached by the substrate during the process.

For a chosen spraying distance, the lower the transverse

speed, the higher the degree of thermal oxidation experi-

enced by the coating (see absorbance value between A1,

B1, C1 and A2, B2, C2 in Fig. 8). Moreover, for a chosen

transverse speed, the lower the spraying distance, the

higher the temperature reached by the substrate, the higher

the degree of oxidation of LPDE coatings (see absorbance

value between A0, A1, A2 and B1, B2 in Fig. 8). Previ-

ously, FTIR analysis verified the increase in carbonyl and

carboxyl compounds (containing oxygen element) limited

at the coating surface for different spraying parameters. To

support this, the energy dispersive x-ray spectroscopy

(SEM/EDS) was used to evaluate the possible presence of

carbonyl compounds (containing oxygen) in the coating

structure. The mass percentage of oxygen was measured to

be 14 ± 1 and 8 ± 0.5% for samples A0 and C2,

Fig. 7 FTIR spectra of LDPE powder and flame-sprayed LDPE

coating sprayed with 500 mm/s (A0, A1, A2) and with 900 mm/s

(C2)

Fig. 8 Ice adhesion strength and absorbance intensity at 1713 cm-1

for the flame-sprayed LDPE coatings
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respectively. These values corresponded to the average of

three measurements analysed from the coating cross sec-

tion. In particular, sample A0 showed a higher amount of

oxygen in the coating structure, confirming the greater

level of degradation produced during the process.

The thermogravimetric analysis (TGA) was used as an

additional technique to investigate the thermal degradation

of the coating. TGA represents a thermal analysis that

reveals the temperature where the polymer can be pro-

cessed without breaking down it into a gas. The FTIR

results confirmed the formation of new carbonyl and car-

boxyl groups for the sprayed coating. This fact implied the

chain scission of polyethylene and consequently the for-

mation of short polymer chains (Ref 40, 62). These short

chains will evaporate at a lower temperature than the

longer polymer chain. Consequently, the higher the amount

of short polymer chains within the coating structure, the

lower the temperature measured for a certain percentage of

mass loss. Based on this, the thermal stability of the coating

was evaluated by comparing the temperatures at which the

2% (T98%), 5% (T95%), and 10% (T90%) of coating mass

were lost during TGA test. The TGA curves of the virgin

powder (black curve) and the sample A0 (red curve) are

represented in Fig. 9. In addition, the temperature at 98, 95,

and 90% of mass loss are indicated in the magnified part

(grey rectangular area) of the TGA curves. The results from

the thermogravimetric analysis are summarised in Table 4.

For all the test samples, no relevant mass loss was

measured below 150 �C, confirming the absence of mois-

ture within the material and ensuring that the evaluated

mass loss was referring only to the polymer chain degra-

dation. Firstly, the results showed a good initial thermal

stability of the powder that could withstand the temperature

of 427 �C by evaporating only 2% of its total mass. In fact,

the higher the value of T98%, the greater the thermal sta-

bility of the coating. Secondly, this good thermal stability

was generally reduced for all the produced coatings.

Therefore, the stability was decreased for the A specimens,

confirming the highest degree of degradation for the sam-

ple sprayed with the closer distance, A0. For medium

transverse speed (B1), the thermal stability of the coating

slightly improved in comparison with the coatings sprayed

with 500 mm/s. Moreover, even lower degradation was

revealed for the sample C2, showing the loss of mass of 2%

around 417 �C. This behaviour was reproduced for all the

coating, also if we consider the temperatures at 5% mass

loss (T95%) and 10% mass loss (T90%) in Table 4. These

results strongly confirmed the decrease in thermal stability

of the coating with the increased heat input on the polymer

during the process. In fact, with decreasing transverse

speed and spraying distance, the substrate can heat-up for a

longer period of time, producing thermal degradation of the

coating.

The effect of the thermal history produced by the flame

spray process on the degree of crystallinity of the coating

was investigated by differential scanning calorimetry

(DSC). The degree of crystallinity represents an important

feature for semi-crystalline thermoplastic polymers, such

as LDPE. In fact, this property is directly proportional to

the mechanical properties of the coating, such as tensile

strength and modulus (Ref 63), and to its barrier properties,

such as moisture, solvent absorption, and oxygen perme-

ation (Ref 64). For this reason, the degree of crystallinity of

the coatings should be as close as possible to the one of the

original powder, as an indication of reduced thermal

degradation. Figure 10 represents the endothermic melting

peaks of the LDPE polymer both for the powder (black

curve) and the coatings sprayed with 500 and 900 mm/s.

The curves in Fig. 10 showed the broadening of the

melting-peak transition and the decrease in the melting-

peak intensity, gradually passing from the virgin powder

(black curve) to the sample A0 (red curve). This effect was

clearly related to the degradation process (mainly polymer

chain scission) of the low-density polyethylene polymer, as

Fig. 9 TGA curve of the virgin powder (black curve) and sample A0

(red curve). The magnified part of the graph represents the evaluation

of the temperature corresponding to mass loss of 2, 5, and 10% (Color

figure online)

Table 4 Results of the thermogravimetric analysis

Sample T98%, �C T95%, �C T90%, �C

Powder 427 444 454

A0 350 404 435

A1 363 408 434

A2 370 415 434

B1 380 424 443

C2 417 438 451
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observed in the previous studies (Ref 65). No evident dif-

ferences were found between the curve of the powder and

sample C2, confirming the reduced thermal degradation.

The melting temperature (Tm), the melting enthalpy (DH),
and the degree of crystallinity (v) were evaluated for the

flame-sprayed coatings by analysing the first dynamical

heating. These values are summarised in Table 5. The

values of the powder referred to the second heating after a

slow cooling in the test. In fact, the melting transition of

the first heating of the powder is related to the thermal

history that the polymer undergoes during its production

process. Consequently, this is not representative of the

degree of crystallinity of the virgin material. For this rea-

son, a second heating after the slow cooling was performed

to obtain the maximum degree of crystallinity of the virgin

powder.

The degree of crystallinity for the LDPE powder after a

slow cooling was evaluated as 43%. This value was in the

typical range of crystallinity for LDPE polymer, evaluated

by DSC (Ref 66). Moreover, the degree of crystallinity of

the polymer gradually increased as the heat input of the

process decreased (increased spraying distance from A0 to

A2 in Table 5). This effect was reduced for samples C,

showing decreased thermal degradation (FTIR graph in

Fig. 7). In addition, as shown by the FTIR spectrum

(Fig. 7), the gradual degradation of the coating probably

generated radical reactions that caused the crosslinking of

the LDPE and, in some cases, reduced its crystallinity (Ref

67). In this study, a clear correlation was found between the

ice adhesion strength and the degree of crystallinity of the

coating, as shown in Fig. 11.

The degree of crystallinity was strongly influenced by

the heat input of the process for the samples A0, A1, and

A2, increasing from 29 to 40%. A slightly further increase

was revealed for samples B, and then, the degree of crys-

tallinity was independent of the chosen process parameters

for the coldest temperatures. We can generally conclude

that the thermal degradation of the polymer negatively

influenced its degree of crystallinity within the considered

process window. Moreover, the variation in the degree of

crystallinity due to thermal degradation strongly influenced

the mechanical properties of the polyethylene, such as its

tensile strength, ductility, stiffness, and toughness (Ref 62).

In addition, the barrier properties of the coating, such as

permeability to air and moisture, represent an important

aspect in relation to the ice adhesion of the coating. The

previous studies have shown that the permeability of

thermally aged PE film increases for both moisture and air,

showing a decrease in the barrier properties of the material

(Ref 68). In fact, the higher permeability of water within

the coating structure could be easily related to the tendency

of supercooled droplets to penetrate the surface. However,

these properties were not investigated in this study.

Therefore, it cannot be excluded that they could be con-

nected with the reduction in the icephobic behaviour of the

surface with increasing thermal degradation. We can con-

clude that the thermal degradation of the polymer is

Fig. 10 Melting transition of LDPE powder and flame-sprayed

coatings with 500 mm/s (A0, A1, and A2) and 900 mm/s (C2)

Table 5 Melting temperatures and degree of crystallinity of LDPE

powder and flame-sprayed coatings

Sample DH, J/g Tm, �C v, %

Powder 126.3 107.7 43

A0 86.8 105.2 29

A1 108.2 108.5 37

A2 119.4 110.0 40

B1 121.3 107.6 41

B2 123.0 108.7 42

C1 120.3 107.9 41

C2 123.8 109.8 42

Fig. 11 Relationship between the ice adhesion strength (left axis)

and the degree of crystallinity (right axis) of flame-sprayed LDPE

coatings
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correlated with the icephobicity of the surface, showing the

higher ice adhesion strength for the most degraded polymer

surfaces. However, further investigations are necessary to

evaluate which aspect of thermal degradation, such as

chain scission, oxidation, or surface embrittlement, directly

influences the surface icephobicity.

Conclusions

In this study, icephobic LDPE coatings were produced with

flame spraying by varying the heat input during coating

processing. This was done by changing the transverse

speed and the spraying distance of the spray gun. The

optimisation of the parameters for the icephobic applica-

tion was achieved through the process window designed for

the LDPE coatings. In particular, it was found that the

process parameters strongly affected the areal roughness of

the coatings and the heat input during the production pro-

cess. This increased the thermal degradation of the polymer

coating, compromising its thermal stability, degree of

crystallinity, and consequently its icephobic behaviour. For

this reason, the heat input should be monitored during

flame spraying of polymeric material to avoid the decrease

in the coating properties. Here, we found that the most

icephobic coating (ice adhesion strength 32 ± 3 kPa) was

produced by using 900-mm/s transverse speed and 250-mm

spraying distance. The areal roughness affected the ice

adhesion, but no clear relationship was established for

these samples. However, the thermal effect was shown to

represent the main factor influencing the icephobicity of

the coating. The heat input of the process influences both

on the areal roughness and the thermal degradation of the

coating. The higher the processing temperature of the

polymer, the smoother the surface produced and the greater

the material degradation. Connections were found between

the thermal properties of the LDPE coating and the ice-

phobic characteristic of the surface. In particular, an

increase in the coating degradation (intensity of the

absorbance peak at 1713 cm-1) was strongly correlated

with the decrease in the icephobicity for certain heat-input

limit. After that, coatings achieve a relatively stable be-

haviour within the property deviation. Similarly, the degree

of crystallinity increased as the degree of thermal degra-

dation decreased and a good relationship was found with

the decrease in ice adhesion until the limit. Moreover, this

study showed that thermal stability is necessary for higher

ice adhesion performance. This can be assumed to be one

of the dominant factors in flame spraying of polymers.

However, the coating degradation can be caused during

both spraying and post-heating steps for these samples.

Therefore, to understand better the effect of the process

steps on the coating quality, further investigations will

focus on their influence on the coating degradation and

consequently on the icephobicity of the surface.
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A B S T R A C T   

Lubricated icephobic coatings were fabricated by flame spraying with hybrid feedstock injection. In this one-step 
process, composite coatings were produced by spraying a matrix material from a combustion flame spray gun 
and a lubricating additive from an injector, externally to the flame. External injection avoided possible thermal 
degradation of the heat sensitive additive during spraying. Inexpensive and widely available feedstock materials 
were used, polyethylene as the matrix and solid cottonseed oil as the lubricating additive. The coating properties 
were investigated by thermal and chemical analyses, surface roughness and wettability measurements at room 
temperature and in cold conditions. The icephobic behaviour was evaluated by accreting ice from supercooled 
water droplets in the icing wind tunnel. Ice adhesion was measured by the centrifugal ice adhesion test. The 
results showed that lubricant addition improved the icephobic performance of the coatings. Moreover, cooling 
the flame temperature with compressed air addition reduced thermal degradation of polymers. This was ben-
eficial for the icephobic behaviour, thus lowering the shear ice adhesion strength down to 23 kPa  ±  6 kPa. In 
conclusion, lubricated icephobic coatings were successfully produced by combining the hybrid feedstock in-
jection and the thorough optimization of process parameters. This approach provides a potential surface en-
gineering solution for the industrial sectors facing icing problems.   

1. Introduction 

In recent years, the demand for icephobic surface solutions has in-
creased in industrial applications facing icing problems, such as power 
lines [1,2], wind turbines [3,4], solar panels [5,6], telecommunication 
and transportation in outdoor environments [7–9]. The accumulation 
and accretion of ice on functional surfaces represent a serious risk for 
several applications. For example, accumulation of ice on infra-
structures can compromise their mechanical stability and, eventually, 
cause their collapse [10]. Moreover, accretion of ice on aircraft struc-
tures can modify the aerodynamics, endangering flight operations [7]. 
For this reason, the development of icephobic surface solutions is fun-
damental to solve this problem affecting industrial applications. Dif-
ferent strategies have been adopted to face icing problems, namely 
active and passive methods of ice removal. Active methods involve 
physical removal of ice by scraping operation and/or mechanical vi-
bration, melting of ice by thermal heating or application of de-icing 
chemicals on surfaces [11,12]. However, these active methods require 
repetitive manual operations, waste of resources, environmental pol-
lution and, consequently, additional costs [13–15]. Considering these 

disadvantages, an alternative strategy is represented by passive 
methods. These consist of smart paints, coatings and surface mod-
ifications [16], which lower the ice adhesion of surfaces and, then, 
easily promote passive ice removal. Recently, passive icephobic solu-
tions have been developed to address industrial needs [17–20]. These 
include the availability of coatings or surface treatments, which show 
permanent icephobicity and withstand severe weather conditions, such 
as exposure to ultraviolet (UV) light radiation, changes of temperature 
and humidity, wind, rain, sandstorm, or some combination of these. 
Furthermore, the industry requires suitable coating techniques, which 
should preferably be fast, scalable, versatile and cost-efficient. 

Different surface designs have been proposed in the literature with 
potential icephobic properties to reduce ice accumulation and/or ice 
adhesion on surfaces [21]. For example, superhydrophobic surfaces 
(SHS) (water contact angle ≥ 150°) effectively reduce the accumulation 
of ice compared to untreated metal surfaces [22,23]. The hierarchical 
micro/nanostructure of SHS helps to repel water droplets approaching 
the surface. Moreover, if water droplets are deposited on SHS, their 
hierarchical structure delays ice nucleation [24,25]. However, re-
searchers have demonstrated that the icephobic properties of SHS are 
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severely damaged in high humidity and sub-zero conditions because of 
water condensation within surface features [26,27]. Therefore, alter-
native surface solutions are under consideration. Another surface de-
sign, namely slippery liquid-infused porous surface (SLIPS) [28], has 
been proposed as a solution for facing icing problems. SLIPS commonly 
consist of a micro/nanostructure infused with a liquid lubricant. These 
surfaces show potential anti-icing and anti-frost properties due to the 
presence of the liquid layer, which promotes the inhibition of ice nu-
cleation [29,30]. Furthermore, once the ice forms on SLIPS, the ex-
tremely smooth layer of lubricant serves as a protection of the surface 
structure by preventing mechanical interlocking between the ice and 
the surface [31,32]. However, if the liquid lubricant is depleted, the 
surface experiences degradation of its icephobicity [21]. To solve this 
challenge, different strategies have been developed to improve the 
stability of liquid lubricant in SLIPS [32,33]. For example, one common 
strategy consists of entrapping the liquid lubricant within a network of 
cross-linked elastomers [34,35]. Furthermore, lubricant in the form of 
solid is infused within the coating structure to improve lubricant sta-
bility and thus obtaining long-term icephobicity [36,37]. 

Inspired by the infusion of solid lubricant, we fabricated a compo-
site coating, composed of a matrix material and a lubricating additive, 
hereafter termed lubricated icephobic coating (LIC). Lubricating ad-
ditives, in the form of liquid oil [34,38], grease paste [17] and solid 
wax [36,39], have shown potential icephobic behaviour [40]. In the 
present study, the matrix material is made of low-density polyethylene 
(LDPE), previously used to produce flame sprayed icephobic coatings 
[41–43]. The lubricant, namely fully hydrogenated cottonseed oil, re-
presents the solid additive of LICs. The hydrogenated cottonseed oil 
consists of a hydrophobic waxy solid [44], generally employed as a 
coating release agent [45] or taste masking tool [46] for pharmaceu-
tical purposes. Additionally, this specific combination of materials, 
namely polyethylene and liquid cottonseed oil, has been successfully 
used in SLIPS for packaging applications because of their excellent 
chemical compatibility [47]. 

In the last decades, icephobic coatings have been fabricated with 
different techniques, consisting mainly of laboratory-scale coating 
synthesis [21,34] and paint technology [48,49]. However, these 
methods require post-curing with evaporation of volatile organic 
compounds (VOCs), large waste of chemicals, and/or controlled en-
vironmental conditions. Therefore, alternative coating technologies are 
under consideration. Recently, icephobic coatings have been manu-
factured using different thermal spray techniques, such as suspension 
plasma spray [50], high-velocity oxygen-fuel (HVOF) spray [51–53], 

and flame spray processes [41,42,54,55]. However, some of these re-
quire a post-treatment to render the surface water repellent [50,53] or 
to infuse the liquid lubricant [54]. In this study, we propose a one-step 
flame spray process as a potential method to produce icephobic coat-
ings, thus eliminating VOCs, post-curing and need for controlled en-
vironments [56]. We modified flame spraying by adding an injector 
externally to the flame spray gun. Matrix material was sprayed with the 
flame spray gun and lubricating additive was fed with an external in-
jector. This protects the heat sensitive lubricant from the flame torch, 
thus limiting its degradation. We referred to this method as the flame 
spray process with hybrid feedstock injection. The objectives of the 
study were to (1) modify flame spray technique to process such heat 
sensitive materials and to produce lubricated coatings in one-step, (2) 
optimise the process parameters for these specific materials to produce 
coatings with enhanced icephobic properties, (3) study the effect of 
process parameters on coating properties, such as surface chemistry, 
topography and wettability, and (4) evaluate the icephobic behaviour 
of lubricated coatings, understanding possible correlations between 
surface properties and icephobicity. 

2. Experimental procedure 

2.1. Materials and coating manufacturing 

Commercially available low-density polyethylene (LDPE) powder 
(Plascoat LDPE, Plascoat Europe BV, The Netherlands) was used as a 
feedstock material to produce the lubricated coatings. This represents 
the main component of the coatings, considered as the matrix material 
of the composite structure. A solid lubricant (Lubritab® capsules, JRS 
PHARMA GmbH & Co. KG, Germany), made of fully hydrogenated 
cottonseed oil, was used as the lubricating additive. The lubricated 
icephobic coatings (LICs) were manufactured by the flame spray pro-
cess with hybrid feedstock injection, which is schematically represented 
in Fig. 1. 

A similar approach has been used to produce low friction coatings 
by externally feeding additives in the form of suspension [57,58]. In our 
study, the dry additive was fed externally to the spray gun to avoid 
direct contact with flame. The solid lubricant, made of hydrocarbons, 
can serve as a fuel in the flame and, therefore, its interaction with the 
combustion flame should be avoided. In this hybrid process, the matrix 
powder was sprayed by an oxygen-acetylene flame spray gun (CastoDyn 
DS 8000, Castolin Eutectic, Switzerland). This was axially fed using a 
powder feeder (Sulzer Metco 4MP, Oerlikon Metco, Switzerland) with 

Fig. 1. Schematization of the flame spray process with hybrid feedstock injection to produce lubricated icephobic coatings (LICs). The matrix material is sprayed 
directly from the flame spray gun whereas the lubricating additive is externally fed from an injector with argon as a carrier gas. 
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compressed air as a carrier gas. Simultaneously, the lubricating additive 
was sprayed from an injector mounted on the left side of the gun. The 
external injector was oriented towards the gun with its axis intersecting 
the flame spray gun axis at the distance of about 280 mm from the 
flame spray nozzle. The lubricant was fed using a powder feeder (PT-10 
Twin powder feeder, Oerlikon Metco, Switzerland) with argon as a 
carrier gas, to further protect the additive from thermal oxidation. 
Mechanical sieving prior to spraying was necessary for the additive to 
increase its flowability and ensure continuity during powder feeding. 
The spray gun was mounted on a single-arm robot (ABB IRB 4400/60, 
ABB Robotics, Sweden), controlling traverse speed and spray distance 
during coating production. The process parameters used for the fabri-
cation of LICs are listed in Table 1. 

Coatings were deposited on stainless steel substrates (EN 1.4301/2K 
(4N)), 30 mm × 60 mm × 1.5 mm in dimensions. The steel substrates 
were grit-blasted prior to spraying using aluminium oxide powder (grit 
size of 54 mesh), resulting in surface roughness of Ra ≈ 2.8 μm. The 
substrates were pre-heated by flame to ensure good adhesion between 
coating and substrate. The substrate temperature was monitored during 
pre-heating by a thermal imaging camera (Ti300 Infrared Camera IR 
Fusion Technology, Fluke Corporation, United States). The thermal 
camera was calibrated for the substrate material prior to spraying. 
Coating deposition started when the substrate exceeded the melting 
range of the matrix powder. This monitoring avoided the overheating of 
the substrate, which could cause polymer degradation [59]. 

