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RÉSUMÉ 

 

La mouillabilité est l'une des caractéristiques fondamentales de chaque surface solide qui peut affecter 

de différentes manières les propriétés finales de surface. À la lumière de divers chefs-d'œuvre de Mère Nature, 

particulièrement les feuilles de lotus, en tant que symbole de pureté, les surfaces superhydrophobes inspirées 

de la nature ont reçu une immense attention. Dans la présente thèse, deux approches distinctes sont choisies 

pour créer efficacement des surfaces autonettoyantes / superhydrophobes. Ces surfaces possèdent une 

excellente hydrofugation pour améliorer la durée de vie de différents matériaux d'ingénierie tels que le 

caoutchouc de silicone et le Teflon. 

Dans un premier temps, le traitement au plasma à pression atmosphérique a été utilisé pour produire des 

surfaces autonettoyantes / superhydrophobes de caoutchouc de silicone vulcanisé à haute température (HTV-

SR) via une technique de gravure. Cette approche est importante car l'utilisation d'un système plasma à pression 

atmosphérique est une technique simple, rapide et respectueuse de l'environnement. Ainsi utilisé l'air comprimé 

en tant que gaz écologique à plasma, cette technique offre un grand potentiel pour la production des surfaces 

superhydrophobes à grande échelle. Grâce au traitement au plasma, une amélioration substantielle de 

l'hydrofugation des surfaces HTV-SR (c'est-à-dire un angle de contact statique avec l'eau (WCA)> 160° et une 

hystérésis d'angle de contact (CAH) <3°) a été obtenue en raison de la formation de surfaces micro-

nanostructurées semblables au corail. L’obtention des structures de surface appropriées dépend fortement de 

la composition du jet de plasma affectée par ses propres paramètres de fonctionnement. C’est pourquoi le rôle 

des paramètres opératoires de plasma sur la répulsion de l'eau de surface a été évalué à l'aide d'un plan 

d’expérience (DoE) pour déterminer les paramètres quasi optimaux. 

Les propriétés glaciophobes sont divisées en deux catégories de propriétés d'antigivrage et de dégivrage. 

Les propriétés d'antigivrage correspondent au retard de la formation de glace, tandis que les propriétés de 

dégivrage se rapportent à la diminution de force d'adhérence de glace formée à la surface. Les techniques bien 

connues de mesure de l'adhérence de la glace, c'est-à-dire les tests d'adhérence par centrifugation et de poussée 

(push-off), ont fourni des comparaisons quantitatives de la force d'adhérence à la glace des surfaces produites. 

Le retard de la formation de glace et la force d'adhérence à la glace considérablement faible de la surface HTV-

SR superhydrophobe traitée au plasma ont confirmé une amélioration de leur propriété glaciophobe. Cependant, 

la robustesse des surfaces superhydrophobes peut être considérée comme le talon d'Achille vers 

l'industrialisation et les applications dans la situation réelle. Pour garantir des propriétés superhydrophobes 

durables, la résistivité chimique ainsi que la durabilité mécanique de la surface superhydrophobe produite ont 

été rigoureusement évaluées. Bien que la surface produite ait conservé ses propriétés hydrofuges dans de 

nombreux tests, les surfaces ont perdu leurs propriétés superhydrophobes sous certains dommages mécaniques 

sévères. 

Dans un second temps, en égard à la mauvaise durabilité mécanique et chimique des surfaces 

superhydrophobes qui sont susceptibles d'être endommagées, un nanocomposite superhydrophobe 

volumétrique et non fluoré a été produit. Il s’est fait par intégration de la terre de diatomée et des particules de 

silice pyrogénée dans la matrice HTV-SR. Le nanocomposite superhydrophobe volumétrique est un nouveau 

concept dans la fabrication de surfaces superhydrophobes tolérantes aux dommages où toutes leurs faces et 

couches sont superhydrophobes. Le rapport massique entre les terres de diatomées et la silice pyrogénée dans 

la structure de surface finale et la densité de réticulation du nanocomposite est très important. Fort de cela, une 

évaluation approfondie de l'hydrofugation, de la densité de réticulation et de la dureté des nanocomposites 

produits a été indiquée en fonction de ce rapport massique. En ce qui concerne la robustesse de la surface, 

plusieurs tests mécaniques et chimiques sévères ont été effectués. Il s’agit entre autres, de l’utilisation du papier 

abrasif, le grattage au couteau, le décollement au ruban, l'impact au jet d'eau et le sablage. Ces résultats 

montrent que la surface a conservé sa propriété de non-mouillabilité. De plus, même si lors de dommages 

mécaniques et / ou chimiques, la superhydrophobicité du nanocomposite était détériorée, l'hydrofugation 

pourrait être restaurée en enlevant la couche la plus externe. Cela est dû à la présence de micro-nanostructures 

intégrées à faible énergie de surface dans tout le corps du nanocomposite. 