From technical datasheets of the feedstock materials, the lubricant 
has a lower melting temperature range (57–70 °C) compared to the 
polyethylene material (107 °C). This requires the adjustment of the 
process parameters to reduce the heat load transferred to different 
polymeric materials. To achieve this, the following process parameters 
were varied (Table 1). Firstly, compressed air was added to the flame 
with variable pressure, namely 0, 2 and 4 bar. Addition of air reduces 
the flame temperature with the increase of pressure used. Secondly, a 
higher gun traverse speed was employed when no additional com-
pressed air was added to the flame to reduce the heat load on the 
polymeric materials. The traverse speed was gradually reduced when 
compressed air was added to the combustion gasses. Finally, the post- 
heating by flame was performed for one selected coating to study its 
effect on the surface properties. The gun spray distance was fixed to 
250 mm, according to our previous studies [42,43]. Fig. 2 summaries 
the process parameters used for LICs, flame-sprayed polyethylene 
coating (FS-PE1) and plain lubricant coating without matrix material 
(L4). L4 was produced to better understand the effect of lubricant ad-
dition on the properties of LICs. The FS-PE1 sample was fabricated with 
the same process parameters of the best polyethylene icephobic surface 
reported in our previous study [42], avoiding the post-heating by flame 

in this work. 

2.2. Structural and thermal characterization of the powders and coatings 

The morphology of the powders was analysed by a scanning elec-
tron microscope (SEM, Jeol, IT-500, Japan). The particle size dis-
tribution was measured by a laser diffraction analysis using dry powder 
method (LS 13 320 Laser Diffraction Particle Size Analyser, Beckman 
Coulter, Inc., United States). The coating thickness was estimated by a 
digital micrometre (293-676 micrometre IP54 SPC, Mitutoyo, United 
States). The results were obtained by the average and standard devia-
tion of nine measurements. The thermal characterization of as-received 
powders and coatings was carried out by differential scanning calori-
metry (DSC, Netzsch DSC214 Polyma, Netzsch, Germany). The speci-
mens were weighed (approximately 10 mg) and placed in a concavus 
aluminium pan for the thermal analysis. Dynamic heating was per-
formed at 20 °C/min from −30 °C to 150 °C in a nitrogen atmosphere 
(40 mL/min nitrogen flow in addition to 60 mL/min protective nitrogen 
flow) to evaluate melting range and peak melting temperatures of as- 
received feedstock powders and coatings. The thermal stability of the 
powders was investigated by thermogravimetric (TG) analysis (Netzsch 
TGA209F Tarsus, Netzsch, Germany). The specimen weight was ap-
proximately 10 mg and dynamic heating was performed at 20 °C/min 
from 25 to 600 °C in a nitrogen atmosphere (20 mL/min nitrogen flow 
in addition to 20 mL/min protective nitrogen flow). The onset de-
composition temperature, Tonset, was evaluated for the powders from 
the dynamic TG curve according to the standard ISO 11358-1. This 
temperature is used as an indicator of the thermal stability of materials. 
Moreover, the maximum degradation rate temperature of the powders 
was measured at the peak of the first derivative of the TG curve (DTG 
curve). The DTG curve represents the rate of mass loss of the material 
versus temperature. 

2.3. Characterization of the coating surfaces 

The surface topography was analysed using an optical profilometer 

Table 1 
Process parameters of the flame spray process with hybrid feedstock injection.    

Process parameters Value  

CastoDyn DS 8000 – flame spray gun  
Nozzle model SSM10 
Combustion gasses  

Oxygen pressure [bar] 4.2 
Acetylene pressure [bar] 0.7 
Compressed air pressure [bar] 0, 2, 4 

Gun spray distance [mm] 250 
Gun traverse speed [mm/s] 500, 700, 900 
Step size [mm] 5 
Number of coating layers 4 
Sulzer Metco 4MP-850D dual powder feeder - matrix powder  
Matrix material feed rate [g/min] 26 
Carrier gas (air) flow rate [L/min] 10 
Carrier gas (air) input pressure [bar] 5 
PT-10 twin powder feeder – additive powder  
Lubricating additive material feed rate [g/min] 11 
Carrier gas (argon) flow rate [L/min] 6 

Fig. 2. Process window of the chosen parameters for the coatings produced in 
this work. The designation LIC indicates the coating made of both LDPE and 
lubricant powder by the flame spray process with hybrid feedstock injection. L4 
corresponds to the coating produced by spraying the sole lubricant from the 
external injector. FS-PE1 represents the polyethylene coating produced by 
flame spraying. The number in the sample name corresponds to a specific 
combination of process parameters. 
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(contactless measuring instrument, Alicona Infinite Focus G5, Alicona 
Imaging GmbH, Austria) with 5× objective magnification on 10 mm × 
10 mm areas. The areal roughness parameters (Sa, Sq, Sz) were eval-
uated with 20× objective magnification on 2 mm × 2 mm areas at 
different locations of the surface, according to the standard ISO 25178- 
3. The areal roughness values were obtained by the average and stan-
dard deviation of three measurements from corrected and filtered sur-
face datasets. The chemical characterization of the coatings was carried 
out by Fourier-transform infrared spectroscopy (FTIR, Bruker Tensor 27 
FT-IR spectrometer, Bruker, Sweden) and compared to the data ob-
tained from the feedstock powders. For this analysis, an attenuated total 
reflectance (ATR) sample holder (GladiATR, PIKE Technologies, United 
States) was used with a diamond crystal. This allows the recording of 
FTIR spectra directly on the pristine material surface without any 
sample preparation. The FTIR absorbance spectra were measured in the 
wavenumber range 4000 cm−1 to 600 cm−1 in air at room temperature 
by recording 32 scans with a resolution of 4 cm−1. For the measure-
ments, the coating surface was directly placed in contact with the 
crystal. The measurements were performed at 15 different locations of 
the coating surface for each sample. 

The wetting behaviour of the coating surfaces was evaluated by a 
droplet shape analyser (DSA100, Krüss, Germany) in controlled con-
ditions (22 °C  ±  1 °C temperature and 60%  ±  3% relative humidity). 
Static contact angles were measured by placing 10 μL droplets of ultra- 
high purity water (MilliQ, Millipore Corporation, United States) onto 
the surfaces. The apparent water contact angle was estimated using the 
tangent method (polynomial fit of droplet shape). The dynamic wetting 
behaviour was evaluated by tilting experiments. The 10 μL droplet was 
placed onto the coating surfaces, which were tilted until the droplet 
rolled off. The roll-off angle was recorded when no droplet pinning was 
observed during tilting experiments. Both static contact angle and roll- 
off angle were calculated as the average of at least five measurements 
on different locations of the sample. Moreover, the wetting behaviour 
was evaluated at −10 °C, which corresponds to the temperature we 
used for the ice adhesion test. For this purpose, a temperature control 
chamber was installed (Krüss TC40, Krüss, Germany) on the stage of the 
droplet shape analyser. The chamber includes a movable Peltier plate 
unit, which temperature is adjusted and monitored by a glycol bath 
circulator (F12-MA, Julabo GmbH, Germany) and a temperature con-
troller (2216e controller, Eurotherm Controls LTD, United Kingdom), 
respectively. The sample was placed on the Peltier stage, gradually 
cooling the surface from room temperature to −10 °C  ±  1 °C. Coating 
surface temperature was monitored by a type K thermocouple with a 
digital thermometer (Fluke 51 II digital thermometer, Fluke 
Corporation, United States). After the surface reached the desired 
temperature, static contact angle and roll-off angle were measured by 
depositing 10 μL water droplet. The results were evaluated as the 
average of at least three measurements. During this experiment, a dry 
atmosphere was maintained in the chamber by continuously flushing 
dry nitrogen to avoid water condensation. The air temperature of the 
chamber was monitored with a temperature sensor (Pt-100, Krüss TP20, 

Krüss GmbH, Germany) and measured to be around 11 °C  ±  1 °C at 
10 mm distance above the sample. The chamber was preventively 
sealed with paraffinic laboratory film to further insulate it from the 
surrounding environment. 

The icephobic behaviour of the coating was evaluated by using the 
icing wind tunnel (IWiT) and the centrifugal ice adhesion test (CAT) 
facilities at Tampere University. The test equipment sits in a climate- 
controlled cold room with monitored temperature and relative hu-
midity (−10 °C  ±  1 °C and 80%  ±  5%). The test apparatus is de-
scribed in detail in previous studies [38,60,61]. Mixed-glaze type of ice 
was accreted from supercooled water droplets on 30 mm × 30 mm 
sample areas in the IWiT at −10 °C. After accretion, the ice adhesion 
strength was measured with the CAT at the same temperature. In the 
centrifugal method, the specimen with accreted ice, placed on a blade 
and carefully counterweighted, is spun with a constant acceleration rate 
until the ice detaches. An acceleration sensor records the value of the 
rotational speed, which corresponds to the ice detachment. The shear 
ice adhesion strength is evaluated as the ratio of the centrifugal force, F 
[N] at the moment of ice detachment, to the area of the iced surface, A 
[m2]. Eq. (1) estimates the shear ice adhesion strength, τice [kPa], as 
follows: 

= =F
A

m r
Aice

ice
2

(1) 

where mice [kg] is the known mass of the accreted ice on the specimen, r 
[m] is the radial spinning length and ω [rad/s] is the rotational speed. 
The ice adhesion of the coating was evaluated as the average and 
standard deviation of four parallel samples during icing accretion 
events. A reference surface, namely Teflon tape (TT, 3M, United States), 
was tested to monitor the ice adhesion variation during ice accretion. 
The use of the reference material is essential to ensure the repeatability 
of the test results because of variability in ice adhesion strength for 
different icing conditions [60,62,63]. 

3. Results and discussion 

3.1. Structural and thermal properties of the feedstock powders 

Fig. 3a shows the morphology of LDPE powder. The shape of the 
particles varied from blocky irregular grains to long stretched flakes, 
produced by the powder manufacturing process. Conversely, the hy-
drogenated cottonseed oil powder showed particles with spherical 
shape (Fig. 3b) and capsule geometry (Fig. 3c). The particle analysis 
revealed a broader size distribution for the LDPE powder 
(−482 + 154 μm) compared to the lubricant powder 
(−152 + 34 μm). 

The thermal analysis of the as-received powders represents a pow-
erful tool to understand the thermal behaviour of polymeric materials, 
especially when their processing involves high-temperature flame and 
oxidative atmosphere. The main purpose was to drastically reduce or, in 
the best case, avoid thermal degradation, which has been demonstrated 
to negatively affect the icephobicity of flame sprayed polyethylene 

Fig. 3. SEM micrographs of the feedstock powders: a) LDPE powder, b) hydrogenated cottonseed oil powder, and c) capsule geometry of the hydrogenated cottonseed 
oil powder. 
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coatings [42]. Fig. 4a shows the DSC curves of both as-received pow-
ders, highlighting two distinct melting temperature ranges. The lu-
bricant had a lower melting range (two different melting peaks at 
around 55 °C and 66 °C) compared to LDPE (melting peak at around 
111 °C). Moreover, the TG analysis of the powders revealed the onset 
temperatures (Tonset) of 458 °C and 398 °C for the LDPE and lubricant 
degradation, respectively (Fig. 4b). Above Tonset the material decom-
poses, and this temperature should not be exceeded during processing. 
Both TG and DTG curves confirmed that the thermal degradation pro-
cess in inert conditions happened in one stage for both powders. The 
rate of weight loss was maximum at 482 °C and 435 °C for the LDPE and 
lubricant, respectively. These two maximum degradation temperatures 
were used to identify the presence of these components in the coating 
once the powders were flame sprayed. 

These analyses highlight the differences in dimensions and thermal 
properties of the feedstock powders, resulting in their different thermal 
behaviour in contact with the flame. In particular, the lubricant has 
smaller particle size distribution, lower melting range and thermal 
stability than polyethylene. This implies that the chance of thermal 
degradation is higher for the additive during spraying, and justifies our 
decision to use an external injector for it. 

3.2. Structural and thermal properties of the coatings 

Fig. 5a shows the visual appearance of two coating surfaces and  
Fig. 5b represents the schematic structure of LICs. The lubricant addi-
tion rendered the surface visually opaquer compared to the glossy black 
polyethylene coating, FS-PE1. Moreover, this addition helped to obtain 
a visually smoother surface topography (LIC1 compared to FS-PE1, 
sprayed with identical process parameters). Fig. 5c shows the measured 
coating thicknesses. 

The used process parameters influenced the coating thickness. The 
lower the gun traverse speed, the greater the deposited amount of 
material per unit length. This resulted in increased coating thickness. 
Producing the plain lubricant coating was challenging because the 
melted additive was continuously dripping down from the substrate. 
Therefore, an uneven coating layer was produced (L4 thickness around 
20 μm  ±  6 μm). The deposition of lubricant improved the coating 
build-up when this was simultaneously sprayed with LDPE, as can be 
seen from the difference in thickness between FS-PE1 and LIC1. For the 
coatings sprayed with a gun traverse speed of 900 mm/s, the increased 
cooling effect of the flame (from 0 to 4 bar air pressure) resulted in 
gradually higher thicknesses. The cooling effect might reduce the de-
gree of melting of polyethylene splats and the in-flight degradation of 
powders, especially for the lubricant. Both of these factors led to an 

Fig. 4. Thermal properties of the matrix (LDPE) and lubricating additive (L) powders: a) melting range with peak melting temperatures from the DSC analysis, and b) 
onset decomposition temperatures (Tonset) from the TG curves and maximum degradation temperatures from the DTG curves. 

Fig. 5. Coating properties: a) visual inspection image of coatings FS-PE1 and LIC1, b) schematization of the LIC structure, and c) coating thickness measurements. 
The results are grouped in the histogram based on the used process parameters. 
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increase of the obtained coating thickness. The thickest coating was 
produced by combining both the cooling effect of flame and the low-
ering of traverse speed (4 bar and 500 mm/s for LIC3). However, if 
post-heating was performed by flame, the coating thickness decreased. 
This decrease was probably caused by re-melting of polymers and 
possible vaporisation of the most heat sensitive component in contact 
with flame. 

Fig. 6 shows the results of the thermal analyses for the coatings. In  
Fig. 6a, two distinct melting temperature transitions were noticed for 
the lubricated coatings, confirming the presence of both components 
within the structure. However, the melting peak signal for the lubricant 
in LIC1 was less pronounced. This probably indicated a reduced amount 
of lubricant in the structure caused by the highest flame temperature, 
even if this was externally fed. The previous hypothesis was confirmed 
by thermogravimetric analyses. Fig. 6b shows the DTG curves of the 
coatings. In these curves, two regions of degradation were revealed for 
LIC2, LIC3, LIC3* and LIC4. These peaks confirmed the presence of both 
lubricant and polyethylene in the coating structure. However, LIC1 
showed no identifiable peak for the additive, indicating a lower amount 
of this component in the coating. Moreover, several shoulders (in-
dicated by the red arrows in Fig. 6b) were identified in this region. 
These confirmed the presence of residual lubricant and/or shorter 
polyethylene chains, produced by the scission reaction during thermal 
oxidation by flame [42,64,65]. 

3.3. Surface topography and surface chemistry of the coatings 

Fig. 7 shows the surface topography of the coatings together with 
the process parameters. The areal roughnesses (Sa, Sq, Sz) are sum-
marised in Table 2. From the results, the process parameters greatly 
influenced the obtained surface topography. As a rule of thumb for 
thermal spraying of polymers, the higher the temperature reached by 
the polymer during processing, the greater the smoothness obtained for 
the surface [56,66]. For this reason, the higher the gun traverse speed, 
the lower the time in which the polymers are heated, thus producing a 
rougher coating surface (LIC4 compared to LIC3). Moreover, the greater 
the cooling effect of the flame, the lower the degree of melting for the 
polymer matrix, thus newly resulting in rougher surfaces (LIC1 com-
pared to LIC4). The addition of lubricant reduced the coating roughness 
when identical process parameters were used (LIC1 compared to FS- 
PE1), as confirmed by visual inspections in Fig. 5a. This was probably 
caused by the complete melting of lubricant, which filled the surface 
topography of flame sprayed polyethylene. Furthermore, if post-heating 
was performed, this smoothened the coating surface because of re- 

melting and re-solidification of the polymers (LIC3 compared to LIC3*). 
Similar behaviour has been reported when using different post-heating 
treatments to re-melt the surface of thermally sprayed polymer coatings 
[67]. Finally, L4 resulted in the smoothest surface because of the lu-
bricant dripping down from the substrate during spraying. 

The presence of thermal degradation was further investigated by the 
chemical characterization of the coating surfaces, considering the 
feedstocks as reference materials. The infrared (IR) spectra of LDPE and 
lubricant powders are represented in Fig. 8. Compared to LDPE, the 
lubricant had additional peaks at 2955 cm−1 (=C−H cis stretching 
vibration), at 1737 cm−1 (−C=O ester stretching vibration), and in the 
fingerprint region from 1200 cm−1 to 800 cm−1. 

From the comparison between the feedstock powders and corre-
sponding coatings, little chemical modifications were detected for FS- 
PE1. These chemical modifications produced an increase in peak ab-
sorbance at 1713 cm−1. This indicated the presence of carbonyl com-
pounds formed by thermal oxidation when no additional air was used in 
the flame [42]. Moreover, weak peaks appeared around 1600 cm−1. 
The signals corresponded to the vibrations in C]C bonds, revealing the 
presence of alkene compounds (unsaturated carbon‑carbon covalent 
bond). Alkenes constitute an initial product of thermal degradation of 
polyethylene [68]. Fig. 8c shows representative FTIR spectra of the 
lubricated coatings. The characteristic peaks of both matrix and ad-
ditive materials were revealed for every coating, confirming that the 
materials (and surely the lubricant) were evenly distributed on the 
coating surface. However, LIC1 and LIC3* showed alkene signals, si-
milarly to FS-PE1. This demonstrated that little thermal degradation of 
the polymers occurred when both post-heating and no additional 
cooling were used, as confirmed by thermal analyses. Additionally, the 
presence of the carbonyl peak (signal at 1713 cm−1) was impossible to 
reveal for the coating surfaces because it overlaps the strong ester signal 
of the lubricant in the same region. 

3.4. Wetting properties of the coatings 

The analysis of the wetting properties serves as a preliminary in-
vestigation to understand the tendency of the surface to like or dislike 
water. This tendency is commonly evaluated by measuring the water 
contact angle (WCA) formed by the water droplet with the surface. If 
the surface likes water, this angle lies between 0° and 90° (i.e., the 
hydrophilic case). Conversely, if the surface dislikes water, this angle is 
higher than 90° (i.e., the hydrophobic case) and even greater than 150° 
for strong water repellency (i.e., the superhydrophobic case) [69]. Since 
ice is the solidified form of water, the wetting behaviour has been 

Fig. 6. Thermal properties of the FS-PE1, L4 and LIC coatings: a) melting transition from the DSC analysis, and b) degradation peaks evaluated from the first 
derivative of the TG curve (DTG). Additional shoulders are indicated by red arrows for the sample LIC1 in the DTG curve. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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widely tested as the first screening of potential low ice adhesion sur-
faces [12,70]. Fig. 9a shows the apparent WCA at different surface 
temperatures of the coating surfaces. The apparent WCA, which is 
schematically defined for a non-ideal surface in Fig. 9b, was measured 
both at room temperature and in cold conditions of the surface. The 
sub-zero temperature of −10 °C was chosen, which corresponds to the 
icing test temperature. A few studies have recommended performing 
wetting measurements at conditions as similar as possible to icing test 
environments [71] or real icing conditions [72] to better understand 
the icephobicity of surfaces. 

From the results at room temperature, FS-PE1 showed a hydrophilic 
character with WCA of 84°  ±  3°. Here, the water droplet probably was 
in intimate contact with the valleys and peaks of the surface topo-
graphy, remaining in a Wenzel wetting state [73]. Conversely, L4 
reached WCA of 146°  ±  3°. Being aware that on the most hydrophobic 
flat solids (fluorinated materials) the contact angle never exceeds ap-
proximately 120° in the Wenzel state [69,74], this suggested that the 
surface was partially wetted. Air pockets were probably trapped be-
neath the water droplet, which was in a Cassie−Wenzel mixed wetting 
state [73]. This wetting state was promoted by the microroughness of 
grit-blasted substate (Ra ≈ 2.8 μm) beneath the uneven lubricant 
coating. LICs showed intermediate wetting properties, more similar to 
the lubricant coating (L4). This wetting behaviour was justified by the 
presence of the additive on the coating surfaces, as confirmed by che-
mical analyses. At room temperature, L4 showed a roll-off angle of 
31°  ±  1.5°. Conversely, 10 μL water droplets were pinned onto the 
surface for the other coatings, resulting in roll-off angles higher than 
90°. The wettability of the surfaces generally fell with lowering the 

substrate temperature. This can be explained by considering the cold 
experimental conditions. When water, at room temperature, is de-
posited on a cold surface, a temperature gradient is generated between 
the droplet and the surface. The higher the gradient, the greater the 
induced formation of water nuclei (water condensation phenomenon), 
which grow beneath the drop on the surface [75]. The water con-
densation phenomenon is schematically shown in Fig. 9c. This effect is 
reduced when no temperature gradients exist between the water dro-
plet and the surface [75], which is ideally the case of our room tem-
perature experiments. Therefore, the water condenses within the mi-
crostructure, eliminating the presence of air pockets and thus resulting 
in lower apparent contact angles [71,76]. In our study, this explained 
the more evident drop in WCA for some surfaces (L4, LIC3*, LIC2 and 
LIC1), in which air pockets were still trapped beneath the water drop at 
room temperature. No evident drop in WCA was revealed for other 
surfaces (LIC3 and LIC4) when the droplet might be already in a Wenzel 
state at room temperature. However, it cannot be excluded that water 
might also condense onto the surface from the humid air of the chamber 
during sample cooling, despite the presence of continuous nitrogen 
flow. The roll-off experiments in cold conditions were also influenced 
by the condensation phenomenon, showing systematically pinning of 
the water droplets for every coating surface. 

The wetting properties at room temperature demonstrated the 
presence of air pockets trapped beneath the drop for some coatings. 
This air volume was filled with water in cold temperature experiments, 
thus causing a general decrease in WCA. The effect of the areal 
roughness on the wetting properties was evaluated in this study. The 
apparent WCA measured at different temperature is plotted as a func-
tion of the areal roughness Sa for the lubricated coatings, as shown in  
Fig. 10. 

In the room temperature experiments, the WCA decreased with 
areal roughness (Fig. 10a). This behaviour can be explained by un-
derstanding the wetting regime of water droplets. If a fixed water vo-
lume is deposited on the surface, a higher apparent WCA is measured 
when the surface is partially wetted (Cassie−Wenzel mixed wetting 
state for L4). Conversely, a lower apparent WCA is revealed when the 
surface is completely wetted (Wenzel wetting state for LIC4). The 
transition from a partial non-wetting to a complete wetting state is 
influenced by the surface geometry (relative size of surface features and 
drop dimension) and by gravity effects [69]. Until a certain limit of 
roughness, the hydrophobicity of the surface was enhanced allowing air 
pockets to be stably trapped beneath the drop. After that limit, the 
increased roughness produced a larger surface area, which geome-
trically enhanced the Wenzel state [69]. In the cold temperature 

Fig. 7. Surface topography of the coatings measured by optical profilometer analysis.  

Table 2 
Average and standard deviation of the areal roughness: average height (Sa), 
root-mean-square height (Sq) and maximum height (Sz) evaluated for the 
coating surfaces.      

Sample Average height, Sa  
[μm]  ±  SD [μm] 

Root-mean-square 
height, Sq [μm]  ±  SD 
[μm] 

Maximum height, Sz  
[μm]  ±  SD [μm]  

FS-PE1 31  ±  3 39  ±  5 214  ±  10 
LIC1 12  ±  2 15  ±  3 75  ±  9 
LIC2 14  ±  3 18  ±  5 115  ±  23 
LIC3 18  ±  2 23  ±  4 160  ±  42 
LIC3* 10  ±  0.2 12  ±  0.5 76  ±  15 
LIC4 37  ±  4 47  ±  6 282  ±  38 
L4 0.9  ±  0.3 1  ±  0.3 64  ±  10 
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experiments, the decrease of WCA with areal roughness was less pro-
nounced (Fig. 10b). Here, water condensation forced the droplet in a 
Wenzel state, thus being the variation of WCA less dependent from the 
roughness in these conditions. Several studies on the influence of sur-
face roughness on wettability have shown an increase of WCA (reaching 
superhydrophobicity) when passing from a flat and to a rougher sur-
face. This has been verified for the same material in the range of surface 
roughnesses below 5 μm [77–79]. Increased hydrophobicity was also 
observed for the same range of roughnesses in this study, as can be seen 
for L4 in Fig. 10a. Above surface roughnesses of 5 μm, we observed a 
gradual decrease of WCA with increasing roughness. To the best of the 
authors' knowledge, no studies correlating wetting properties and sur-
face roughness were presented in the literature for the range of 
roughnesses considered in this work. 

3.5. Icephobic behaviour of the coatings and influence of the surface 
properties 

The icephobic behaviour is defined as the intrinsic ice-repellency of 
the surface, generally resulting in low ice adhesion strength [21]. In this 
study, the ice adhesion strength was evaluated at temperature condi-
tions of −10 °C by accreting mixed glaze ice. Fig. 11 summaries the ice 

adhesion results together with the areal roughness measured for the 
coatings and test reference material, Teflon tape (TT). 

The as-sprayed lubricated surfaces revealed ice adhesion strength 
below to 50 kPa. The value represents the low ice adhesion limit de-
fined for this ice adhesion test [38]. Firstly, LICs generally showed 
lower average ice adhesion compared to the polyethylene coating. 
Secondly, the ice adhesion further decreased with the increased cooling 
effect of the flame (from LIC1 to LIC3). Thirdly, optimised process 
parameters allowed the best icephobic surface of this study, lowering 
the ice adhesion strength down to 23 kPa  ±  6 kPa. If post-heating was 
performed, the ice adhesion increased approximately 61% (LIC3* 
compared to LIC3). Moreover, if a rougher surface was produced, the 
ice adhesion rose again approximately 35% (LIC4 compared to LIC3). 
Finally, L4 showed average ice adhesion in the same range of LIC3 with 
a broader standard deviation. This was probably caused by the un-
evenness of the lubricant coating, increasing the standard deviation of 
the results [63]. 

Different material properties have been shown to influence ice ad-
hesion strength, such as chemical composition, surface topography, 
stiffness and thermal expansion, without considering the effect of the 
test variables as well [80]. Concerning surface topography, several re-
searchers have demonstrated that roughness affects the icephobicity of 

Fig. 8. The FTIR spectra of feedstock materials and coatings: a) LDPE feedstock material and corresponding coating, b) hydrogenated cottonseed oil feedstock 
material and corresponding coating, and c) LICs. LIC1 and LIC3* showed peaks similarly to FS-PE1. The regions of the spectra, in which chemical modifications are 
detected, are highlighted by yellow boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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surfaces [77,81,82]. Ice adheres on surface features, forming intimate 
mechanical interlocking and thus increasing ice adhesion [83]. The ice 
adhesion strength increases with surface roughness when coatings with 
identical surface chemistry are considered [81,82,84,85]. However, no 
similar relationship is found when other factors are influencing the 
icephobic behaviour of surfaces [81,86]. In this study, no clear corre-
lation was found between areal roughness and ice adhesion strength for 
the lubricated coatings. Firstly, the ice adhesion decreased from LIC1 to 
LIC3 while areal roughness increased. Secondly, the ice adhesion sur-
prisingly increased for the smoother surface LIC3*. Finally, the roughest 
surface of this study (LIC4) showed ice adhesion lower than the post- 
heated coating. This implied that another dominant factor was influ-
encing icephobicity. In particular, the coating chemistry, which is di-
rectly correlated with coating degradation, could determine the ice-
phobic behaviour of the surface. We measured the highest ice adhesion 
strength for degraded LICs, such as LIC1 and LIC3*. The degradation 
was caused by the absence of additional air in the flame and performed 
post-heating. The coatings experienced thermal degradation and 

Fig. 9. Results of the wetting experiments: a) apparent WCA at room temperature and cold (−10 °C) surface conditions, b) schematization of a water droplet on a real 
surface with the definition of apparent water contact angle, and c) transition from Cassie-Wenzel mixed wetting state at room temperature to Wenzel wetting state at 
cold temperature surface (θ1  >  θ2). Description of the water nuclei formation (water condensation) under the drop during wetting experiments in cold surface 
conditions. 

Fig. 10. Correlation between the apparent water contact angle and the areal roughness a) at room temperature, and b) at −10 °C.  

Fig. 11. Ice adhesion strength and areal roughness Sa of the coatings. Teflon 
tape (TT) represents the reference material for the ice adhesion test. 
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possible surface embrittlement, which have been shown to negatively 
affect icephobicity [42]. Conversely, the cooling effect of the flame was 
beneficial for the icephobic behaviour (gradual decrease of ice adhesion 
passing from LIC1 to LIC3). Finally, the ice adhesion increased with 
areal roughness, passing from LIC3 to LIC4 samples. This increase was 
probably caused by the formation of mechanical interlocking. We can 
assume that when no degradation was revealed, surface roughness 
might become the main factor influencing icephobicity. However, fur-
ther analyses are required to define this specific correlation. 

Concerning surface wettability, several studies have found a re-
lationship between apparent WCA and ice adhesion strength 
[26,70,87]. Conversely, other researches have claimed no clear corre-
lation between these properties [88–91]. Fig. 12 shows the ice adhesion 
strength plotted as a function of the apparent WCA at room temperature 
and in cold conditions. 

Three different coating groups were distinguished for the wett-
ability at room temperature, namely FS-PE1, LICs and L4. We noticed 

that the icephobic behaviour was enhanced when passing from a hy-
drophilic surface (FS-PE1 with WCA below 90°) to a more hydrophobic 
surface (LICs and L4), confirming the benefits of lubricant addition. 
This tendency has been reported in previous studies [70,86,87]. No 
clear relationship could be established between ice adhesion strength 
and WCA at room temperature and cold conditions. However, the 
wetting properties in cold conditions showed a narrower distribution of 
the data compared to the results at room temperature (distribution of 
star symbols narrower than that of square symbols). The data reported 
here appear to support the assumption that wetting properties, eval-
uated in conditions similar to icing test, might provide useful in-
formation on the icephobic behaviour of surfaces [71,72]. However, 
this requires additional research and further development of the actual 
test equipment. Furthermore, other factors could influence icephobi-
city. Several recent studies have demonstrated the dependence of the 
icephobic behaviour from mechanical properties, such as Young mod-
ulus [92,93], shear modulus [34,94,95], interfacial toughness [19], and 
other physical-chemical properties of materials [87,96,97]. In this 
study, we cannot exclude the influence of these beforementioned fac-
tors on the icephobicity of presented coatings. Therefore, further in-
vestigations are needed to understand possible correlations with these 
other influencing factors. 

3.6. Icephobic performance of lubricated coatings compared to polyethylene 
coatings 

Fig. 13a summarises the results of the ice adhesion strength plotted 
as a function of the areal roughness Sa for lubricated coatings (in or-
ange) and LDPE coatings (in black). Fig. 13b shows the corresponding 
process parameters. The lubricated coatings were manufactured by 
modifying the traditional flame spray process, previously used to pro-
duce the LDPE coatings [42,43]. In this study, the hybrid feedstock 
injection system was added to the flame spray gun to feed the lu-
bricating additive. The spray distance was constant at 250 mm for the 
compared samples. 

From the comparison of the results, we can draw the following 
conclusions. Firstly, the addition of selected lubricant further enhanced 
the icephobic behaviour of flame sprayed polyethylene coatings (or-
ange squares versus black squares). This was achieved by using flame 
spraying with hybrid feedstock injection when such heat sensitive 
materials were involved in the process. The roughest lubricated coating 

Fig. 12. Ice adhesion strength versus water contact angle at room temperature 
and −10 °C. FS-PE1 indicates the flame sprayed polyethylene coating, L4 the 
plain lubricant coating, and LICs the coatings composed by both polyethylene 
and lubricant. 

Fig. 13. Icephobic performances of lubricated icephobic coatings (in orange) of this study compared to flame sprayed polyethylene coatings (in black) from the 
previous work [33]: a) ice adhesion strength versus areal roughness Sa for the lubricated icephobic coatings (LICs) and flame sprayed PE coatings, and b) summary of 
the process parameters. 
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showed icephobicity below the limit of low ice adhesion strength. This 
implied a great influence of the surface chemistry over the roughness on 
the icephobic behaviour of the coatings. Secondly, the thermal de-
gradation of the polymers was identified as another factor negatively 
influencing the icephobicity. Material degradation was reduced by 
cooling the flame and avoiding post-heating. The avoided post-heating 
was beneficial to the icephobicity, when the lubricant was present in 
the coating structure (ice adhesion of LIC3 compared to LIC3*). In this 
case, the post-heating probably produced degradation and partial va-
porisation of the surface components, thus compromising the icepho-
bicity. Conversely, the post-heating enhanced the coating icephobicity 
in the case of flame sprayed polyethylene (ice adhesion of FS-PE1 
compared to C1*). Here, a smoother surface was beneficial to reduce 
the ice adhesion. In conclusion, a full investigation of the chemical and 
thermal properties of the sprayed coatings is strongly recommended. In 
our study, this supports the optimization of process parameters to ob-
tain high quality icephobic coatings for the selected materials. 

4. Conclusions 

This research work presented the one-step fabrication of lubricated 
icephobic coatings by flame spraying with hybrid feedstock injection. In 
this process, the matrix material and the lubricating additive with dif-
ferent thermal properties were simultaneously sprayed to form a com-
posite coating. The higher melting temperature polymer, namely matrix 
material, was sprayed from the oxy-acetylene gun. Differently, the 
lower melting temperature polymer, namely lubricating additive, was 
externally fed by an injector. This protected the additive from thermal 
degradation. The main conclusions of this study can be summarised as 
follows:  

- Processing of heat sensitive materials, such as lubricants in solid 
form, was achieved by flame spray technology with hybrid feedstock 
injection. This was done to enhance the icephobicity of flame 
sprayed polyethylene coatings. The use of this process and further 
cooling of the flame allowed the protection of sprayed materials 
from thermal degradation, ensuring the production of good quality 
coatings. 

- The optimization of process parameters was carried out by com-
paring chemical and thermal properties of materials before and after 
spraying. The results demonstrated that cooling of the flame was 
beneficial to reduce the thermal degradation of polymers. 

- The surface topography was tailored by the chosen process para-
meters. The lower the heat load involved in the process, the rougher 
the obtained surface. The post-heating treatment produced 
smoothening of the coating surface caused by re-melting effects. 

- Lubricated coatings showed enhanced hydrophobic character com-
pared to the plain polyethylene coatings. Additionally, the surface 
topography influenced the surface wettability. The greater the 
roughness, the lower the apparent WCA for both room and cold 
temperature experiments. The hydrophobic character of the surfaces 
fell in cold temperature because of water condensation within sur-
face features. 

- The ice adhesion was mainly influenced by both thermal degrada-
tion and surface chemistry of the coatings. The lubricant addition 
enhanced the icephobic behaviour of the coatings. The thermal 
degradation compromised the icephobic performance of surfaces. 
The degradation was avoided by optimising the process parameters, 
which lowered the ice adhesion down to 23 kPa  ±  6 kPa. 

Future studies will focus on the fabrication of thermally sprayed 
coatings made of different combinations of materials to further tailor 
the surface icephobicity. Moreover, the icing durability of the coatings 
will be investigated under repeated icing/de-icing cycles in cold con-
ditions. 
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Abstract: Icephobic coatings interest various industries facing icing problems. However, their dura-
bility represents a current limitation in real applications. Therefore, understanding the degradation
of coatings under various environmental stresses is necessary for further coating development.
Here, lubricated icephobic coatings were fabricated using a flame spray method with hybrid feed-
stock injection. Low-density polyethylene represented the main coating component. Two additives,
namely fully hydrogenated cottonseed oil and paraffinic wax, were added to the coating structure to
enhance coating icephobicity. Coating properties were characterised, including topography, surface
roughness, thermal properties, wettability, and icephobicity. Moreover, their performance was in-
vestigated under various environmental stresses, such as repeated icing/deicing cycles, immersion
in corrosive media, and exposure to ultraviolet (UV) irradiation. According to the results, all coatings
exhibited medium-low ice adhesion, with slightly more stable icephobic behaviour for cottonseed
oil-based coatings over the icing/deicing cycles. Surface roughness slightly increased, and wetting
performances decreased after the cyclic tests, but chemical changes were not revealed. Moreover,
coatings demonstrated good chemical resistance in selected corrosive media, with better performance
for paraffin-based coatings. However, a slight decrease in hydrophobicity was detected due to surface
structural changes. Finally, paraffin-based coatings showed better resistance under UV irradiation
based on carbonyl index and colour change measurements.

Keywords: thermal spraying; flame spraying; polymer coatings; lubricated coatings; icephobicity;
durability; polymer degradation

1. Introduction

In the past decades, passive icephobic solutions, i.e., coatings or surface modifica-
tions enabling ice removal, have emerged as potential strategies to face icing problems [1].
Ice accretes and accumulates on surfaces, affecting the operational performances of many
engineering applications from aerospace and maritime transportation to renewable en-
ergy and power distribution [2,3]. Malfunction, decreased performance, economic losses,
and endangerment of human life represent some of the consequences of atmospheric ice
accumulating on infrastructure [4]. Current strategies to mitigate icing problems, known
as active deicing methods, consist of ice removal from surfaces using external mechanical
and thermal loads [5–7]. Moreover, ice accretion is prevented or limited by applying chem-
icals on surfaces, known as anti-icing or deicing fluids. However, these active methods
require costly operations, wasting time, energy, and resources while causing environmen-
tal pollution [8,9]. Therefore, the current research is oriented towards more sustainable
anti-icing strategies.

Icephobic coatings as passive anti-icing strategies are highly desirable as alternative
solutions to solve icing problems. However, current durability challenges preclude their
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applicability in various fields [10,11]. Specifically, icephobic coatings should exhibit perma-
nent icephobic properties under application-related icing conditions. Cyclic icing/deicing
tests have been performed to investigate the icing durability of coatings in several stud-
ies [12–16]. In addition to icing durability, the stability of coatings has been tested under
external loads, such as mechanical [17–20], chemical [21,22], and thermal stresses and irradi-
ation [10,23,24], to extend their use to real applications [11]. Moreover, recent studies have
proposed combining icephobic coatings with active anti-icing methods to mitigate icing
problems in harsher icing conditions [4,25,26]. Therefore, more durable passive anti-icing
methods are strongly desired, and further research is needed to improve the durability of
current icephobic solutions.

The literature presents extensive work on investigating the durability of passive ice-
phobic surfaces, specifically for designs such as superhydrophobic surfaces (SHSs) and
slippery liquid-infused porous surfaces (SLIPSs) [11,14,20,22,27–32]. However, little atten-
tion has been given to assessing the durability of icephobic polymer coatings and composite
polymer coatings [10,13,18,33,34]. Therefore, the present study investigates the durability
of icephobic polymer coatings under various environmental stresses. Firstly, the dura-
bility of coatings is tested under repeated icing/deicing cycles. Secondly, the coating
performance is investigated under environmental loads, such as chemical stresses and
irradiation, which have not been considered in our previous works [35–37]. Coatings
are fabricated using a one-step method, previously termed a flame spray process with
hybrid feedstock injection [35]. This versatile method was used to produce composite
coatings named lubricated icephobic coatings (LICs) [35]. LICs consist of two polymeric
components, namely matrix material and lubricating additive. In this study, the matrix
material is low-density polyethylene. Two different materials are employed as lubricating
additives of the coatings, namely fully hydrogenated cottonseed oil and paraffinic wax.
Waxes are generally used in different coating applications to achieve specific surface-related
properties, such as glossy or matte appearance and slipperiness [38]. Moreover, they can
function as anti-blocking, anti-settling, and anti-sagging agents [38]. More importantly,
waxes and polymers, particularly polyolefins, have demonstrated low surface free energy
properties [39,40], which can promote reduced ice adhesion strength on smooth polymeric
surfaces [41]. Therefore, in this study, waxes are added to the coating structure, aiming at
enhancing the icephobic properties of LIC surfaces.

In summary, this study focuses on (1) producing LICs based on low surface free energy
additives by one-step fabrication method, (2) characterising the properties of feedstock
materials and obtained coatings, (3) testing the icephobic behaviour of coatings, and (4)
assessing the durability of coatings under various environmental stresses, such as repeated
icing/deicing cycles, immersion in corrosive environments and exposure to ultraviolet
(UV) irradiation. Some significant results indicate that cottonseed oil-based coatings show
a better icephobic behaviour than paraffinic wax-based coatings. However, the latter better
tolerate corrosive conditions and exposure to UV irradiation.

2. Materials and Methods
2.1. Materials and Coating Fabrication

Composite polymer coatings were fabricated from commercially available feedstock
powders. The primary component of coatings was low-density polyethylene (LDPE) pow-
der (Plascoat LDPE, Plascoat Europe BV, Zuidland, Netherlands). Two different additive
powders were selected as the lubricating component of the coatings. The first additive
was made of fully hydrogenated cottonseed oil (Lubritab® capsules, JRS PHARMA GmbH
& Co. KG, Rosenberg, Germany) and hereafter indicated with the letter C in the sample
codes. The second additive was a non-functionalised Fischer–Tropsch hard paraffinic wax
(VESTOWAX® H 2050 MG, Evonik Industries AG, Essen, Germany) and hereafter indicated
with the letter P.