Enfin, pour examiner l'application potentielle de cette approche de traitement au plasma sur divers 

polymères, un matériau isolant thermoplastique, à savoir le polytétrafluoroéthylène (PTFE, Teflon), a été 

sélectionné pour fabriquer des surfaces superhydrophobes. Les surfaces en Téflon superhydrophobes produites 

possédaient des propriétés ultra-hydrofuges, glaciophobicités et auto-nettoyantes. Bien que le traitement au 

plasma n'ait pas modifié la composition chimique de surface du téflon, les micro-nanostructures hiérarchiques 

en forme de feuille de lotus créées sur la surface traitée au plasma étaient responsables de sa résistance à l'eau 

de surface. Le roulage des gouttelettes d'eau et le test d'impact ont permis de vérifier le rôle important des 
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micro-nanostructures hiérarchiques sur l’hydrophobicité et la stabilité du régime de Cassie-Baxter. En plus de 

ses capacités autonettoyantes, la surface de Teflon développée a montré la réduction de la force d’adhésion de 

la glace de sorte qu’elle soit qualifiée de surface passive antigivrante. Un retard du temps congélation des 

gouttelettes d’eau sur les surfaces superhydrophobes a également été observé en raison de la présence de poches 

d’air piégées dans les aspérités de surfaces. 

Mots-clés: Superhydrophobicité; Hydrofuge; Plasma à la pression atmosphérique; Nanocomposite 

superhydrophobe volumétrique; Micro-nanostructures; Autonettoyant; glaciophobicité; Durabilité 

mécanique; Résistivité chimique; Caoutchouc de silicone; Teflon. 
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ABSTRACT 

Wettability is one of the fundamental characterizations of each solid surface which might affect the final 

surface properties in different manners. In the light of various Mother Nature’s masterpieces, specifically Lotus 

leaves, as a symbol of purity, the nature-inspired superhydrophobic surfaces have received immense attention. 

In the present thesis, two different approaches are opted to effectively create artificial self-

cleaning/superhydrophobic surfaces to enhance the water-repellency of the engineered silicone rubber and 

Teflon materials. 

Firstly, the atmospheric-pressure plasma treatment was used to produce self-cleaning/superhydrophobic 

high-temperature vulcanized silicone rubber (HTV-SR) surfaces via etching technique. This approach is 

significant since the use of an atmospheric-pressure plasma system as a simple, fast and environmentally 

friendly technique is combined with compressed air as an eco-friendly plasma gas which offers great potential 

for the mass production of superhydrophobic surfaces in an industrial scale. Using plasma treatment, a 

substantial enhancement in the water-repellency of HTV-SR surfaces, i.e., static water contact angle 

(WCA) >160° and a contact angle hysteresis (CAH) <3°, was attained due to the formation of coral-like micro-

nanostructures on the surface. Possessing the appropriate surface structures depends highly on the composition 

of plasma jet affected by plasma operating parameters. Thus, the role of significant plasma operating 

parameters on the surface water-repellency was assessed with the help of a design of experiment (DoE) method 

to determine the near-optimal operating parameters. 

The icephobic properties are divided into two categories of anti-icing and de-icing properties. Anti-icing 

properties correspond to the delay in the ice formation, while de-icing properties illustrate the reduction of the 

adhesion strength of the ice formed on the surface. The well-known ice adhesion measurement techniques, i.e., 

the centrifuge adhesion and push-off tests, were used to provide quantitative comparisons of the ice adhesion 

strength of the produced surfaces. The delayed ice formation and considerable low ice adhesion strength of the 

plasma-treated superhydrophobic HTV-SR surface confirmed their desirable icephobicity. However, the 

robustness of the superhydrophobic surfaces can be considered as the Achilles heel toward industrialization 

and real-life applications. To ensure long-lasting superhydrophobic properties, the mechanical durability and 

chemical stability of the produced superhydrophobic surface were rigorously evaluated. Although the produced 

surface preserved its water-repellent properties in multiple tests, under some harsh mechanical damages, the 

superhydrophobic properties were reduced.  