LICs were manufactured using a flame spray method with hybrid feedstock injec-
tion [35], schematically represented in Figure 1. In this method, LDPE was sprayed by
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an oxygen-acetylene flame spray gun (CastoDyn DS 8000, Castolin Eutectic, Dällikon,
Switzerland). This powder was fed using a first powder feeder (Sulzer Metco 4MP, Oer-
likon Metco, Wohlen, Switzerland) with nitrogen as a carrier gas. The lubricating additive
was sprayed from an external injector mounted on the left side of the gun. The additive was
fed using a second powder feeder (PT-10 Twin powder feeder, Oerlikon Metco, Wohlen,
Switzerland) with argon as a carrier gas. The spray gun was mounted on a single-arm
robot (ABB IRB 4400/60, ABB Robotics, Västerås, Sweden), and the spraying process
was automated.

 

Figure 1. Schematisation of the flame spray process with hybrid feedstock injection to produce
lubricated icephobic coatings (LICs).

Coatings were deposited on stainless steel substrates (EN 1.4301/2K (4N)), cut in di-
mensions of 30 mm × 60 mm × 1.5 mm. Substrates were grit-blasted before spraying
using aluminium oxide grits (grit size of 54 Mesh). Grit blasting ensures the adhesion
of polymer coatings on metal surfaces via a mechanical interlocking mechanism. Sub-
strates were pre-heated by flame, and spraying started when the substrate temperature
exceeded the melting range of the LDPE powder at approximately 120 ◦C. The substrate
temperature was monitored using a thermal imaging camera (Ti300 Infrared Camera IR
Fusion Technology, Fluke Corporation, Everett, WA, USA). Firstly, the matrix material
was sprayed to produce an LDPE coating layer. After the first layer, matrix and additive
materials were sprayed simultaneously to fabricate LICs. Coatings with a thickness of
approximately 700 μmwere deposited on the substrate. Once the coating deposition was
completed, some coatings underwent a post-heating treatment by flame. Table 1 provides
the process parameters of the flame spray process with hybrid feedstock injection. Table 2
presents the coatings produced in this study with details on employed materials and pro-
cess parameters. The asterisk in the sample name indicates the post-heating treatment
by flame.

Table 1. Process parameters of the flame spray process with hybrid feedstock injection.

Process Parameters Value

CastoDyn DS 8000—flame spray gun
Nozzle model SSM10
Combustion gasses
Oxygen pressure [bar] 4.0
Acetylene pressure [bar] 0.7
Gun spray distance [mm] 250
Step size [mm] 5
Sulzer Metco 4MP-850D dual powder feeder—matrix powder
Matrix material feed rate [g/min] 26
Carrier gas (nitrogen) flow rate [L/min] 10
Carrier gas (nitrogen) input pressure [bar] 5
PT-10 twin powder feeder—additive powder
Lubricating additive material feed rate [g/min] 8
Carrier gas (argon) flow rate [L/min] 6
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Table 2. List of lubricated icephobic coatings (LICs) and flame-sprayed (FS) feedstock material
coatings with details on employed materials and process parameters. LDPE, C, and P refer to low-
density polyethylene, fully hydrogenated cottonseed oil, and paraffinic wax powders, respectively.

Sample Materials Gun Traverse Speed
[mm/s]

Gun Air Pressure
[bar]

Post-Heating
[Y/N]

FS-LDPE LDPE 500 0 Y
LIC-C

LDPE + C
500 2

N
LIC-C * Y
LIC-P

LDPE + P
N

LIC-P * Y
FS-C 1 C

900 4
N

FS-P 1 P N

* Coatings were post-heated using the flame of the spray gun; 1 Additive coatings (FS-C and FS-P) were fabricated
using the external injector of the hybrid feedstock injection system.

Plain additive coatings were fabricated using the external injector of the hybrid feed-
stock injection system. Deposition of additive coatings was challenging because the melted
materials dripped down from the metal substrates during spraying. However, these
coatings were produced to better understand the icephobic properties of additives and
the icephobic behaviour of corresponding composite coatings.

2.2. Characterisation Methods
2.2.1. Feedstock Material Characterization

The morphology of powders was imaged using a scanning electron microscope (SEM,
IT-500, JEOL Ltd., Tokyo, Japan). Before the analysis, the powders were sputtered with
a thin gold layer to enhance surface conductivity. A secondary electron detector was used
to image the powder morphologies.

Particle size distribution was analysed using a laser diffraction analysis with a dry
powder method (LS 13 320 Laser Diffraction Particle Size Analyser, Beckman Coulter, Inc.,
Brea, CA, USA). The particle size distributions were reported using the annotation −d90
+ d10, where d90 and d10 represent the particle sizes below which 90% and 10% of total
particles, respectively, are counted.

The chemical characterisation of the feedstockmaterials was performed using a Fourier-
transform infrared spectrometer (Spectrum One FT-IR Spectrometer, Perkin Elmer Instru-
ments, Waltham, MA, USA). This analysis was carried out using an attenuated total
reflectance (ATR) sample holder (Universal ATR Sampling accessory, Perkin Elmer In-
struments, Waltham, MA, USA) with a diamond crystal. The FTIR spectra were acquired
in the wavenumber range 4000 cm−1 to 600 cm−1 by recording 32 scans with a 4 cm−1

resolution. The measurements were repeated three times.
The thermal characterisation was performed using differential scanning calorimetry

(DSC, Netzsch DSC214 Polyma, Netzsch, Selb, Germany). Specimens (approx. 10 mg)
were placed in a concavus aluminium pan. Dynamic heating was carried out at 20 ◦C/min
from −30 ◦C to 150 ◦C in nitrogen atmosphere (40 mL/min nitrogen flow), and glass
transition, melting transition, and melting peaks were identified. The thermal stability
was investigated by thermogravimetric (TG) analysis (Netzsch TGA209F Tarsus, Netzsch,
Selb, Germany). Specimens (approx. 10 mg) were placed in open alumina pans, and
dynamic heating was performed at 20 ◦C/min from 25 to 600 ◦C in nitrogen atmosphere
(20 mL/min nitrogen flow). The thermal stability of the material was estimated by mea-
suring the onset decomposition temperature, Tonset, of the dynamic TG curve, according
to the standard ISO 11358-1. Furthermore, the maximum degradation rate temperature of
the powders was estimated at the peak of the first derivative of the TG curve (DTG curve).
The results of the thermal analyses were obtained as the average and standard deviation of
three measurements.
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The thermal oxidation resistance of the feedstock powders was evaluated by measur-
ing the oxidation induction time (OIT) by DSC. This analysis is relevant to predict possible
degradation of the feedstock materials in flame spray processes. Specimens (approx. 10 mg)
were placed in an open concavus aluminium pan. Firstly, the specimens were heated from
room temperature to the oxidation temperature (150 ◦C or 200 ◦C) in nitrogen atmosphere
at 20 ◦C/min. After stabilisation of 2 min at the oxidation temperature, the atmosphere of
the furnace was changed to oxygen (40 mL/min oxygen flow) for 30 min. The OIT was
measured from the gas change until the observed exothermic reaction. The OIT results
were obtained as the average and standard deviation of three measurements.

2.2.2. Coating Characterisation

The surface morphology was imaged using a stereomicroscope (MZ7.5, Leica, Wetzlar,
Germany) and a scanning electron microscope (SEM, IT-500, JEOL Ltd., Tokyo, Japan).
Before the microscopic analysis, the surface samples were sputtered with a thin plat-
inum/palladium layer to enhance surface conductivity. A secondary electron detector was
used to image the surface morphologies.

The surface topography was analysed using an optical profilometer (contactless mea-
suring instrument, Alicona Infinite Focus G5, Alicona Imaging GmbH, Raaba, Austria).
Roughness parameters (Ra, Sa, Sz) were measured using a 20× objective magnification on 2
mm × 2 mm areas, according to standards ISO 4288 [42] and ISO 25178–3 [43]. Roughness
values were obtained by the average and standard deviation of three measurements at
different coating locations.

The chemical characterisation of the coating surfaces was conducted using the same
methodology employed for the powders. Surfaces were directly placed on the crystal for
the analysis. The measurements were performed in three different locations of the sam-
ple surfaces.

The thermal characterization of the coatings was carried out using similar methods to
those employed for the thermal analysis of feedstock powders to qualitatively investigate
the presence of the additives within the coating structure after coating production. The lu-
bricating additive percentage was qualitatively estimated as the ratio between the enthalpy
of fusion of the additive and the total enthalpy of fusion obtained from the DSC curve of
the coating.

The wetting behaviour was measured by a droplet shape analyser (DSA100, Krüss,
Hamburg, Germany) in controlled conditions (22 ◦C ± 1 ◦C temperature and 60% ±
3% relative humidity). Static contact angles were investigated using the sessile drop
method by placing 10 μL droplets of ultra-high-purity water (MilliQ, Millipore Corporation,
Burlington, MA, USA) onto the surfaces. The apparent water contact angle (WCA) was
measured using the tangent method (polynomial fit of droplet shape). Tilting experiments
were performed to evaluate the dynamic wetting behaviour of coatings. A 10 μL water
droplet was placed onto the coating surfaces, which were tilted until the droplet rolled
off, and the tilting angle was recorded. Both WCA and roll-off angle were calculated as
the average and standard deviation of five measurements on different sample locations.

Surface free energy (SFE) of coatings was calculated according to the Owens–Wendt–
Rabel–Kaelble (WORK) model [44–47], measuring the static contact angle of water, di-
iodomethane, and ethylene glycol. This model obtains the SFE of solids as the sum of
a dispersive and a polar component. Table 3 presents the polar and dispersive components
of the reference liquids used for calculation. The measurements were carried out by de-
positing ten drops of 3 μL of each liquid on the sample surface. Additionally, surface free
energies were measured for the feedstock materials. Feedstock powders were melted and
moulded in cylindrical silicon stamps using an oven (drying oven with natural convection,
DL 53, DRY-Line®, VWR, Darmstadt, Germany). This procedure was carried out to obtain
polymer samples in the form of bulks suitable for the SFE measurements.
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Table 3. Surface tension components of the reference liquids from the substance database of Krüss
Advance software.

Reference
Liquid

Chemical
Formula

Surface Tension
at RT [mN/m]

Dispersive
Component [mN/m]

Polar
Component
[mN/m]

water H2O 72.8 21.8 51
diiodomethane CH2I2 50.8 50.8 0
ethylene glycol C2H6O2 47.7 26.4 21.3

Icephobic behaviour was measured using the icing facilities in the Ice Laboratory
at Tampere University [48]. The test equipment is located in a climate-controlled cold
room with monitored temperature and relative humidity (−10 ◦C ± 1 ◦C and 80% ± 5%).
Mixed-glaze ice was accreted on 30 mm × 30 mm sample areas from supercooled water
droplets in an icing wind tunnel (IWiT). After accretion, the ice adhesion strength was
measured using a centrifugal ice adhesion test (CAT). In the centrifugal test, specimens with
the accreted block of ice are counterweighted and spun with a constant acceleration rate of
300 rpm/s until ice detachment. An acceleration sensor records the value of the rotational
speed corresponding to the ice detachment. The shear ice adhesion strength is evaluated
as the ratio of the centrifugal force, F [N] at the moment of ice detachment, to the area of
the iced surface, A [m2]. Equation (1) estimates the shear ice adhesion strength, τice [kPa],
as follows:

τice =
micerω2

A
(1)

where mice [kg] is the known mass of the accreted ice on the specimen, r [m] is the radial
spinning length, and ω [rad/s] is the rotational speed. Ice adhesion values were obtained
from the average and standard deviation of four parallel samples tested in the icing
accretion event. Ice adhesion of a reference surface, namely Teflon tape (TT, 3M™ PTFE
Film Tape 5490, 3M, Flemington, NJ, USA), was tested during each ice accretion event to
monitor possible ice adhesion variation. The ice adhesion of the reference must necessarily
be in the same range of values for a specific ice type to ensure the repeatability and reliability
of the icing test and comparison of the results [49].

2.3. Durability Tests
2.3.1. Durability under Repeated Icing/Deicing Cycles

The durability of icephobic properties was tested using cyclic icing/deicing tests.
Ice was repetitively accreted, and the centrifugal ice adhesion test was performed on
the same surfaces four times in total. Four parallel samples of each coating were tested,
and the results were calculated as the average and standard deviation of obtained shear
ice adhesion values. Variations in ice adhesion were used to assess the durability of
the icephobic properties over the cycles. Moreover, changes in surface properties, such
as surface morphology, roughness, chemistry, and wettability, were investigated after
the cyclic tests. These analyses were conducted to better understand the durability of
the icephobic properties.

2.3.2. Durability in Acidic, Saline and Basic Solutions

The durability of coatings was tested by immersing as-received samples in differ-
ent chemical solutions. Different aqueous solutions were prepared. An acidic solution
was prepared using acetic acid (Acetic acid 99–100% GPR RECTAPUR®, VWR Chemicals,
Fontenay-sous-Bois, France), and this simulated the interaction of coatings with an acidic
rain (pH = 4, considering the average value of the annual rain acidity [50]). A saline solution
was prepared using sodium chloride (Sodium chloride, BAKER ANALYZED® ACS, J.T.
Baker®, VWR Chemicals, Fontenay-sous-Bois, France). The saline solutions mimicked
a saline environment with the average sea salt concentration (sodium chloride 35 g/L).
A basic solution (pH = 11) was prepared using sodium hydroxide (Sodium Hydroxide,
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Tamro Oy, Vantaa, Finland), thus recreating the environment of solutions containing clean-
ing agents, detergents, and ammonia. The pH of the solutions was measured using a pH
metre (MU 6100 H, multiparameter instrument, VWR, Darmstadt, Germany). The pH
meter was calibrated before each measurement using three buffer solutions with pH of 4, 7,
and 10.

Variations in wetting properties were monitored for all coatings after 7, 15, 30, and
60 days of immersion. The samples were rinsed with de-ionised water, dried with com-
pressed air, and left in controlled conditions (22 ◦C ± 1 ◦C temperature and 60% ± 3%
relative humidity) for 24 h before the wetting experiments. Possible changes in surface
chemistry were investigated by FTIR analysis. TGA analyses were carried out to detect
absorbed water in immersed polymers. Surface morphologies were analysed after 60 days
of immersion.

2.3.3. Durability under Exposure to Ultraviolet (UV) Irradiation

As-received coatings were artificially aged using simulated solar UV light. The UV ir-
radiation chamber was equipped with four UVA-340 fluorescent lamps. This lamp provides
an excellent simulation of natural sunlight in the short-wavelength UV region (ranging
from approximately 365 nm to 295 nm). Because the UVA-340 lamp simulates sunlight
in the spectrum area that causes the most polymer degradation, this could theoretically
ensure better correlation with outdoor test results than other used light sources [38,51].
The dose rate of the chamber was measured as 0.7 W/ m2 at the UVB range (290–315
nm), 12.1 W/m2 at the UVA range (315–400 nm), and 3.1 W/m2 at the visible range
(400–600 nm) [52]. The temperature of the UV chamber reached 31 ◦C when all lamps
were functioning. Further technical details on the UV chamber are reported in a previous
study [52]. For the UV irradiation tests, samples were exposed for 0, 200, 500, and 1000
h. Changes in chemical composition were investigated using FTIR analysis. The carbonyl
index (CI) was used to assess the degree of photodegradation of the coatings. This index
was calculated as the ratio between the integrated band absorbances of the carbonyl (C=O)
peak from 1850 to 1650 cm−1 and the methylene (CH2) scissoring peak from 1500 to 1420
cm−1, following the specified area under band (SAUB) methodology [53]. Colour changes
of the surfaces were observed using visual inspection and a chromameter (CR-200, Konica
Minolta Sensing Europe B.V., Nieuwegein, The Netherlands). The chromaticity experi-
ments employed a measuring mode based on L*a*b* coordinates (CIE 1976). In the L*a*b*
colour space, L* indicates the colour lightness, a* refers to the red/green coordinate, and
b* refers to the yellow/blue coordinate [54]. According to the standard ISO/CIE 11664-
4 [55], the colour difference, ΔE∗

ab, is calculated at 200, 500, and 1000 h with the following
Equation (2):

ΔE∗
ab =

√(
L∗2 − L∗1

)2
+

(
a∗2 − a∗1

)2
+

(
b∗2 − b∗1

)2 (2)

where L∗1, a
∗
1, and b∗1 represent the lightness, the red/green coordinate, and the yellow/blue

coordinate of the as-received samples, corresponding to 0 h exposure time. L∗2, a∗2, and b∗2
represent the values for the samples after 200 h, 500 h, and 1000 h of exposure time.

3. Results and Discussion
3.1. Properties of the Feedstock Powders

Figure 2 shows the morphology of the feedstock powders used to fabricate lubricated
icephobic coatings in this study. The LDPE powder (Figure 2a), which constitutes the main
component of the coating, was characterised by particle shapes varying from blocky
irregular grains to long stretched flakes. The particle analysis revealed a size distribution
of −482 + 154 μm. The fully hydrogenated cottonseed oil additive powder (C) showed
particles with a spherical shape (Figure 2b) and narrower size distribution of −152 + 34 μm.
The hard paraffinic wax (P) presented particles with various irregular shapes (Figure 2c)
and a broader size distribution of −450 + 29 μm, as compared to the other additive powder.
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Figure 2. SEM micrographs of the as-received feedstock powders: (a) LDPE powder (LDPE), (b) fully
hy-drogenated cottonseed oil powder (C), and (c) hard paraffinic wax powder (P).

Figure 3 presents the FTIR spectra of the feedstock powders. The chemical analysis of
feedstock materials aimed at monitoring possible chemical changes occurring in the poly-
mers interacting with the combustion flame during coating fabrication. All the spectra
presented typical peaks, characteristics of polymers made of long aliphatic hydrocarbon
chains, such as polyethylene [56]. The signals at 2915 and 2848 cm−1 corresponded to
the asymmetric and symmetric stretching of aliphatic hydrocarbons, respectively. The sig-
nals at 1472, 1470, 1467, 1462, and 1376 cm−1 represented the in-plane vibrations of aliphatic
hydrocarbons [56,57]. The signals at 730 and 719 cm−1 indicated the rocking of the same
vibrational group [56,57]. As expected, the spectra of LDPE and P were remarkably similar
due to their identical chemical composition. However, P powder showed double peaks
in the range of the in-plane vibrations and rocking of aliphatic hydrocarbons compared
to LDPE powder. Similar spectra for paraffinic waxes have been found in previous stud-
ies [57–60]. Additionally, LDPE presented a weak signal at 1731 cm−1. This signal probably
indicates the presence of conventional stabilisers of undisclosed composition (probably
carbonyl products), which are generally incorporated into commercial products [61]. In ad-
dition to the aliphatic chain signals, C powder presented two intense absorption peaks
at 1737 cm−1 and 1173 cm−1. These signals are related to the stretching of the carbonyl
group (C=O) and the carbon–oxygen bond (C-O) of the ester group, generally present
in natural waxes [57,62]. Moreover, the weak signal at 2955 cm−1 was present in both addi-
tives. This peak arose from the asymmetric stretching of the methyl (CH3) in the aliphatic
chain [63,64]. However, this small peak could also be associated with =C-H cis stretch-
ing in cottonseed oil in case of residual unsaturation (double carbon–carbon bond) after
hydrogenation [65].
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Figure 3. FTIR spectra of feedstock powders with characteristic absorbance peaks. LDPE, C, and P
refer to low-density polyethylene, fully hydrogenated cottonseed oil, and paraffinic wax powders,
respectively.

Table 4 presents the thermal properties of feedstock powders obtained from differ-
ential scanning calorimetry and thermogravimetric analyses. The curves are presented
in Supplementary Figure S1.

Table 4. Thermal properties of low-density polyethylene (LDPE), fully hydrogenated cottonseed
oil (C), and paraffinic wax (P): temperature at the melting peaks (Tmelting peak) from the DSC anal-
yses, onset decomposition temperatures (Tonset) from the TG curves, and maximum degradation
temperatures (Tmax degradation) from the DTG curves.

Sample Tmelting peak
[◦C]

Tonset
[◦C]

Tmax degradation
[◦C]

LDPE 111.9 ± 0.6 458.2 ± 1.3 481.1 ± 1.9

C
55.6 ± 0.5

402.5 ± 4.6 437.1 ± 1.768.9 ± 2.3

P
100.3 ± 0.2

435.0 ± 7.0 480.2 ± 1.7118.8 ± 0.6

No glass transitions were revealed for the as-received feedstock powders in the temper-
ature range of the analysis. LDPE and P powders had melting peaks at higher temperatures
than C powder. Both additive powders showed two distinct melting peaks. Moreover,
in the TG analyses, the higher the Tonset, the greater the thermal stability of polymers
in the considered atmosphere. Therefore, the results indicated improved thermal stability
passing from C to P until the LDPE powder. This temperature is essential when consid-
ering flame spray processing of polymers, and Tonset should not be exceeded to avoid
thermal degradation. The maximum degradation temperatures were later utilized to detect
the presence of these components in flame-sprayed coatings.

The feedstock materials are fed using inert carrier gasses, such as nitrogen for the ma-
trix materials and argon for the additives. However, the materials are molten by the heat
produced from the combustion flame, which generates an oxidative environment. More-
over, when post-heating by flame is performed, the deposited materials are re-melted
in contact with the oxidative atmosphere. Considering the complexity of the spraying
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environment, the resistance of the feedstock powders was further evaluated in oxidative
conditions. The OIT results showed no degradation for the feedstock powders exposed to
an oxidative atmosphere at 150 ◦C. However, oxidative degradation was detected at 200 ◦C
almost immediately for LDPE and P, after 1.5 ± 0.2 min and 0.8 ± 0.1 min, respectively.
Surprisingly, the degradation of C powder initiated after 27.9 ± 0.3 min. These results
indicate a far greater resistance for C than the other feedstock materials. It is well known
that the thermal–oxidative resistance of cottonseed oil increases with reduced unsaturation
in the chemical structure [66]. Therefore, the fact that our cottonseed oil powder was
fully saturated (the commercial product was fully hydrogenated, i.e., all unsaturations
were removed) could justify its remarkable oxidative resistance. Oxidation resistance is
beneficial for polymers processed using flame spraying, considering the negative influence
of thermal degradation on icephobic properties [67]. Moreover, oxidative degradation
could be avoided by maintaining the material temperatures below 150 ◦C during the whole
spraying process.

Table 5 reports the surface free energy values measured for the feedstock samples
in the form of bulk. Bulk surfaces were relatively smooth, with Ra values ranging from
0.2 to 1.7 μm. Measured SFE values for LDPE and P were similar to the values found
in the literature [44,68]. To the best of our knowledge, no SFE has been reported in other
studies for fully hydrogenated cottonseed oil. The results showed lower SFE values for
the lubricating additives than for the matrix material. In laboratory-scale studies, it has been
shown that surfaces with lower SFE demonstrated enhanced icephobic character [41,68,69].
Moreover, similar results were reported in our previous study, where adding the C additive
to the LDPE matrix improved the icephobic behaviour of plain LDPE coatings [35].

Table 5. Surface free energy (SFE) values with dispersive and polar components of low-density
polyeth-ylene (LDPE), fully hydrogenated cottonseed oil (C), and paraffinic wax (P), in the form
of bulk.

Feedstock Material SFE
[mN/m]

Dispersive Component
[mN/m]

Polar Component
[mN/m]

LDPE 30.41 ± 1.25 29.14 ± 0.64 1.27 ± 0.61
C 19.77 ± 1.48 19.15 ± 1.19 0.62 ± 0.28
P 22.84 ± 0.04 22.19 ± 0.03 0.64 ± 0.01

3.2. Composition and Surface Properties of the Coatings

Figure 4 presents the surface topography of the coatings together with the employed
process parameters. Table 6 provides the areal roughness values (Sa, Sz) for all coating
surfaces. From the results, both selected process parameters and thermal properties of
feedstock materials influenced the obtained surface topography. If the same process
parameters were employed, smoother surfaces were achieved when the lower-melting-
temperature additive was sprayed with LDPE (LIC-C compared to LIC-P). Moreover, post-
heating by flame smoothened the surfaces by re-melting and re-solidification of polymers,
thus producing coatings with a comparable level of roughness (LIC-C* and LIC-P*). Finally,
even smoother surfaces were obtained when plain additive coatings were produced, with
P-based coatings slightly rougher than C-based coatings (FS-P and FS-C).
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Figure 4. Surface topography of lubricated icephobic coatings (LICs) and flame-sprayed (FS) additive
coatings measured using optical profilometry.

Table 6. Average and standard deviation (SD) of the areal roughness parameters evaluated for
lubricated icephobic coatings (LICs) and flame-sprayed (FS) additive coatings: average height (Sa)
and maximum height (Sz).

Sample Sa [μm] ± SD [μm] Sz [μm] ± SD [μm]

LIC-C 18.1 ± 5.5 122.8 ± 13.8
LIC-C* 9.8 ± 2.1 98.1 ± 10.8
LIC-P 23.4 ± 5.4 168.3 ± 13.5
LIC-P* 9.2 ± 1.6 101.5 ± 19.8
FS-C 0.9 ± 0.4 64.2 ± 10.6
FS-P 1.6 ± 0.1 74.1 ± 6.3

After coating deposition, chemical characterization of the surfaces was carried out to
investigate the presence of the components on surfaces and possible chemical modifica-
tions. Figure 5 represents the FTIR spectra of lubricated coatings. The chemical analyses
confirmed the presence of matrix material and corresponding additives for all coating
surfaces. No significant changes in surface chemistry were revealed for C-based coatings
as an effect of the post-heating treatment. Conversely, a small signal at 1630 cm−1 was
detected for sample LIC-P* compared to LIC-P. This signal might indicate the presence of
alkene compounds, which constitutes the initial product of thermal degradation of poly-
olefins [70]. This behaviour could derive from the lower resistance to thermal oxidation of
P compared to C, as demonstrated by previous OIT experiments.
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Figure 5. FTIR spectra of lubricated icephobic coatings: (a) LIC-C and LIC-C*, and (b) LIC-P and
LIC-P*. The spectra region is highlighted by a yellow box when chemical modifications are detected.

The presence of the additives was further investigated using thermal analyses. Dif-
ferential scanning calorimetric curves of LIC-C and LIC-C* revealed two distinct melting
transitions corresponding to LDPE and C additive. From the ratio between the enthalpies
of fusion of additives and coating samples, C content was estimated to be approximately
18 m% ± 1 m% for both coatings. This value approached the theoretical percentage of
additive content (20%) determined by the settled feed rates of feedstock powders during
spraying. However, the enthalpies of fusion refer solely to the crystalline content of the poly-
mers, and therefore some uncertainty could affect these evaluations. Conversely, LIC-P
and LIC-P* coatings showed one melting transition, with melting peaks at intermediate
temperatures between the feedstock materials. Identifying P additive was more challenging
with this technique, considering the overlapping of melting ranges of P and LDPE. The re-
sults obtained from the DSC analyses are provided in Supplementary Figure S2. Similar to
DSC results, thermogravimetric curves of LIC-C and LIC-C* evidenced the presence of C
additive in the coating structure. The first derivative of the TG curves showed two regions
of degradations. The first region was characterized by several shoulders in the degradation
range of C. This result evidenced the presence of the minor component C in the coat-
ing structure, in accordance with our previous study [35]. The second region referred to
the degradation of the main component, LDPE. Conversely, the presence of P additive was
hardly identifiable with this technique. One degradation peak was evidenced for LIC-P and
LIC-P*. This was due to the overlapping of degradation phenomena of related feedstock
materials. The TG and DTG curves of coatings and corresponding feedstock materials are
reported in Supplementary Figure S3.

The analysis of wetting properties evaluates the tendency of surfaces to repel water.
Wettability has been extensively investigated and used as a screening tool for potential
icephobic surfaces [41,71–74]. Table 7 presents the results of the wetting experiments. For
plain flame-sprayed LDPE coatings, water contact angles vary approximately from 84◦
to 93◦ for different ranges of roughness [35,67]. From the wetting results of this study,
the surface hydrophobicity of plain LDPE coatings was enhanced by the addition of
additives. LICs showed intermediate wetting properties, more similar to the additives,
with C-based coatings more hydrophobic than P-based coatings. Water contact angles
reached approximately 112◦ and 146◦ for FS-P and FS-C, respectively, and post-processing
by flame had a minor influence on water contact angles. Conversely, the smoothening of
LIC-C surfaces lowered the measured roll-off angles, thus improving the water mobility
behaviour of post-treated coatings. No roll-off angle was recorded for P-based coatings.
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Table 7. Results of the wetting experiments for lubricated icephobic coatings (LICs) and flame-
sprayed (FS) additive coatings.

Sample Water Contact Angle [◦] Water Roll-Off Angle [◦]
LIC-C 112.1 ± 1.0 73.2 ± 3.9
LIC-C* 112.3 ± 1.9 48.6 ± 5.2
LIC-P 99.9 ± 1.7 >90
LIC-P* 101.2 ± 1.5 >90
FS-C 146.3 ± 3.0 31.4 ± 1.4
FS-P 112.6 ± 1.7 >90

The surface free energy was investigated for LIC-C* and LIC-P* post-heated coatings.
SFE values of 22.5 ± 1.9 mN/m and 29.8 ± 0.03 mN/m were measured for LIC-C* and
LIC-P* coatings, respectively. SFEs of coatings were intermediate to the corresponding
SFEs of feedstock materials (Table 5), with lower values for C-based coatings than P-based
coatings. Particularly, SFE of LIC-C* tended towards the SFE value of C additive material,
while SFE of LIC-P* was more similar to LDPE matrix material. These results could indicate
that the amount of C additive was higher on the surface of post-heated coatings than the P
additive. Moreover, the SFE of LIC-P* could tend to LDPE due to possible partial removal
of the paraffinic wax from the coating surfaces after post-heating, considering the poorer
thermal–oxidative resistance of P compared to C additive, as previously demonstrated by
OIT results.

3.3. Icephobic Behaviour of Coatings

Icephobicity of surfaces is commonly assumed to be the property of repelling ice,
delaying ice formation, and/or reducing ice adhesion strength [75]. Moreover, the lower
the recorded ice adhesion strength, the higher the icephobicity. In this work, the ice
adhesion strength was measured to assess the icephobic behaviour of coatings. For this
specific ice adhesion test and these specific icing conditions [14,76], ice adhesion values of
50 kPa and 100 kPa indicate the low and the medium-low ice adhesion limit, respectively.
Figure 6 presents the ice adhesion strength of LICs and plain feedstock material coatings
with corresponding areal roughness values.
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Figure 6. Icephobic behaviour of lubricated icephobic coatings (LICs) and flame-sprayed (FS) feed-
stock material coatings, measured at −10 ◦C with mixed glaze ice. Ice adhesion strength is reported
on the left axis and corresponding areal roughness Sa on the right axis.

Feedstock material coatings demonstrated medium-low ice adhesion behaviour. Plain
LDPE coatings, namely FS-LDPE, showed ice adhesion strength of 84 ± 9 kPa. Plain
additive coatings, namely FS-C and FS-P, resulted in ice adhesion values of 23 ± 9 kPa and
67 ± 7 kPa, respectively. Although they showed comparable coating roughness, the ice
adhesion values of feedstock material coatings significantly varied, increasing from C to
P until LDPE plain coatings. SFE values of corresponding bulk materials similarly rose,
passing from C to P until LDPE (Table 5). These results might support the findings of
some studies, which evidenced a correlation between low SFE and reduced ice adhesion
for smooth polymer coatings [41,68,69]. However, further investigations are needed to
establish correlations between ice adhesion strength and SFE values for these materials.

LICs exhibited ice adhesion values between the corresponding plain feedstockmaterial
coatings, with C-based coatings slightly more icephobic than P-based coatings. Particularly
for C-based coatings, LIC-C and LIC-C* showed medium-low ice adhesion behaviour with
a 20% theoretical additive percentage in the coating structure. However, C-based coatings
have demonstrated even lower ice adhesion values when a higher additive percentage
(30%) has been present in the coating structure [35]. Therefore, the lower additive content
could have determined the increased ice adhesion of C-based coatings in this study. More-
over, employed process parameters influence the icephobicity of flame-sprayed polymer
coatings [35,67], and this factor needs to be considered when discussing the icephobic
behaviour of C-based coatings in this study. For further details on the effect of process
parameters on the coating icephobicity, the authors refer to their previous studies [35,67].

Considering the effect of the post-heating treatment by flame, the ice adhesion strength
rose approximately 13% for LIC-C* compared to LIC-C. Conversely, the ice adhesion
decreased about 10% for LIC-P* compared to LIC-P. However, these results varied within
the standard deviation, and the effect of post-heating on the ice adhesion strength was not
significant for these materials. This was also confirmed by a t-test.
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Other factors have been considered to influence the ice adhesion strength, such as sur-
face chemistry, surface roughness, Young’s modulus, shear modulus, and hardness [74,77–79],
as well as the icing conditions and testing methods [80,81]. Considering surface roughness,
various studies have shown that ice adhesion strength rises with surface roughness when
surfaces with similar chemistry are considered [82,83]. In this study, post-heating decreased
the surface roughness for both coatings with similar surface chemistry, as shown in Figure 6.
However, the decrease in roughness seemed to have no significant influence on ice adhesion
strength. Specifically, the adhesion values varied within the standard deviation of the test, and
a relationship could not be established.

Considering surface wettability, previous studies have demonstrated relationships
between apparent water contact angle and ice adhesion strength [74,84]. In contrast,
others have claimed no clear correlations between these properties [72,85]. The results
showed that C-based coatings were more hydrophobic than P-based coatings, and wa-
ter droplet mobility was evidenced only for C-based coatings. The latter demonstrated
slightly improved icephobicity, thus indicating a possible correlation between wetting
properties and icephobic performance [15,74,84]. Additionally, C-based coatings showed
lower surface free energy values than P-based coatings, which could justify their enhanced
icephobic character [41,68,69]. However, other factors could affect the ice adhesion of
these surfaces [35,67,81]. Therefore, further investigations are needed to establish possible
correlations between wetting properties, SFE, and ice adhesion strength for these coatings.

3.4. Coating Performance under Cyclic Icing/Deicing

In order to test icing performance and durability, researchers have carried out tests
based on consecutive icing/deicing actions [12–16,30]. Icing of surfaces is performed using
different methods. For example, in one method, water is poured in a mould placed on
the surface and then frozen in a freezer at specific temperatures [13,73]. In another method,
ice is accreted from supercooled microdroplets hitting the coating surface in the icing wind
tunnel under specific icing conditions [16,48,86], representing the icing method employed
in this study. Deicing can be pursued through heating [87,88], deformation of the sub-
strate [89], or, more aggressively, applying mechanical loads to the ice itself [14,15,90].
Here, deicing was performed by applying a centrifugal force to the iced samples. Shear
ice adhesion strength was recorded at each cycle, and its variations qualitatively indicated
the durability of the icephobic properties of coatings. It is essential to underline that
the icing durability depends on the methods employed for icing and deicing, the adhesive
properties of ice type, and other variables [11]. Moreover, no universal standard has been
established yet to test icing durability (icing/deicing procedures, number of icing/deicing
cycles, water grade, freezing procedure, ice type, and other test conditions are not de-
fined) [11]. Therefore, discussions on coatings’ icing performance and durability need to be
cautiously addressed when comparing results from different studies.

Figure 7 presents the shear ice adhesion strength measured at each cycle for LICs.
C-based coatings demonstrated slightly lower ice adhesion values and smaller standard
deviations than P-based coatings. After four icing/deicing cycles, all coatings retained
their icephobicity within the medium-low limit. Particularly for C-based coatings, the four
repeated icing/deicing cycles indicated no increasing nor decreasing trends in ice adhesion
strength, and the values remained within the standard deviation. This result indicated
enhanced icing durability for these coatings compared to our previous studies, where
ice adhesion significantly increased over four cycles for C-based coatings [36,37]. This
increase over the cycles was evidenced for rougher surfaces containing a higher amount of
additive in their coating structure. In the current study, the reduced amount of C additive
improved the durability of icephobic properties, maintaining the ice adhesion values within
the standard deviation over the cycles.
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Figure 7. Ice adhesion results for lubricated icephobic coatings (LICs) under four icing/deicing cycles.
Ice adhesion strength values at the first cycle were previously reported in Figure 6. C and P refer to
fully hydrogenated cottonseed oil and paraffinic wax additives, respectively. The asterisk indicates
the post-heating treatment by flame.

Ice adhesion strength values might vary over the cycles due to changes in surface
morphologies and surface chemistry produced during icing/deicing cycles. Figure 8
shows the surface morphologies of all coatings before and after four icing/deicing cycles.
The micrographs showed that scratches were visible on C-based coating surfaces, while
no evident wear was produced on the polymeric surfaces of P-based coatings. Scratches
were probably caused by cyclic shedding of mixed glaze ice via centrifugal forces during
icing/deicing. Moreover, it cannot be excluded that a certain degree of surface damage
could be produced during sample manipulation. Surface resistance to deicing improved
for C-based coatings compared to our previous study, where the whole surfaces were
scratched, and the icephobic behaviour significantly decreased over the cycles [36,37].
However, detected scratches did not strongly affect the icephobic behaviour in this study,
which was stable over the cycles. Moreover, LIC-C and LIC-P samples showed minor
surface cracks after the cycles. In our previous study, cracks were evidenced for some
coatings, and these defects influenced the icephobic behaviour of coatings [37]. Here,
the number of cracks was so small that they seemed to not affect the surface behaviour
of coatings, which retained their icephobicity over the cycles. For additional discussion
on the causes of cracks on LICs after cyclic icing/deicing tests, the authors refer to their
previous study [37].
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Figure 8. Surface morphologies of lubricated icephobic coatings (LICs) before and after four ic-
ing/deicing cycles at different magnification. C and P refer to fully hydrogenated cottonseed oil and
paraffinic wax additives, respectively. The asterisk indicates the post-heating treatment by flame.
White arrows indicate the presence of surface defects produced during the cyclic tests.

Figure 9 compares the variations in surface properties of LICs before and after four
icing/deicing cycles. Figure 9a reports Sa and Sz parameters, and Figure 9b reports
the apparent water contact angles. From the results on roughness, Sz values of LIC-C
samples increased after the cycles. This rise could be justified by the mechanical damages
produced on these surfaces, which increased surface roughness [18,37]. However, Sa and
Sz mainly varied within the standard deviations for all other coatings. This result indicated
that no significant changes in surface roughness were produced for the coatings during
the cycles, thus justifying the stable icephobic behaviour of the coatings during the cyclic
tests. From the results on wetting properties, only slight decrease in static water contact
angle could be revealed for the coatings. This decrease could be related to surface damages
produced during the cycles [15]. However, all surfaces retained their hydrophobicity after
the cycles, and, in most cases, the variations fell within the standard deviation, similarly
to roughness results. In contrast to static contact angle results, water mobility behaviour
was affected after the cycles. No roll-off angles were revealed for LIC-C and LIC-C*
coatings after the cycles, which initially showed values of approximately 73◦ and 49◦,
respectively. This result was due to water droplets pinned into the surface defects formed
during the cyclic tests. From the results on surface chemistry, no chemical changes were
revealed for the coatings after four icing/deicing cycles, as demonstrated by the FTIR
spectra presented in Supplementary Figure S4.
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Figure 9. Comparison of surface properties before and after four icing/deicing cycles for LICs: (a)
areal roughness parameters (Sa and Sz), and (b) apparent water contact angles.

In summary, LICs demonstrated good durability under repeated icing/deicing cycles,
retaining their icephobicity below the medium-low ice adhesion limit of 100 kPa. Moreover,
employed characterisation techniques revealed no significant changes in surface roughness,
water contact angle, and surface chemistry. However, minor surface defects were evidenced
for C-based coatings after the cyclic tests, which influenced the water mobility behaviour
of surfaces.

The following sections of the manuscript will focus on the durability of LIC-C* and
LIC-P* coatings, which showed no mechanical failure (cracks) after the icing/deicing tests.
Coating durability in corrosive media and under UV irradiation exposure will be discussed.

3.5. Coating Performance in Acidic, Saline and Basic Environments

Icephobic coatings can contact several environments during their use in outdoor con-
ditions. To simulate these environments and test their durability, three different corrosive
media were selected, namely acidic, saline, and basic solutions, and immersion tests were
performed. Figure 10 presents the variations of wetting properties after immersion.
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Figure 10. The apparent water contact angle of LIC-C* and LIC-P* samples before and after ageing
in acidic, saline, and basic solutions.

Both LIC-C* and LIC-P* samples demonstrated a slight decrease in apparent water
contact angles after immersion compared to the pristine ones. This decrease could indi-
cate that variations in surface chemistry and/or surface morphology probably occurred
during ageing. In acidic conditions, LIC-C* showed a slight decrease in hydrophobicity
until 60 days of immersion. However, water contact angle of LIC-P* samples remained
substantially steady from 7 to 60 days after an initial decrease. Conversely, in basic solu-
tion, LIC-C* samples demonstrated a better retainment of their wetting properties than
LIC-P*, which showed a gradual decrease in hydrophobicity. In saline conditions, both
surfaces slightly degraded, and their wetting properties seemed to stabilize after 30 days
of immersion. The different behaviour probably derived from the chemical composition
of the additives, their chemical resistance in various solutions, surface morphologies of
the coatings, and different hydrolytic degradation of each polymer [12]. Besides the slight
degradation of wetting properties, all surfaces maintained their hydrophobic character
after the immersion tests.