Secondly, regarding the poor mechanochemical robustness of superhydrophobic surfaces susceptible to 

damage, a non-fluorinated volumetric superhydrophobic nanocomposite was produced through embedding 

diatomaceous earth and fumed silica particles into the HTV-SR matrix. The volumetric superhydrophobic 

nanocomposite is a new concept in fabrication of damage-tolerant superhydrophobic surfaces where each face 

and every layer of the nanocomposites is superhydrophobic. Given the importance of the diatomaceous 

earth/fumed silica mass ratio in final surface structure and crosslinking density of the nanocomposite, an in-

depth assessment of the water-repellency, crosslinking density, and hardness of the produced nanocomposites 

was accomplished as a function of various diatomaceous earth to fumed silica mass ratios. Regarding the 

surface robustness, multiple severe mechanical and chemical tests were conducted including sandpaper and 

knife scratching, tape peeling, water jet impact, and sandblasting after which the surface retained its initial 

water-repellency. Moreover, even if during mechanical and/or chemical damages, the superhydrophobicity of 

the nanocomposite was deteriorated, the water-repellency could be restored by removing the outermost layer. 

It was due to the presence of embedded low surface energy micro-nanostructures within the entire body of the 

nanocomposite. 

Thirdly, to scrutinize the potential application of plasma treatment approach to various polymers, a 

thermoplastic insulating material, i.e., polytetrafluoroethylene (PTFE) commercially known as Teflon, was 

selected to fabricate superhydrophobic surfaces. The produced superhydrophobic Teflon surfaces possessed 

ultra-water-repellency, icephobicity, and self-cleaning. Although the plasma treatment did not alter the 

chemical composition of the Teflon surface, the lotus leaf-like hierarchical micro-nanostructures created on 

the plasma-treated surface were responsible for its surface water-repellency. Both water droplet rolling off and 

impact test ascertained the significant role of the hierarchical micro-nanostructures on the surface water-

repellency as well as the consistency of Cassie-Baxter regime. In addition to the self-cleaning properties, the 

micro-nanostructured Teflon surface substantially reduced the ice adhesion strength to a content that the 

produced surface could be categorized as a passive anti-icing surface. Moreover, the onset of freezing of a 

water droplet was reduced on the superhydrophobic surface due to the presence of air pockets trapped within 

its surface asperities. 
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The approaches introduced in this thesis can be implemented in different industries as they are cost-

effective, quickly adaptable, and environmentally friendly methods. 

 

Keywords: Superhydrophobicity; Water-repellency; Atmospheric-pressure plasma system; Plasma 

treatment; Volumetric superhydrophobic nanocomposite; Micro-nanostructures; Self-cleaning; Icephobicity; 

Mechanical durability; Chemical stability; Silicone rubber; Teflon. 
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INTRODUCTION 

0-1     Definition of the problem 

Among the most important parts of power transmission systems are electrical insulators by which the 

transmission lines are safely attached to the transmission tower. The high-voltage outdoor insulators act as the 

electrical supports to prevent the current to flow through the tower to the ground while simultaneously resisting 

the weight of the suspended wires. The functionality of the transmission systems extremely relies on the 

efficiency of high-voltage insulators influenced by the accumulation of ice and pollution on their surfaces [1, 

2]. The ice and pollution accumulation caused serious problems mainly in cold climate regions and polluted 

areas, respectively. For instance, in 1998 in the north-eastern United States and south-eastern of Canada (from 

eastern Ontario to southern Quebec), the ice storm-related electrical blackouts left over 1 million people 

without power and an estimated damage cost exceeded US$4 billion. The same disaster happened in North 

America in 2013 and cost around US$200 million [3]. The frequency of sandstorm occurrences in desert areas 

as well as high density of pollutant in highly-polluted manufacturing cities increases the possibility of the sand 

and pollution accumulation on the high-voltage insulators [4]. When the surface of polluted insulator becomes 

wet or a thin film of thawed ice covers the surface, the conductive layer formed on the surface gives rise to the 

leakage current followed by partial evaporation. Subsequently, the presence of dry regions on the surface 

causes dry band arcing and partial electrical discharge which eventually may lead to the flashover and power 

system outage [5]. Therefore, the self-cleaning and anti-icing performance of the high-voltage insulators are of 

great importance and should be surveyed carefully. 

Over the last few decades, conventional ceramic and glass insulators are getting replaced by polymeric 

insulators. The notable electrical parameters of polymeric materials such as low dielectric permittivity, low 

electrical conductivity and high breakdown voltage makes them promising candidates for insulator application. 

Due to their lighter weight, the transportation and installation procedure of polymeric insulators are easier than 

that of conventional ones. Moreover, compared to ceramic and glass insulators, they have higher flexibility, 

impact resistance and mechanical strength which makes them resistant to vandalism and damages [6, 7]. 

Polymeric insulators consist of two components, i.e., the core made of a composite of fiberglass with polyester 
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or epoxy, and the weather sheds made of insulating polymers like silicone rubber and ethylene propylene diene 

monomer (EPDM) rubber. During the last few decades, silicone rubber materials have found their way into the 

real-world applications such as automotive industry, aerospace, cookware, electronics industry, etc. The 

backbone of silicone rubber is consisted of siloxane (Si-O) groups responsible for its unique characteristics in 

terms of thermal stability, abrasion resistance, ultraviolet (UV) resistance and low electrical conductivity [8]. 

In addition to its superb properties, it also benefits greatly from its hydrophobic nature resulted from the 

presence of methyl side chains. Despite the hydrophobicity of silicone rubber, it cannot completely avert the 

detrimental accretion of ice and pollution on the shed of insulators. 

Nowadays, it has been illustrated that there is a good correlation between self-cleaning/ ice-phobic 

properties and superhydrophobicity [9-12]. To reduce the chance of severe ice and pollution accumulation, 

nature-inspired water-repellent superhydrophobic surfaces characterized by water contact angle (WCA) higher 

than 150° and contact angle hysteresis (CAH) or sliding angle (SA) less than 10° are being studied. Having 

low surface energy (i.e. hydrophobic) materials along with desirable micro-nanostructured surface roughness 

can lead to the creation of superhydrophobic surfaces [13]. Considering the significant growing demand for 

prevention or reduction of ice and pollution accumulation on insulators, many efforts have been made chiefly 

concentrated on the fabrication of superhydrophobic coatings. Room-temperature vulcanized silicone rubber 

(RTV-SR) is one of the appealing candidates used in superhydrophobic coatings for insulators which suffer 

from the durability issues since they are less mechanically durable and wear out more simply than bulk 

materials. Moreover, significant amount of chemical solvents is needed to develop coatings which is 

detrimental to the environment. 

In order to overcome the coatings disadvantages, two relatively novel approaches were elaborated to 

produce superhydrophobic high-temperature vulcanized silicone rubber (HTV-SR) out of bulk material. In this 

regard, the main objective of this Ph.D. project was to employ simple and effective methods for fabrication of 

self-cleaning and icephobic non-wettable HTV-SR-based materials to considerably diminish the probability of 

pollution and ice accumulation and subsequent prevention of flashover and electrical power outage. Moreover, 

to extend our understanding of the fabrication of self-cleaning and icephobic materials, we also selected a 

thermoplastic polymer. Teflon, as a widespread insulating material, was used to fabricate superhydrophobic 
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surfaces emerging self-cleaning and icephobic properties. This project is defined as an academic-industry 

collaboration between Université du Québec à Chicoutimi (UQAC) and K-Line Insulators Company. 

0-2     Overview 

Wettability is one of the basic characteristics of solid surfaces, and it reflects the affinity of a liquid to 

spread on or adhere to a solid surface. In the past decades, inspired by a vast number of natural phenomena 

such as the self-cleaning characteristics of the lotus leaf and the “anti-water” legs of a water strider, artificial 

superhydrophobic surfaces, as an extreme state of surface non-wettability, have received tremendous attention 

[14, 15]. Numerous applications have been reported for superhydrophobic surfaces including water-repellency, 

self-cleaning, icephobicity, anti-corrosion, anti-fouling, oil-water separation, and drag reduction [13]. 

Researchers have fabricated superhydrophobic surfaces mainly by (i) surface roughening of a low 

surface energy material or (ii) modifying a rough surface by deposition of low surface energy materials [14]. 