Considering the water mobility properties of LIC-C* surfaces, water roll-off angles
increased after 7 days of immersion in all tested conditions. In particular, the roll-off angle
rose from 47◦ ± 5◦ to 57◦ ± 6◦ and 62◦ ± 3◦ in saline and basic conditions, respectively.
Droplet pinning behaviour was suddenly revealed for the surfaces immersed in acidic
solutions after 7 days. No water mobility was detected for LIC-C* surfaces after 15 days of
immersion in any of the different conditions. It is well known that water mobility properties
are strongly affected by local surface hindrances and heterogeneities, both chemical and
morphological, which are encountered by water droplets sliding onto surfaces [91–93].
Therefore, the increased roll-off angle value and consequent pinning into the surfaces could
indicate the formation of defects on the coating surfaces. Furthermore, repeated cycles
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of immersion, drying, wetting analyses, and samples manipulation could have produced
surface damage, and these actions could influence the wetting results.

After 60 days of immersion in different conditions, surface chemical analyses were
carried out for LIC-C* and LIC-P*. Figure 11 shows the FTIR spectra of the as-received
coatings and after 60 days of immersion in different solutions.

 

Figure 11. FTIR spectra of LICs surfaces after ageing in different environments: (a) LIC-C*, and
(b) LIC-P*. The regions of the spectra are highlighted by yellow boxes when chemical modifications
are detected.

The FTIR spectra of LIC-C* coatings (Figure 11a) demonstrated no relevant changes
for the samples immersed in acidic and saline environments. However, minor variations
in the chemical structure were evidenced for basic solutions experiments. Weak signals
were present in the region between 1650 and 1500 cm−1. These probably corresponded
to the formation of alkene bonds [94,95]. Moreover, increased intensities were noticed for
the signals related to the ester bonds at 1740 and 1173 cm−1. Furthermore, a weak signal
was present in the regions between 3700 and 3200 cm−1. These probably corresponded to
the formation of hydroxyl bonds [94,95]. Hydroxyl bonds and increased intensity of ester
bonds could justify the presence of hydrolysis products of esters, which mainly consist of
carboxylic acids [95].

Considering the FTIR spectra of LIC-P* coatings (Figure 11b), no significant chemical
changes were revealed for the surfaces in contact with different solutions. Moreover, no
absorbed water in the coating structures was detected from thermogravimetric experi-
ments, as shown in Supplementary Figure S5. These results indicated that both surfaces
demonstrated significant chemical resistance to water absorption in the tested environ-
ments. However, the TG curves related to LIC-C* samples showed some deviations from
the pristine samples, which were not visible for the LIC-P* coatings. These deviations
could indicate some degradation process for the polymers of LIC-C*, most probably for
the additive C. However, further analyses are needed to support these results.

After 60 days of immersion, coating morphologies were further analysed at the mi-
croscale level to investigate their durability in the corrosive media. Figure 12 presents
the surface morphologies of the coatings after 60 days in acidic, saline, and basic solutions.
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Figure 12. Micrographs of the surface morphologies of LICs after 60 days of immersion in acidic,
saline, and basic solutions.

As can be seen from the micrographs, the surface morphologies of as-received coatings
varied after immersion. Small protuberances characterised as-received surfaces. No similar
features were revealed on the coating surfaces after immersion, and structural changes
occurred for the surfaces in all solutions. Considering LIC-C* samples, surface morpholo-
gies revealed the presence of flake-like structures after immersion. These flakes probably
derived from the hydrolytic degradation of C additive, which could be the most sensitive
component to hydrolysis. Moreover, larger regions of flake-like structures were noticed for
the samples immersed in basic solutions. Immersion tests produced surface morphologies
and surface chemistry variations, which generally influence icephobicity [77,96,97]. In our
study, the removal of wax from the coating surfaces might cause a decrease in icephobic
properties for the aged coatings, as demonstrated for coatings with the lower amount of C
additive in our previous studies [35,37]. However, further investigations are necessary to
establish these correlations.

Considering LIC-P* samples, structural changes on the surfaces were noticed after
immersion. Finer structures were produced after immersion in acidic solutions compared
to saline and basic environments. These results could justify the reduced hydrophobicity
of the coatings after immersion compared to the as-received ones. However, the wetting
behaviour cannot be fully explained using the surface micrographs because these provide
no information on the surface chemistry of coatings after immersion.

Degradation of polymers due to water, namely hydrolysis, can lead to cross-linking
and porous structures on the exposed polymer surface, thus causing surface structural
changes [12]. This phenomenon is enhanced if water-sensitive functional groups are
present in the polymers [12,95]. Ester groups, typical of C additive, are more prone to
hydrolysis than primary and secondary alkyl groups, which characterize both LDPE and P
additive [12,94]. This aspect could justify the small hydroxyl signal evidenced for all aged
LIC-C*, which was not revealed for LIC-P* surfaces. However, hydrolysis of esters occurs
slowly, even in boiling water. If bases and acids are added to water, the reaction is slightly
accelerated but still slow if conducted at room temperature [95]. Therefore, minor chemical
degradation was justified considering the current experimental conditions.

Furthermore, other factors could influence hydrolysis, such as hydrophobicity, sur-
face porosity, and mechanical stresses [12]. Concerning hydrophobicity, the tendency
for hydrolysis decreases as the hydrophobicity of the surface increases [12]. Therefore,
the higher water-repellent properties of LIC-C* samples could have contributed retarding
the hydrolysis reaction, despite the presence of ester bonds.

In summary, samples demonstrated good durability in different corrosive environ-
ments. LIC-P* demonstrated better resistance in the selected conditions due to its chemical
composition, being less affected by hydrolysis reactions. After immersion, structural
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changes to surfaces were revealed for both samples, which could decrease coating hy-
drophobicity.

3.6. Coating Performance under Exposure to Ultraviolet (UV) Irradiation

Icephobic coatings are primarily used in outdoor conditions, where they are exposed
to UV irradiation. Exposure to UV light causes polymers to degrade, thus decreasing their
performance and shortening their lifetime [98]. Therefore, understanding the mechanism
of polymer degradation under UV exposure is necessary to further improve the durability
of icephobic coatings under these conditions.

Figure 13 compares the FTIR spectra of LIC-P* coatings at different times of UV
exposure. According to the results, aged coating surfaces showed an increased signal
in the region between 1850 and 1650 cm−1. The signal gradually rose with the exposure time
until 1000 h. This signal was attributed to the formation of carbonyl groups in the polymer
structure. In particular, the broad peak with the highest intensity signal at 1713 cm−1

indicated the presence of several oxidation products, probably including carboxylic acid,
carboxylic ester, and carboxylic anhydride [99]. These results are in accord with previous
studies on the photodegradation of polyolefins [99–101].

 

Figure 13. FTIR spectra of the coatings at different exposure times to UV irradiation: (a) LIC-P*
spectra, (b) LIC-P* spectra enlarged in the region of interest. The spectra region is highlighted by
a yellow box when chemical modifications are detected.

Figure 14 compares the FTIR spectra of LIC-C* coatings at different exposure times.
From these spectra, the signal intensity gradually rose with exposure time. After 200 h,
a slight increase was revealed in the peak intensity at 1737 cm−1 and 1173 cm−1. This rise
qualitatively corresponded to the increased stretching signal of the carbonyl bond (C=O)
and the carbon–oxygen bond (C-O) of the ester group. After 500 h, the signal intensities of
these bonds further increased. In particular, the peak at 1737 cm−1 shifted and divided into
two peaks at 1740 and 1727 cm−1. The first signal at 1740 cm−1 corresponded to increased
carbonyl bonds, and the second signal at 1727 cm−1 represented the formation of carboxylic
acids, as reported in a previous study [102]. These results indicated an increased amount of
oxidation products due to photo-oxidation, as reported for natural and synthetic waxes
in other studies [102–104]. Therefore, the photo-oxidation of LIC-C* coatings was mainly
related to the degradation of C additive under UV exposure. After 1000 h, no new peaks
were detected in the spectra compared to 500 h of exposure.
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Figure 14. FTIR spectra of the coatings at different exposure times to UV irradiation: (a) LIC-C*
spectra, (b) LIC-C* spectra enlarged in the region of interest.

Figure 15 compares the carbonyl indices of LIC-C* and LIC-P* coatings at different
exposure times to UV irradiation. The carbonyl index represents one of the most used
metrics in polymer chemical degradation studies, considering that carbonyl compounds
generally constitute the main product of degradation reactions [52]. The carbonyl index of
LIC-C* coatings rose with increasing exposure time. Similarly, the carbonyl index of LIC-P*
gradually increased with exposure time, in accordance with FTIR analyses.

 
Figure 15. Comparison of carbonyl indices (CI) of LIC-C* and LIC-P* coatings calculated using
the specified area under band (SAUB) methodology.

Moreover, photo-oxidation under UV irradiation produced colour changes in the coat-
ing surfaces. Visual inspection of the coatings detected no significant colour changes of
the surfaces, probably because of the black colour of the main component, LDPE. Therefore,
a chromameter was used for the analysis. Figure 16 compared the variation of colour, ΔE∗

ab,
for the coatings at different times of exposure.
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Figure 16. Comparison of colour changes for LIC-C* and LIC-P*coatings at different exposure times
to UV irradiation.

Colour change value increased with exposure time for LIC-C* coatings compared to
LIC-P* coatings, which demonstrated stable behaviour over the time of exposure. Similar
results on colour change have been reported for aged polyethylene samples in other
research [51]. Colour observations of aged samples correlated with the results of FTIR
spectra. The more prominent colour variation was observed when a significant change
was revealed in the FTIR spectra for LIC-C* and vice versa for LIC-P*. These results are
in accordance with a previous study on weathered polymers and waxes [103].

Considering the sensitivity of chemical bonds to UV irradiation, carbonyl groups of
ester bonds generally act as UV light-absorbing groups [94]. Moreover, ester bonds are
more vulnerable to UV than primary and secondary alkyl groups typical of polyolefins [12].
As demonstrated by FTIR analyses, ester bonds characterised the chemical structure of
fully hydrogenated cottonseed oil. Therefore, the presence of ester bonds could justify
the higher tendency to photodegradation of C coatings compared to P coatings, although
the presence of absorbent groups is not necessarily decisive for degradation [94,104]. More-
over, non-degraded, pure polyolefins should be photo-chemically resistant, considering
that they theoretically do not absorb any UV light. However, UV light can be absorbed if
any unsaturation or carbonyl groups are formed during manufacturing or additives are
added [94]. Previous results presented in Figures 3 and 5b demonstrated the presence of
weak signals at 1731 and 1630 cm−1. These corresponded to possible carbonyl products
in the feedstock material and alkenes after coating production in LIC-P*, respectively.
Their presence could have accelerated the photodegradation reaction in LIC-P* coatings.
However, LIC-P* samples better withstood degradation under UV irradiation than LIC-C*
samples, and the latter showed better performances in icing conditions.

Surface photo-oxidation was evidenced for both coatings after UV irradiation, with
C-based coatings more damaged than P-based coatings. Our previous study demonstrated
that ice adhesion increased with surface oxidation for plain LDPE coatings [67]. The higher
the oxidation degree of the surfaces, the greater the measured ice adhesion strength of
coatings [67]. Moreover, a recent study demonstrated that UV ageing of polyurethane-
based coatings negatively influenced their icephobic behaviour [10]. However, further
investigations are needed to determine the influence of UV ageing on the icephobicity of
these coatings.
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4. Conclusions

Lubricated icephobic coatings (LICs) were fabricated using the flame spray method
with hybrid feedstock injection. This one-step method allowed fast and scalable fabrication
of LICs, which were composite polymer coatings made here of the main component, namely
low-density polyethylene (LDPE), and two minor lubricating additives, namely fully hy-
drogenated cottonseed oil (C) and paraffinic wax (P). The choice of lubricants was based on
chemical compatibility with the matrix material and surface free energy property. The latter
property was considered to enhance the icephobic behaviour of flame-sprayed LDPE coat-
ings. The first part of the study focused on characterising the properties and the icephobic
behaviour of coatings. Employed process parameters and materials influenced the surface
roughness and wetting behaviour of coatings. Post-heating reduced surface roughness,
resulting in improved water droplet mobility. Little thermal degradation was revealed for
P-based coatings after post-heating. Concerning icephobic behaviour, all LICs exhibited
medium-low ice adhesion values at the first icing/deicing cycle. In general, slightly lower
ice adhesion values were revealed for C-based coatings than for P-based coatings, according
to the icephobicity of corresponding additive coatings. Moreover, all LICs showed stable
icephobic behaviour over the cycles, maintaining their adhesion values below the low-
medium limit of 100 kPa. Minor scratches were detected for C-based coatings, which lost
their water mobility behaviour after the cycles. However, these surface damages caused
no substantial changes in surface roughness, wettability, and icephobicity. Moreover, no
chemical changes were produced for all surfaces after the cycles.

The second part of the study investigated the durability of selected coatings in acidic,
saline, and basic environments and under exposure to ultraviolet (UV) irradiation. P-based
coatings demonstrated excellent chemical resistance in selected corrosive environments,
while C-based coatings experienced minor hydrolytic degradation, especially in basic
solutions. However, wetting performance slightly decreased for all coatings due to surface
structural changes revealed after immersion, but coating hydrophobicity was retained.
Moreover, P-based coatings better withstood UV irradiation exposure compared to C-based
coatings. The chemical structure of the C additive was characterised by ester bonds, which
were more sensitive to UV irradiation. Carbonyl index and colour change measurements
confirmed this result.

In summary, C-based coatings demonstrated better icephobicity and stability under
repeated icing/deicing cycles compared to P-based coatings. However, the latter showed
enhanced resistance to wear against ice shedding, immersion in selected corrosive media,
and exposure to UV irradiation. Degradation under the studied environmental stresses
mainly resulted in oxidation of the polymeric surfaces. These findings have significant
implications in developing icephobic coatings for outdoor applications, thus highlighting
the importance of material combinations in the coating structure. Future studies will
investigate the effect of ageing in various environments on the icephobicity of coatings to
further develop LICs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym14020303/s1, Figure S1: Thermal properties of the matrix (LDPE) and lubricating
additives (C and P) powders: (a) melting rangewith peakmelting temperatures from the DSC analysis,
and (b) onset decomposition temperatures (Tonset) from the TG curves and maximum degradation
temperatures from the DTG curves; Figure S2: Curves obtained from the DSC experiments indicating
the melting transitions related to (a) coatings LIC-C and LIC-C* and corresponding feedstock powders
(LDPE and C), and (b) coatings LIC-P and LIC-P* and corresponding feedstock powders (LDPE and
P); Figure S3: Curves obtained from the TG experiments indicating the mass percentage decrease
as a function of temperature for (a) coatings LIC-C and LIC-C* and related feedstock powders
(LDPE and C) and (c) coatings LIC-P and LIC-P* and related feedstock powders (LDPE and P).
The degradation peaks evaluated from the first derivative of TG curves (DTG) are related to (b)
LIC-C, LIC-C*, LDPE and C, and (d) LIC-P, LIC-P*, LDPE and P; Figure S4: The FTIR spectra of
the coating surface before icing/deicing cycles (solid line) and after four icing/deicing cycles (dash
line). The graphs correspond to samples LIC-C (a), LIC-C* (b), LIC-P (c), and LIC-P* (d); Figure S5:
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Comparison of the thermogravimetric curves of the coatings before and after 60 days of immersion
in acidic solution (a,b), in saline solutions (c,d), and basic solutions (e,f).
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99. Iring, M.; Tüdős, F. Thermal Oxidation of Polyethylene and Polypropylene: Effects of Chemical Structure and Reaction Conditions
on the Oxidation Process. Prog. Polym. Sci. 1990, 15, 217–262. [CrossRef]

100. Sugimoto, M.; Shimada, A.; Kudoh, H.; Tamura, K.; Seguchi, T. Product Analysis for Polyethylene Degradation by Radiation and
Thermal Ageing. Radiat. Phys. Chem. 2013, 82, 69–73. [CrossRef]



Polymers 2022, 14, 303 30 of 30

101. Kaczmarek, H.; Ołdak, D.; Podgórski, A. Photochemical Properties of Polyethylene Modified by Low-Molecular Organic
Compounds. Polym. J. 2003, 35, 634–639. [CrossRef]

102. Kim, K.J.; Eom, T.J. Chemical Characteristics of Degraded Beeswax in theWaxed Volume of the Annals of King Sejong in the Joseon
Dynasty. J. Cult. Herit. 2015, 16, 918–921. [CrossRef]
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A B S T R A C T   

Evaluating the performance of icephobic coatings interests various industries, such as aviation, maritime, energy, 
and transportation. Recent developments on icephobic coatings have consistently highlighted the need for du-
rable icephobic surfaces in cold conditions. This study investigates the icing performance and durability of 
lubricated polymer coatings under cyclic icing/deicing tests. Coatings were made of polyethylene and a solid 
lubricant and manufactured using flame spray technology. Icing was performed by accreting ice in an icing wind 
tunnel. Deicing was conducted by removing ice with a centrifugal ice adhesion tester. Surface properties, such as 
surface morphology, roughness, wettability and chemical composition, were measured before and after the cyclic 
tests. The results showed stable icephobic behaviour for some coatings, while the performance of others 
decreased over the cycles. The cyclic tests caused mechanical damage to the surfaces, producing erosion, 
scratches and, for some coatings, surface cracks. These defects resulted in increased surface roughness and 
reduced hydrophobicity. However, no chemical changes were revealed for any of the surfaces. Moreover, the 
causes of cracks were attributed to the difference in thermal expansion behaviour of substrate and coating 
materials. This result highlights the importance of materials and process parameters selection in flame sprayed 
coatings designed for cold applications.   

1. Introduction 

Ice accretion and its accumulation on surfaces represent a significant 
problem for several industrial applications in cold regions. Ice can 
compromise the working operations of several applications and, in some 
cases, endanger human life [1]. For instance, aviation, maritime and 
ground transportation, renewable energy, and offshore platforms are 
affected by ice formation [2], leading to economic losses and cata-
strophic accidents. Due to the significant influence of icing in daily 
operations, the past decades have seen an increased interest in devel-
oping surface solutions to minimise icing problems [3–6]. Traditionally, 
active ice removal methods using various forms of energy (thermal, 
mechanical, or pneumatic) and chemicals have represented one strategy 
to ensure continuous and safe working operations [7]. However, active 
methods are time and energy-consuming, and their sustainability issues 
encourage developing alternative solutions. For this reason, passive 
methods, which passively repel ice or retard ice formation, have 
emerged as potential solutions for icing problems. Passive methods 

mainly consist of surface treatments or protective coatings, widely 
referred to as icephobic coatings [8,9]. Icephobic surfaces are expected 
to effectively reduce ice adhesion and spontaneously promote ice 
shedding from exposed surfaces. 

Passive icephobic methods have been classified into three main 
surface designs, namely superhydrophobic surfaces (SHSs), slippery 
liquid-infused porous surfaces (SLIPSs) and smooth surfaces made of low 
surface free energy materials, commonly polymers [7]. Inspired by the 
surface microstructure of lotus leaves [10], SHSs have been fabricated 
using a large variety of technologies, combining several materials and 
surface modification treatments [11–14]. SHSs are characterised by a 
micro/nano hierarchical structure with high water repellency (water 
contact angle >150◦ and water sliding angle <10◦) [15]. Many re-
searchers have hypothesised that their water repellency property would 
benefit surface icephobicity [16–18]. However, it was found that the 
long-lasting icephobic performance of superhydrophobic surfaces is 
limited. Several studies have shown a loss of icephobicity of SHSs, 
especially in environments with high humidity and sub-zero conditions 
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[19,20]. Moreover, mechanical damage of their hierarchical structure 
under consecutive icing/deicing cycles has been reported as another 
limitation of this surface design [13,21]. Another surface design widely 
tested for icephobic applications is represented by SLIPSs [7]. Inspired 
by the surface structure of Nepenthes pitcher plants [22], SLIPSs are 
characterised by a micro/nanostructure infused using various lubri-
cating fluids based on fluorinated, silicone and hydrophilic liquids 
[7,23–25]. The presence of the lubricant layer ensures low surface 
roughness and slippery properties, which renders SLIPSs attractive for 
anti-icing applications. However, the instability of the lubricating layer 
in icing conditions represents a limitation for SLIPSs. Depletion of 
lubricant can lead to the degradation of icephobic properties and 
consequent environmental pollution [7,24,26,27]. Therefore, alterna-
tive surface designs with enhanced mechanical stability and icing 
durability are under consideration. An alternative surface design con-
sists of smooth solid surfaces made of low surface free energy polymers 
[7]. Several polymers have been tested as potential anti-icing materials 
to produce smooth solid surfaces [28–33]. However, the mechanical 
weakness of polymeric materials may represent one challenge for this 
surface design [7]. Different strategies have been recently proposed to 
enhance the durability of polymer coatings, such as self-healing material 
solutions [34] or incorporation of various fillers [35]. Although smooth 
polymer surfaces can have less remarkable icephobic behaviour than 
SHSs and SLIPSs [36], their use in icephobic applications presents 
several advantages. In particular, polymeric coatings are cheaper and 
easier to prepare [36]. Moreover, they are expected to have enhanced 
durability over repeated icing/deicing cycles because of their more 
robust surface structure than the designs mentioned above [36]. 
Considering these advantages, the development of polymeric surfaces 
and assessment of their icing durability are strongly desirable. 
Furthermore, understanding the degradation mechanism of these sur-
faces in icing conditions is of fundamental importance to support future 
development aiming at improving their durability. 