Multiple methods have been used to create roughness on low surface energy or inherently hydrophobic 

materials, such as silicones and fluorocarbons. Etching is one of the well-established approaches for generating 

micro-nanoroughnesses on diverse hydrophobic substrates. Etching refers to removing material from the 

substrate that can be divided into two main categories: (i) wet chemical etching where acidic or alkaline 

solutions etch dislocations or impurities on the substrates, and (ii) dry etching such as plasma etching, in which 

the generation of reactive atoms or ions in a gas discharge leads to the anisotropic etching of the surface [16, 

17]. Plasma systems are extensively used for surface treatment which, in terms of applied pressure inside the 

plasma chamber, are divided into low-pressure and atmospheric-pressure plasma. Atmospheric-pressure 

plasma system is a simple, yet efficient, cost-effective and eco-friendly approach that enables the large-scale 

surface treatment and industrialization. In this project, the atmospheric-pressure air plasma system was 

employed as an etching technique to generate micro-nanostructures on the HTV-SR since it was more 

beneficial than a low-pressure system from a practical and industrial point of view and had been rarely studied. 

However, the large-scale application of superhydrophobic surfaces is significantly hindered by their 

poor mechanical and chemical robustness which can be considered as their Achilles’ heel. Since the majority 

of produced superhydrophobic surfaces have been concentrated on the formation of considerably thin micro-

nanostructured coating layer on top of the base materials, these surfaces suffer from the loss of their 

functionality chiefly due to the mechanical damages. In order to overcome such an intrinsic weakness of 
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superhydrophobic surfaces, several strategies have been proposed among which a completely new generation 

of damage-tolerant superhydrophobic materials is the fabrication of volumetric superhydrophobic 

nanocomposites. The main concept of this approach is using particles themselves as the favorable roughness 

creators [18]. Considering the presence of particles throughout the whole bulk of the material, the 

superhydrophobic behavior lasts upon mechanical abrasion up to the point at which the materials are 

completely worn out which ensures the continual superhydrophobicity [19, 20]. In this regard, the second goal 

of this project was to produce an ultra-robust volumetric superhydrophobic HTV-SR nanocomposite. The 

extended superhydrophobicity throughout the whole bulk of the material was retained during the continuous 

mechanical abrasion. 

0-3     Objectives 

The general objective of this project is to develop water-repellent/self-cleaning materials based on two 

simple and non-expensive approaches including the use of atmospheric-pressure plasma system and the 

development of volumetric superhydrophobic nanocomposite. In this section, the specific objectives of each 

method sought to attain desirable water-repellency is defined in detail. 

1) As the first approach to develop a water-repellent/self-cleaning surface via simple one-step 

atmospheric-pressure plasma treatment, some objectives should be met as follows: 

• Studying the effect of various plasma operating parameters on the surface water-repellency. 

• Optimization of the effective plasma operating parameters with the help of design of 

experiment (DoE) technique.  

• Assessing the self-cleaning, icephobic, and durability properties of the produced 

superhydrophobic surfaces. 

2) To enhance the robustness of the superhydrophobic surfaces, the development of a damage-tolerant 

volumetric superhydrophobic nanocomposite was specified as the second approach. The following objectives 

should be accomplished to gain the favorable nanocomposites: 

• Determining the suitable micro and nanoparticles for creating the desired structures. 
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• Determining the best blending conditions to properly distribute micro and nanoparticles 

within matrix. 

• Optimization of the particles concentration to enhance the non-wettability properties of the 

samples. 

• Evaluating the self-cleaning properties. 

• Rigorous assessment of durability properties of volumetric superhydrophobic 

nanocomposites. 

0-4     Originality statement 

In the present thesis, we focused on two different strategies for having water-repellent superhydrophobic 

surfaces. As the first approach, the atmospheric-pressure plasma treatment was opted to fabricate self-

cleaning/superhydrophobic surfaces. According to the pressure applied inside the plasma chamber, there are 

two categories of plasma systems: low-pressure plasma and atmospheric-pressure plasma systems. In spite of 

its potential drawbacks such as high maintenance cost, being time-consuming and limited size of the treated 

object, low-pressure plasma system has been widely used for the creation of desirable roughness on various 

surfaces to achieve superhydrophobicity. However, the atmospheric-pressure plasma system utilized in this 

project can be a suitable alternative for industrial production of self-cleaning/superhydrophobic polymeric 

surfaces due to its continuous, rapid, timesaving, cost-effective, and environmentally friendly procedure. 