This study investigates the icing performance and durability of solid 
polymeric coatings under repeated icing/deicing cycles. Polymeric 
composite coatings were fabricated using a one-step coating method, 
termed flame spraying with hybrid feedstock injection in our previous 
work [37]. This versatile method was used to produce composite coat-
ings consisting of two solid polymeric components: low-density poly-
ethylene and fully hydrogenated cottonseed oil. The latter consists of a 
solid hydrophobic wax [38]. These coatings were named lubricated 
icephobic coatings (LICs) due to the lubricating additive in the coating 
structure [37]. The design was inspired by SLIPSs, aiming to enhance 
lubricant stability in icing environments [39]. Our previous work 
demonstrated the low ice adhesion behaviour of LICs in icing conditions. 
The behaviour indicates the potential of these coatings for low ice 
adhesion applications. Therefore, the present study aims at 1) Investi-
gating the icing performance and durability of LICs under repeated 
icing/deicing cycles. 2) Understanding the effect of icing/deicing cycles 
on the coating surface properties, such as morphology, roughness, 
wettability and chemical composition, and establishing possible re-
lationships. 3) Analysing the thermal and mechanical stresses involved 
in cyclic tests, which affect the coating durability, to better design 
coatings for cold applications. 

2. Experimental procedure 

2.1. Materials and coating fabrication 

Commercially available low-density polyethylene powder (Plascoat 
LDPE, Plascoat Europe B.V., The Netherlands) and fully hydrogenated 
cottonseed oil powder (Lubritab® capsules, JRS PHARMA GmbH & Co. 
KG, Germany) were used as feedstock materials to produce composite 
coatings. LDPE represented the main component of the coatings, namely 
matrix material. Fully hydrogenated cottonseed oil constituted the 
minor component, namely lubricating additive. These coatings were 

named lubricated icephobic coatings (LICs) [37]. LICs were manufac-
tured using flame spraying with hybrid feedstock injection, schemati-
cally represented in Fig. 1a. In this method, the matrix material was 
sprayed using an oxygen-acetylene flame spray gun (Castodyn DS 8000, 
Castolin Eutectic, Switzerland) with gas pressure for oxygen and acet-
ylene of 4.2 bar and 0.7 bar, respectively. LDPE feedstock was fed using 
a powder feeder (Powder Feeder 1, Sulzer Metco 4MP, Oerlikon Metco, 
Switzerland) with compressed air as carrier gas. Simultaneously, the 
lubricating additive was sprayed externally from the gun using an 
injector. The injector was used to avoid direct interaction of the additive 
with flame and ensure its adequate feeding. The lubricant powder was 
fed with a second powder feeder (Powder Feeder 2, PT-10 Twin, Oer-
likon Metco, Switzerland) with argon as carrier gas. Additional technical 
details are reported elsewhere [37]. Coatings were deposited on stain-
less steel substrates (EN 1.4301/2K (4N)), 30 mm × 60 mm × 1.5 mm in 
dimensions. Substrates were grit-blasted before spraying using 
aluminium oxide powder (grit size of Mesh 54). Fig. 1b summarises the 
sample designation together with employed process parameters. 

For the coating production, process parameters, namely gun traverse 
speed and gun air pressure, were varied while gun spraying distance was 
kept constant at 250 mm. Gradual increase in gun traverse speed (from 
500 to 900 mm/s) resulted in lower spraying time. However, the lower 
the spraying time, the lower the heat load transferred from the flame to 
the already deposited coating layer, thus resulting in rougher coating 
morphologies [33]. Similarly, the increased air pressure in the gun (from 
0 to 4 bar) lowered the heat input from the flame to the powder during 
its flight, thus producing again rougher surfaces [37]. Additionally, post- 
heating of surfaces by flame was performed after coating deposition for a 
selected sample. Post-heating was carried out to obtain a smoother 
surface morphology [37]. 

2.2. Icephobicity and icing durability characterisation 

The icephobic properties of lubricated coatings were studied using 
the icing test facilities at Tampere University [40]. An icing wind tunnel 
(IWiT) and a centrifugal ice adhesion tester (CAT) were used for the ice 
accretion process and the evaluation of ice adhesion strength, respec-
tively. For these tests, the samples were placed in a climate-controlled 
room with monitored temperature and relative humidity (�10 ◦C ±
1 ◦C and 80% ± 5%). Once the samples reached the desired conditions, 
ice was accreted from supercooled water microdroplets on 30 mm × 30 
mm coating areas in the IWiT. A mixed glaze type of ice was formed on 
the coating areas using laboratory-grade II+ water (Purelab Option-R 7/ 
15, Elga, United Kingdom). After ice accretion, the iced samples rested 
in the cold room for approximately 16 h to ensure complete ice solidi-
fication. The ice was then detached from the sample surface using CAT, 
and ice adhesion was measured. Shear ice adhesion strength, τice [kPa], 
is estimated according to Eq. 1, as the ratio of the centrifugal force F [N] 
at the moment of ice detachment, to the area of the iced surface A [m2]: 

τice =
F
A
=

micerω2

A
=

micer(αt)2

A
(1)  

where mice [kg] is the known mass of the accreted ice on the specimen, r 
[m] is the radial spinning length at which the iced samples are spun. ω 
[rad/s] represents the rotational speed of the sample measured at the 
time t [s] of ice detachment, considering a constant angular acceleration 
α of 300 rpm/s. Once the ice adhesion was measured, the samples were 
stored at room temperature. Ice accretion and CAT testing were repeated 
four times to investigate icing performance and coating durability. 
During the cyclic icing/deicing tests, the samples experienced me-
chanical and thermal loads, from �10 ◦C to room temperature and vice 
versa. The ice adhesion strength was monitored at every cycle to record 
variations in icephobic behaviour. The ice adhesion strength was re-
ported as the average and standard deviation of four parallel samples 
during each icing accretion event. A test reference surface (3M™ PTFE 
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Film Tape 5490, 3M, United States) was used to monitor the ice adhesion 
at each accretion event, considering possible variations in icing condi-
tions [41,42]. 

2.3. Surface characterisation 

Surface properties were investigated for as-sprayed coatings before 
and after the cyclic tests to analyse the effect of repeated icing/deicing. 
Variations in surface morphology were examined using a scanning 
electron microscope (SEM, Jeol, IT-500, Japan). The surface samples 
were cut using an automatic cut-off machine (Discotom-10, Struers ApS, 
Denmark). Before the analysis, the samples were dried in a desiccator 
and sputtered with a thin gold layer to enhance surface conductivity. An 
acceleration voltage of 15 keV was used to image the sample surfaces. 

The surface topography was studied using an optical profilometer 
(contactless measuring instrument, Alicona Infinite Focus G5, Alicona 
Imaging GmbH, Austria). Areal roughness parameters, namely Sa, Sz 
and Sdr, were measured with 20× magnification objective on 2 mm × 2 
mm areas at different surface locations, according to the standard ISO 
25178-3 [43]. In particular, Sa represents the arithmetical mean height 
of the surface, Sz measures the maximum height of the surface, and Sdr 
signifies the developed interfacial area ratio, i.e. the percentage of 
additional surface area compared to an ideal plane with the size of the 
measurement region. Sdr value of 0% indicates a flat surface [44]. The 
areal roughness values were reported as the average and standard de-
viation of three measurements at different surface locations. 

Variations in the chemical composition of surfaces were qualitatively 
analysed using a Fourier-transform infrared spectrometer (FTIR, Bruker 
Tensor 27 FT-IR spectrometer, Bruker, Sweden). The analysis was car-
ried 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 in the wavenumber range 4000 cm�1 to 
600 cm�1 in the air at room temperature, recording 32 scans with a 
resolution of 4 cm�1. In addition, variations in peak intensities and 
surface chemical composition were investigated by comparing the 
spectra of samples before and after the icing/deicing cycles. 

Changes in wetting behaviour were analysed using a droplet shape 
analyser (DSA100, Krüss, Germany) in controlled conditions (22 ◦C ±
1 ◦C temperature and 60% ± 3% relative humidity). The static contact 
angle was measured by placing a 10 μL droplet of ultra-high purity water 
(MilliQ, Millipore Corporation, United States) onto the surface. The 
resulting apparent water contact angle was determined using the 
tangent method (polynomial fit of droplet shape). Tilting experiments 
were carried out by depositing 10 μL droplets on the surface and tilting 

the sample until water droplets rolled off. The roll-off angle was recor-
ded when no droplet pinning was observed during the experiments. Both 
static contact angle and roll-off angle were reported as the average and 
standard deviation of at least five measurements on different locations of 
the sample surface. Moreover, the wetting behaviour in cold conditions 
was evaluated with a coating surface temperature of �10 ◦C using a 
temperature control chamber (Krüss TC40, Krüss, Germany). The 
selected temperature corresponds to our icing test temperature. The 
sample was placed on a Peltier stage, and the coating surface was 
gradually cooled from room temperature to �10 ◦C ± 1 ◦C. After the 
surface reached the desired temperature, the static contact angle and 
roll-off angle were measured. The results were reported as the average 
and standard deviation of at least three measurements. Further technical 
details on the test apparatus for sub-zero wetting experiments are 
described elsewhere [37]. 

2.4. Compositional and thermal characterisation 

Thermal characterisation of coatings was carried out on as-received 
samples to investigate the possible effect of employed process parame-
ters on their composition. Moreover, samples were characterised after 
the cyclic icing/deicing tests. Thermal analyses were performed using 
thermogravimetry (TG) (Netzsch TGA209F Tarsus, Netzsch, Germany) 
and differential scanning calorimetry (DSC) (Netzsch DSC214 Polyma, 
Netzsch, Germany). For TG analyses, specimens were weighted 
approximately 10 mg and placed in an open alumina pan. Dynamic 
heating was performed at 20 ◦C/min from 25 to 600 ◦C in an inert at-
mosphere (20 mL/min nitrogen flow). The mass change corresponding 
to the lubricating additive material was measured from the dynamic TG 
curve. For DSC analyses, specimens of approximately 10 mg were placed 
in a sealed concavus aluminium pans. Dynamic heating was performed 
from �30 ◦C to 150 ◦C at 20 ◦C/min in an inert atmosphere (40 mL/min 
nitrogen flow). The fusion enthalpies corresponding to lubricating ad-
ditive and whole coating sample were measured from the dynamic 
curve. With this method, only the crystalline fraction of the coating is 
considered. The ratio between the two measured enthalpies gives a 
qualitative indication of the lubricating additive content in the coating. 
The results were reported as the average and standard deviation of at 
least three measurements. Additional details on the methods are 
described in the Supporting Information. 

Coefficients of thermal expansion (CTEs) of feedstock materials, free- 
standing coatings, and substrate were evaluated using a dilatometer 
(DIL 402 Expedis® Select, Supreme, Netzsch, Germany) with a silica 
probe. This analysis was carried out to understand the behaviour of the 
coating structure (composite coating deposited on stainless steel 

Fig. 1. Coating fabrication technique and employed process parameters. a) Schematisation of the flame spray process with hybrid feedstock injection to produce 
lubricated icephobic coatings (LICs), and b) summary of LIC samples studied in this work and corresponding process parameters. 
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substrate) under repeated thermal loads experienced during icing/ 
deicing tests. The samples were analysed from �15 ◦C to 35 ◦C with a 
heating rate of 1 ◦C/min in an inert atmosphere (50 mL/min helium 
flow). CTE values were reported as the average and standard deviation 
of at least three measurements in the range of �10 ◦C to 25 ◦C. The 
operating temperatures of the coatings were within this range during the 
icing/deicing cycles. 

3. Results and discussion 

3.1. Icephobic behaviour and icing durability 

The tendency of a surface to repel ice is commonly defined as ice-
phobicity [9]. However, different definitions of icephobicity have been 
considered in the literature. Some researchers note icephobicity as the 
distinctive characteristic of surfaces to weakly adhere to ice [5,45,46]. 
For this definition, the ice adhesion is measured using different ice 
adhesion tests [47,48]. The lower the measured ice adhesion, the higher 
the surface icephobicity. However, the employed test method, ice type, 
temperature, and other test variables strongly influence the obtained 
numerical adhesion values [42,45]. Other researchers consider ice-
phobicity as the ability of surfaces to repel incoming cold water droplets 
and delay or inhibit ice nucleation [12,14,49]. For this definition, ice-
phobicity is tested with impact droplet experiments on cold surfaces or 
freezing delay experiments. In this work, icephobicity was evaluated by 
measuring the shear ice adhesion strength of mixed glaze ice accreted in 
the IWiT. The ice adhesion was measured using CAT. For this specific 
test and ice type [24,29], ice adhesion values of 50 kPa and 100 kPa 
indicate the low and medium-low ice adhesion limit, respectively. 
Fig. 2a summarises the ice adhesion results at the first icing/deicing 
cycle and corresponding surface roughness values for all coatings and 
reference material. Fig. 2b shows the visual appearance of the ice block 
accreted on the coating surface at �10 ◦C. 

At the first cycle, all lubricated coatings demonstrated low ice 
adhesion behaviour with values below 50 kPa. From the results, it was 
evident that the employed process parameters influenced the icephobic 
behaviour of coatings. Interestingly, the average ice adhesion value 
decreased with the increased gun air pressure during coating production 
(from LIC1 with no air to LIC3 with 4 bar air pressure), reaching the 
lowest value of 23 kPa ± 6 kPa for coating LIC3 (4 bar air pressure and 
500 mm/s traverse speed). Moreover, if post-heating by flame was 
performed for LIC3, the ice adhesion increased approximately 61% 
(LIC3* compared to LIC3). If a faster traverse speed of the gun was 

employed, ice adhesion rose approximately 35% (LIC4 with 900 mm/s 
compared to LIC3 with 500 mm/s traverse speed). Surprisingly, ice 
adhesion decreased with increased surface roughness, passing from LIC1 
to LIC3. Previous research demonstrated that the increased surface 
roughness promotes mechanical interlocking between ice and surface, 
thus resulting in enhanced ice adhesion [50]. Therefore, another factor 
could probably influence the icephobicity of these surfaces. However, 
this relationship was verified when an even rougher surface was pro-
duced, passing from LIC3 to LIC4, fabricated using the highest air 
pressure in the flame gun and traverse speed. 

Coatings underwent repeated icing/deicing cycles, and changes in 
ice adhesion were monitored to assess the durability of LICs in icing 
conditions. Previous studies have reported the durability of surfaces 
tested under a few [24,46,51] until over 100 [5,52,53] icing/deicing 
cycles. In some studies, the icing procedure consists of forming ice by 
pouring water in a mould placed on the samples [30,54,55], while 
deicing comprises heating the sample until ice thaws [53,56]. Compared 
to methods where deicing occurs by applying shear or normal stresses to 
an adherent block of ice (accreted or moulded ice), these before 
mentioned deicing methods are significantly less severe for tested sur-
faces [46]. Therefore, the icing durability of surfaces should be carefully 
discussed when comparing different studies, considering employed 
icing/deicing methods, involved classes of materials and type of ice. 
Similarly significant, the number of performed cycles and their severity 
on the surface depends on employed icing test setups and icing/deicing 
methods. In our icing method, mixed glaze ice was accreted from 
accelerated supercooled microdroplets. These droplets penetrated the 
micro and macro-features of the surfaces, thus intimately anchoring the 
surface microstructure. Ice was then removed by centrifugal forces 
(shear stress distribution at the interface) and consecutively accreted 
and detached four times. Fig. 3 presents the ice adhesion values 
measured at each cycle. 

From the first to the second cycle, an increase in ice adhesion was 
noticed for all coatings. This result indicated decreased surface ice-
phobicity. Ice adhesion increase was probably due to changes in surface 
properties produced during the cyclic tests. Previous studies on the icing 
performance of polymeric coatings have reported a similar behaviour 
over the cycles using the CAT deicing method [46,57]. Both variations in 
surface chemistry and mechanical damage of surfaces have been 
considered the leading causes of reduced icephobic performances due to 
consecutive ice removal [21,46,51,56,58,59]. After the second cycle, a 
further increase in ice adhesion was observed for all coatings, except for 
LIC1, which showed a more stable icephobic behaviour. Similarly, 

Fig. 2. Icephobic behaviour of lubricated icephobic coatings measured at �10 ◦C with mixed glaze ice. a) Ice adhesion strength and related surface roughness Sa 
values of LICs and Teflon tape (TT), which represents the reference material for the ice adhesion test, and b) accreted mixed glaze ice (white block) on a lubricated 
icephobic coating sample. 
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coatings LIC2 and LIC3* seemed to stabilise their icephobicity after the 
third cycle. Conversely, coatings LIC3 and LIC4 showed gradual degra-
dation until the fourth cycle. Due to the relevant variation in icephobic 
behaviour, four cycles were considered sufficient to evaluate the icing 
performance in this study. Despite degraded icephobic character over 
the cycles, all LICs maintained ice adhesion strength below the limit of 
100 kPa, thus retaining their icephobicity within the medium-low ice 
adhesion level. 

Differences in surface properties of LICs might have produced vari-
ations in ice adhesion values over the cycles. For example, LIC1 was 
characterised by a relatively smooth surface morphology compared to 
other coatings, as shown by the roughness values in Fig. 2a. Smooth 
surfaces reduce the possibility of mechanical interlocking of ice [50]. 
This property can be beneficial during repeated icing/deicing, resulting 
in lower surface damage by ice [60]. Moreover, coating composition 
could play a role in determining the icephobic behaviour over the cycles. 
The compositional analysis of LICs via thermal characterisation 
demonstrated a lower amount of lubricating additive for the coating 
LIC1 compared to all other coatings, as shown in supporting Fig. S3. This 
result was justified by the higher heat input employed in the processing 
of this coating (no additional air in the flame gun), which could reduce 
the deposition efficiency of the lubricating additive [37]. Furthermore, 
the lower amount of lubricating additive in the coating structure could 
increase the mechanical resistance of the coating to ice shedding during 
deicing. Therefore, the combination of both surface topography and 
content of lubricating additive could have determined the more stable 
icephobicity of LIC1. This result provides relevant information for 
further research in the design of LICs, aiming at enhancing icing per-
formance and durability. 

3.2. Effect of icing/deicing cycles on topography and coating morphology 

Fig. 4 represents the surface topography and micrographs of all 
coatings before and after four icing/deicing cycles. Topographical rep-
resentations of surfaces evidenced different morphologies depending on 
the employed process parameters. In general, for flame sprayed polymer 
coatings, the higher the heat input during the process, the higher the 
degree of melting of the feedstock powders and the lower the obtained 
surface roughness. In particular, unmelted particles were evident on 
LIC3 and LIC4 surfaces when low heat input of the flame (gun air 
pressure of 4 bar) was employed during spraying. The unmelted parti-
cles corresponded to the polyethylene matrix material, considering the 
lubricating additive completely melted with these specific process con-
ditions [37]. Moreover, the micrographs visibly showed differences in 
coating surface morphologies before and after cyclic icing/deicing tests. 

All coatings were mechanically damaged during the cyclic tests, 
which caused the wearing of polymeric surfaces. Micrographic analyses 
revealed different defects, such as surface erosion, surface scratches and 
cracks, as shown in Fig. 5. Surface defects, most commonly scratches, 

were produced for all coatings, and these were also visible from optical 
analyses, as shown in supporting Fig. S4. A few scratches were already 
evident before icing from the micrographs of LIC1 and LIC2, as shown in 
Fig. 4. These were also noticed in supporting Fig. S4. Therefore, a few 
scratches could have been formed during sample handling before the 
cycles and sample preparation procedure, considering the softness of the 
polymeric components and, particularly, of the lubricating additive. 
Moreover, cracking of the surfaces was detected between the unmelted 
particles for samples LIC3 and LIC4. The causes of cracking will be 
analysed and discussed in Section 3.4. However, cracking could be 
avoided for other coatings when lower air pressure was added to the 
flame gun (no air for LIC1 and 2 bar for LIC2), and post-heating was 
performed after coating deposition (LIC3*). From the results, mechani-
cal damage of surfaces could represent one cause of the gradual increase 
in ice adhesion strength for LICs over the cycles (Fig. 3), according to 
previous studies [35,46,58,60]. 

Fig. 6 represents the variations in areal roughness parameters (Sa, Sz, 
Sdr) before and after the icing/deicing cycles. Fig. 6a reports variations 
in Sa and Sz parameters, and Fig. 6b the Sdr values. Supporting Table S1 
collects the experimental data. From the results, the employed process 
parameters influenced the initial surface roughness of LICs. The lower 
the heat input of the flame gun, the rougher the surfaces (from LIC1 with 
no additional air to LIC3 and LIC4 with 4 bar). The lower heat input 
caused partial melting of the polymer particles, resulting in coatings 
with higher surface roughness and developed interfacial areas (LIC3 and 
LIC4 compared to other coatings). Post-heat treatment by flame pro-
duced remelting of polymers, reducing the coating surface roughness 
(LIC3* compared to LIC3). After the cycles, a slight increase in average 
height, Sa, and maximum height, Sz, was verified for all coatings. 
However, in most cases, the Sa and Sz values varied within the standard 
deviation. This slight rise can be justified by the produced mechanical 
damage, which increased the surface roughness [35]. A more significant 
difference was measured for the developed interfacial area value, Sdr. 
The increased area could promote mechanical interlocking between ice 
and surface features, thus probably justifying the increased ice adhesion 
strength over the cycles [50]. However, a relationship between the de-
gree of increased interfacial area and the increased ice adhesion could 
not be systematically established in this study for LICs. Possibly, addi-
tional factors could influence icephobicity, and, therefore, further in-
vestigations are needed to establish correlations. 

3.3. Effect of icing/deicing cycles on wettability and surface chemistry 

Wettability of surfaces is commonly considered one of the critical 
properties to predict the icephobic behaviour of surfaces [30,31]. 
Moreover, wetting properties have helped to understand the variations 
in icing performance and durability of coatings under repeated icing/ 
deicing cycles [36,46,57,61,62]. Fig. 7 shows the results of the wetting 
experiments before and after four icing/deicing cycles. Fig. 7a compares 
the apparent water contact angle (WCA) values obtained for room 
temperature experiments and Fig. 7b for cold temperature conditions. 
The latter was carried out to understand better the wetting behaviour of 
surfaces in conditions as similar as possible to the icing test environment 
[63,64]. 

From the wetting results before the cycles, LICs demonstrated 
different wetting behaviour. The different behaviour was more evident 
for the room temperature experiments than for the cold experiments. For 
room temperature experiments, the smoothest surfaces of this study, 
namely LIC1 and LIC3*, showed apparent water contact angles higher 
than 120◦. It is well known that water contact angles never exceed 120◦

in a Wenzel wetting state for the most hydrophobic solids [65,66]. 
Therefore, these results suggested that the surfaces were partially 
wetted, and air pockets were probably trapped beneath the water 
droplets [67]. The wetting behaviour was better explained by the mi-
crographs of surface morphologies presented in Fig. 8. 

The micrographs showed that LIC1 and LIC3* were characterised by 

Fig. 3. Ice adhesion results for all LICs over four icing/deicing cycles.  
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Fig. 4. Surface topographies and morphologies of the coatings before and after four icing/deicing cycles. Optical profilometer images of the surface areas before 
icing/deicing cycles (left). The colour scale in the images indicates the height of the surface: lighter colour for peaks and a darker colour for valleys. Electron 
microscope images of the coating surface before (middle) and after four icing/deicing cycles (right). 
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finer surface features compared to all other coatings. These features 
were similar to small protuberances and resulted from the process pa-
rameters selected during coating production. Surface protuberances 
probably promoted the presence of air pockets trapped underneath 
water droplets in the wetting experiments. This resulted in a mixed 
Cassie-Wenzel wetting state with droplets showing contact angles higher 
than 120◦. Moreover, the presence of air pockets was evidenced by the 
wetting results at cold temperature. A significant decrease in water 
contact angles was noticed in these conditions for LIC1 and LIC3* 
compared to room temperature experiments. Cold surfaces induce water 
condensation from the droplets to the surface microstructure. Conden-
sation phenomena eliminate the trapped air pockets, thus reducing the 
measured water contact angle [63,68]. For more details on the wetting 
state of these coatings, the authors refer to their previous study [37]. 
From the results at room temperature, the surfaces retained their hy-
drophobic character after four icing/deicing cycles (apparent WCA >
90◦ for all coatings). A slight decrease of apparent WCA was revealed for 
all coatings, except for the rougher surface of this study (LIC4). How-
ever, in most cases, the values fall within the standard deviation of the 

measurements. Conversely, the decrease of WCA was more evident in 
the experiments performed in cold conditions. In these experiments, the 
water condensates onto the surface features, thus reducing the presence 
of possible air pockets beneath the drops [69]. This phenomenon results 
in decreased apparent WCA when passing from a mixed Cassie-Wenzel 
wetting state (room temperature experiments) to a Wenzel wetting 
state (cold temperature experiments) using the same volume of water 
droplets [37,65]. Moreover, roll-off angles were measured, but no 
droplet mobility was detected (water roll-off angle >90◦ for all sur-
faces). Considering the icephobic performance of LICs over the cycles, 
the wetting results supported the work of other studies linking the 
decrease of icephobicity with the decrease of surface hydrophobicity 
after icing/deicing cycles [13,46,57,58,61]. 

The decrease in surface hydrophobicity can depend on variations in 
surface roughness and chemistry [65]. In this study, variations in surface 
roughness were produced by mechanical damage during the cyclic tests. 
Moreover, mechanical damage could generate local modifications of 
surface chemistry due to possible material removal. In addition, the 
interaction of polymers with water, ice and humid environment can 

Fig. 5. Surface defects (indicated by orange squares) of LICs after four icing/deicing cycles at different magnifications. From left to right, the micrographs show 
surface erosion, surface scratches, and cracks. 

Fig. 6. Areal roughness parameters of LICs before and after four icing/deicing cycles. a) Areal roughness parameters (Sa and Sz), and b) developed interfacial area 
ratio (Sdr). No patterned columns and patterned columns indicate the parameters before and after four icing/deicing cycles. 
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cause chemical changes due to hydrolysis [70]. From the chemical an-
alyses before and after the cycles, no variations in surface chemistry 
were revealed, as shown in the FTIR spectra of supporting Fig. S5. 
Therefore, the cause of the decreased hydrophobicity of surfaces was 
primarily related to mechanical damage. The soft additive, which has 
higher hydrophobicity than the matrix material [37], could have been 
locally removed from the surface during deicing. This local removal 
might contribute to the slight decrease in surface hydrophobicity. In 
conclusion, the results suggested that the decrement in icephobicity over 
the cycles was mainly due to mechanical damage, which produced 
variations of surface properties. 

3.4. Effect of icing/deicing cycles on coating cracking behaviour 

Surface cracking represents one of the possible mechanical failures of 
coatings [70] and can occur due to several factors. For example, cracks 
can form due to impact with objects, abrasion, degradation by ultravi-
olet irradiation, hydrolysis, contaminants on the substrate, and internal 

and external stresses [70]. In this study, micrographs in Fig. 4 and Fig. 5 
revealed surface cracks between the unmelted matrix particles for 
coatings LIC3 and LIC4 after icing/deicing cycles. Presumably, the 
unmelted particles visible on the surfaces were surrounded by lubricant- 
rich regions. 

During repeated icing/deicing tests, coatings experienced cyclic 
thermal and mechanical stresses, as schematically described at each test 
stage in Fig. 9. At the first stage, coatings (LICs on a stainless steel 
substrate) were cooled from room temperature to the icing test condi-
tions (from 22 ◦C ± 3 ◦C and relative humidity of 20% ± 5% to �10 ◦C ±
1 ◦C and relative humidity of 80% ± 5%). During cooling, the coating 
and the substrate shrink depending on their coefficient of thermal 
expansion (CTE). If the coating has higher CTE than the substrate, the 
latter can constrain the coating from shrinking, thus inducing tensile 
stresses to the coating [70,71]. CTEs of 15.1 ± 0.1 × 10�6 ◦C�1 and 
182.4 ± 1.7 × 10�6 ◦C�1 were measured for the stainless steel substrate 
and free-standing LIC3 coating, respectively. The experimental CTE data 
is reported in supporting Fig. S6 and Table S2. The results indicated a 

Fig. 7. Results of the wetting experiments before and after four icing/deicing cycles. Apparent WCA at a) room temperature, and b) �10 ◦C surface temperature, 
which corresponds to the icing test temperature. 

Fig. 8. Micrographs of the surface morphologies for all as-sprayed lubricated icephobic coatings.  
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significant mismatch between the CTEs. If induced tensile stresses 
exceed the fracture resistance of the coating, cracking can occur [72,73], 
especially considering the lower mechanical properties of the lubricant- 
rich regions. At the second stage, a cold wind flow accelerated the 
supercooled water microdroplets towards the coating surfaces placed in 
the icing wind tunnel. No stresses caused by water droplets impact on 
surfaces (possible peening stresses transferred to the coating surface due 
to impact) were considered in this analysis. A block of mixed glaze ice 
was then accreted from the continuous impact of supercooled micro-
droplets. Immediately after accretion, the mixed glaze ice block 
comprised both fractions of liquid and solidified water. The block was 

rested to allow complete solidification, causing the liquid water to 
expand. Water expansion can cause some damage to the coating surface 
due to significant developed interfacial stresses [60]. At the third stage, 
a gradual centrifugal force was applied to the iced sample until ice 
detachment occurred, forming mechanical stresses (normal and shear 
stresses) at the ice-coating interface [40]. At the fourth stage, the sam-
ples were warmed to room temperature. The materials expanded and 
dried in this environment, and again mismatch of CTEs can induce 
stresses. The cycles were then repeated from the first stage. 

To study more in detail the effect of the substrate material on 
cracking behaviour, LIC3 coating was sprayed on an LDPE substrate, 

Fig. 9. Stages of the cyclic icing/deicing tests. 1) Cooling stage of the samples from room temperature to the icing test temperature. 2) Icing stage with the accretion 
of mixed glaze ice from supercooled water droplet in the icing wind tunnel and solidification of the ice block. 3) Deicing stage with the removal of the ice block using 
the centrifugal ice adhesion tester. 4) Warming stage with samples stored at room temperature. 

Fig. 10. Influence of the material substrate on the cracking behaviour of LICs. The schematisation of coating samples and related surface topographical images (left). 
Surface micrographs of the coatings at different stages of the icing/deicing cycles, such as as-received, after cooling stage, after icing/deicing stage (middle and 
right). Orange arrows indicate cracks. 

V. Donadei et al.                                                                                                                                                                                                                                



Progress in Organic Coatings 163 (2022) 106614

10

which was prepared from the same grade as the matrix material of LICs. 
The CTE of the LDPE substrate was 188.3 ± 1.4 × 10�6 ◦C�1 and thus 
similar to the CTE of the coating. Icing/deicing cycles were performed as 
for the coatings sprayed on stainless steel substrate, and the surface 
morphologies were compared at every stage of the test. Fig. 10 shows the 
schematisation of the coating structures, their topography and surface 
morphology at different stages of the icing/deicing cycles. 

It was noticed that cracking occurred already after the cooling stage 
of the icing/deicing tests for coatings sprayed on stainless steel sub-
strates. This result indicated that cracking in the lubricant-rich regions 
was mainly induced by thermal stresses. The lubricant-rich regions 
presumably have lower mechanical properties than the matrix material. 
Therefore, these weaker regions of the coatings were probably more 
prone to cracking than others. However, cracking behaviour was pre-
vented when the coating was sprayed on the LDPE substrate, which had 
thermal expansion properties similar to the coating material. Conse-
quently, causes of cracking behaviour were considered to be directly 
related to the CTE mismatch and cohesive strength of the coating. 

In addition, other hypotheses on the causes of cracking were 
considered. For example, residual tensile stresses could be present in the 
coating after its fabrication and solidification, thus further contributing 
to cracking [71]. Therefore, an annealing treatment was performed to 
relax possible residual stresses before cyclic icing/deicing tests. How-
ever, the coatings showed no change in cracking behaviour after 
annealing, as revealed in supporting Fig. S7, and the heat treatment was 
no beneficial to avoid crack formation. Another hypothesis on the causes 
of cracking was related to possible water absorption during the cyclic 
tests. Water absorption could then produce swelling of polymers and 
shrinking when drying occurs, thus inducing coating cracking [70]. 
However, this was not relevant in our study since cracking occurred 
during the first cooling stage for samples isolated (stored in sealed 
plastic containers) from possible contact with water, ice and humid 
environment. Furthermore, other coating properties could influence the 
formation of cracks, such as coating thickness, polymer properties in 
sub-zero conditions, Poissons's ratio and other variables [70,73]. 
Therefore, further studies, which consider these variables, should be 
considered. In conclusion, investigating possible causes of cracking was 
relevant for the design of flame-sprayed coatings for cold applications, 
thus highlighting the importance of selected materials (coating and 
substrate combination) and/or process parameters. 

4. Conclusions 

The study investigated the icing behaviour of flame sprayed lubri-
cated icephobic coatings (LICs) and their durability under repeated 
icing/deicing cycles. LICs consisted of a matrix material made of low- 
density polyethylene and a lubricating additive made of solid fully hy-
drogenated cottonseed oil. Coatings were fabricated using flame 
spraying with hybrid feedstock injection. It was found that LICs 
exhibited low ice adhesion values at the first icing/deicing cycle. Over 
repeated cycles, some coatings (LIC1, LIC2, LIC3*) tended to stabilise 
their icephobic behaviour. In particular, LIC1 showed the most stable 
icephobic behaviour. This coating was characterised by a reduced 
amount of lubricating additive in its structure and relatively smooth 
morphology. Conversely, rougher coatings (LIC3, LIC4) showed a 
gradual decrease in their icephobicity over the cycles. However, all 
coatings retained their icephobicity after the cycles, residing below the 
low-medium ice adhesion limit of 100 kPa for this ice adhesion test. 
Repeated cycles caused mechanical damage to surfaces. This damage 
produced increased surface roughness and decreased hydrophobic 
character of the coatings. In addition, surface cracks were revealed in 
some coatings (LIC3, LIC4) after icing/deicing cycles. The causes of 
cracking behaviour were correlated to the significant difference in co-
efficients of thermal expansion between the coatings and the substrate 
material. It was demonstrated that cracking behaviour could be avoided 
using a substrate material with thermal expansion properties more 

similar to the coatings. These findings have significant implications in 
the development of coatings for cold applications, thus highlighting the 
importance of material combination and process parameters selection. 
Future studies will aim at further enhancing the durability of LICs in 
icing conditions. Moreover, their performance will be investigated 
under different environmental stresses. 
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Henna Niemelä-Anttonen: Methodology, Writing – review & editing. 
Tommi Varis: Writing – review & editing. Petri Vuoristo: Supervision, 
Funding acquisition, Resources, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

Authors thank the LubISS (Lubricant Impregnated Slippery Surfaces) 
project that received funding from the European Union's Horizon 2020 
research and innovation programme under the Marie Sklodowska-Curie 
Grant Agreement No. 722497. V.D. acknowledges the Faculty of Engi-
neering and Natural Sciences of Tampere University for the financial 
support. In addition, Mr. Anssi Metsähonkala and Mr. Jarkko Lehti from 
Tampere University are acknowledged for technical support in the flame 
spray process. M.Sc. Enni Hartikainen and Mr. Jarmo Laakso from 
Tampere University are thanked for assisting in icing testing and dila-
tometer experiments, respectively. This work made use of Tampere 
Microscopy Center facilities at Tampere University. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.porgcoat.2021.106614. 

References 

[1] M. Farzaneh, Atmospheric Icing of Power Networks, Springer Netherlands, 
Dordrecht, 2008, https://doi.org/10.1007/978-1-4020-8531-4. 

[2] M. Grizen, M.K. Tiwari, Icephobic surfaces: features and challenges, in: K.L. Mittal, 
C.-H. Choi (Eds.), Ice Adhes. Mech. Meas. Mitig, Wiley, 2020, pp. 417–466, https:// 
doi.org/10.1002/9781119640523.ch14. 

[3] P. Irajizad, S. Nazifi, H. Ghasemi, Icephobic surfaces: definition and figures of 
merit, Adv. Colloid Interf. Sci. 269 (2019) 203–218, https://doi.org/10.1016/j. 
cis.2019.04.005. 

[4] R. Menini, M. Farzaneh, Advanced icephobic coatings, J. Adhes. Sci. Technol. 25 
(2011) 971–992, https://doi.org/10.1163/016942410X533372. 

[5] K. Golovin, S.P.R. Kobaku, D.H. Lee, E.T. DiLoreto, J.M. Mabry, A. Tuteja, 
Designing durable icephobic surfaces, Sci. Adv. 2 (2016), e1501496, https://doi. 
org/10.1126/sciadv.1501496. 

[6] T.M. Schutzius, S. Jung, T. Maitra, P. Eberle, C. Antonini, C. Stamatopoulos, 
D. Poulikakos, Physics of icing and rational design of surfaces with extraordinary 
icephobicity, Langmuir 31 (2015) 4807–4821, https://doi.org/10.1021/ 
la502586a. 

[7] S. Ozbay, H.Y. Erbil, On the relationship between surface free energy and ice 
adhesion of flat anti-icing surfaces, in: Ice Adhes, Wiley, 2020, pp. 187–215, 
https://doi.org/10.1002/9781119640523.ch7. 

[8] M.J. Kreder, J. Alvarenga, P. Kim, J. Aizenberg, Design of anti-icing surfaces: 
smooth, textured or slippery? Nat. Rev. Mater. 1 (2016), 15003 https://doi.org/ 
10.1038/natrevmats.2015.3. 

[9] H. Sojoudi, M. Wang, N.D. Boscher, G.H. McKinley, K.K. Gleason, Durable and 
scalable icephobic surfaces: similarities and distinctions from superhydrophobic 
surfaces, Soft Matter 12 (2016) 1938–1963. https://doi.org/10.1039/C 
5SM02295A. 

V. Donadei et al.                                                                                                                                                                                                                                



Progress in Organic Coatings 163 (2022) 106614

11

[10] C. Neinhuis, W. Barthlott, Characterization and distribution of water-repellent, 
self-cleaning plant surfaces, Ann. Bot. 79 (1997) 667–677, https://doi.org/ 
10.1006/anbo.1997.0400. 

[11] Y. Lin, H. Chen, G. Wang, A. Liu, Recent progress in preparation and anti-icing 
applications of superhydrophobic coatings, Coatings 8 (2018) 208, https://doi. 
org/10.3390/coatings8060208. 

[12] L. Wang, Q. Gong, S. Zhan, L. Jiang, Y. Zheng, Robust anti-icing performance of a 
flexible superhydrophobic surface, Adv. Mater. 28 (2016) 7729–7735, https://doi. 
org/10.1002/adma.201602480. 

[13] S. Farhadi, M. Farzaneh, S.A. Kulinich, Anti-icing performance of 
superhydrophobic surfaces, Appl. Surf. Sci. 257 (2011) 6264–6269, https://doi. 
org/10.1016/j.apsusc.2011.02.057. 

[14] L. Cao, A.K. Jones, V.K. Sikka, J. Wu, D. Gao, Anti-icing superhydrophobic 
coatings, Langmuir 25 (2009) 12444–12448, https://doi.org/10.1021/la902882b. 

[15] A. Nakajima, K. Hashimoto, T. Watanabe, Recent studies on super-hydrophobic 
films, in: Mol. Mater. Funct. Polym, Springer Vienna, Vienna, 2001, pp. 31–41, 
https://doi.org/10.1007/978-3-7091-6276-7_3. 

[16] S. Zhang, J. Huang, Y. Cheng, H. Yang, Z. Chen, Y. Lai, Bioinspired Surfaces with 
superwettability for anti-icing and ice-phobic application: concept, mechanism, 
and design, Small 13 (2017), 1701867, https://doi.org/10.1002/smll.201701867. 

[17] Q. Li, Z. Guo, Fundamentals of icing and common strategies for designing 
biomimetic anti-icing surfaces, J. Mater. Chem. A 6 (2018) 13549–13581, https:// 
doi.org/10.1039/c8ta03259a. 

[18] J. Lv, Y. Song, L. Jiang, J. Wang, Bio-inspired strategies for anti-icing, ACS Nano 8 
(2014) 3152–3169, https://doi.org/10.1021/nn406522n. 

[19] S. Jung, M. Dorrestijn, D. Raps, A. Das, C.M. Megaridis, D. Poulikakos, Are 
superhydrophobic surfaces best for icephobicity? Langmuir 27 (2011) 3059–3066, 
https://doi.org/10.1021/la104762g. 

[20] L. Oberli, D. Caruso, C. Hall, M. Fabretto, P.J. Murphy, D. Evans, Condensation and 
freezing of droplets on superhydrophobic surfaces, Adv. Colloid Interf. Sci. 210 
(2014) 47–57, https://doi.org/10.1016/j.cis.2013.10.018. 

[21] S.A. Kulinich, S. Farhadi, K. Nose, X.W. Du, Superhydrophobic surfaces: are they 
really ice-repellent? Langmuir 27 (2011) 25–29, https://doi.org/10.1021/ 
la104277q. 

[22] T.S. Wong, S.H. Kang, S.K.Y. Tang, E.J. Smythe, B.D. Hatton, A. Grinthal, 
J. Aizenberg, Bioinspired self-repairing slippery surfaces with pressure-stable 
omniphobicity, Nature 477 (2011) 443–447, https://doi.org/10.1038/ 
nature10447. 

[23] M. Zhang, J. Yu, R. Chen, Q. Liu, J. Liu, D. Song, P. Liu, L. Gao, J. Wang, Highly 
transparent and robust slippery lubricant-infused porous surfaces with anti-icing 
and anti-fouling performances, J. Alloys Compd. 803 (2019) 51–60, https://doi. 
org/10.1016/j.jallcom.2019.06.241. 
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