Another advantage of this approach relative to the use of low-pressure plasma is the simplicity for combining 

it with available production lines [14]. 

The atmospheric-pressure plasma system is chiefly used for plasma polymerization via a two-step 

process including the roughness formation followed by deposition of hydrophobic materials on the surface. 

However, only a handful of studies have reported the development of superhydrophobic surfaces via a one-

step plasma etching technique. In the current project, the atmospheric pressure plasma system is used for 

making surface roughness on the inherent hydrophobic HTV-SR via a single-step procedure to attain 

superhydrophobic surfaces which, to our knowledge, has never been investigated. 

Another significance of our approach is attributed to the combination of the atmospheric-pressure 

plasma system with compressed air as an eco-friendly plasma gas which enables the enhancement towards 
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industrialization of superhydrophobic surfaces for mass production. Air is an ideal candidate for plasma gas, 

as it is a natural, eco-friendly, inexpensive and abundant gas mixture. To the best of our knowledge, no 

published research papers have used air for fabrication of superhydrophobic/water-repellent surfaces via a 

plasma-etching technique. In addition to the superhydrophobicity, the icephobic properties of the produced 

surfaces were also thoroughly assessed which was hardly performed on the plasma-treated surfaces in the 

literature. Finally, yet importantly, the potential application of this approach goes well beyond the silicone 

rubber, as a thermoset material, and it can be utilized for the thermoplastic hydrophobic materials, e.g. 

polytetrafluoroethylene (PTFE), as well. 

As the second approach, we concentrated on the development of volumetric superhydrophobic 

nanocomposites. Over the last few decades, non-wettable superhydrophobic coatings having self-cleaning and 

icephobic properties have been extensively developed through various methods such as spray coating, spin 

coating, electrodeposition, etc. However, there are several drawbacks related to the use of traditional coating 

technology such as being time consuming and labor-intensive, poor adhesion of coating to the substrate, less 

mechanical durability of coating compared to the bulk material, permanently losing the superhydrophobicity 

under mechanical damages, and constant needs for reapplying after wearing out. Thus, all of these issues 

restricted the commercialization of superhydrophobic surfaces. In the present work, unlike conventional 

methods for producing superhydrophobic materials essentially reliant on the surface manipulation techniques 

(e.g. coating, direct replication, etching, etc.), we developed a long-standing damage-tolerant volumetric 

superhydrophobic nanocomposite which had not been subjected to any surface treatment.  

In this substance, the embedded micro and nanoparticles within the matrix are responsible for surface 

and bulk water-repellency called “volumetric superhydrophobicity”. In other words, the desirable micro-

nanoroughnesses for volumetric superhydrophobicity is achieved via the distribution of specific-shaped 

particles throughout the bulk of the nanocomposite. To the best of our knowledge, this is the first time that the 

volumetric superhydrophobic HTV-SR nanocomposite has been fabricated. 

Despite all the advantages of this concept, only a handful of studies have developed the mechanically 

robust volumetric superhydrophobic nanocomposites. Although the prepared nanocomposites in the literature 

can maintain the surface roughness after exposure to mechanical damages, still remains lack of some essential 

studies. For example, the physical stability of the prepared superhydrophobic nanocomposites was hardly 
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mentioned in the literature. Moreover, according to our literature review, the majority of the developed 

volumetric superhydrophobic nanocomposites contains high-priced rod-shaped particles or Teflon 

nanoparticles which are unfavorable in terms of cost-effectiveness or environmental friendliness. To the best 

of our knowledge, this is the first report on the fabrication of a physically stable, non-fluorinated, and 

inexpensive volumetric superhydrophobic nanocomposite via a simple method. 

0-5      Thesis outline 

In this section, a brief overview of 5 chapters composing this Ph.D. thesis is provided. For the readers 

to get familiar with the general idea behind this study, a literature review is presented in the subsequent chapter, 

Chapter 1. In this chapter, following the fundamentals of the superhydrophobic surfaces, their fabrication 

approaches based on both chemical and physical aspects are provided. Various intrinsic hydrophobic materials 

capable to be used for the development of superhydrophobic surfaces as well as different methods employed 

to create roughness on the surface referred as chemical and physical aspects are covered in the section entitled 

fabrication of superhydrophobic surfaces. Then, to have a better understanding of two approaches chosen in 

the present Ph.D. studies, the plasma treatment and superhydrophobic nanocomposite are discussed in depth. 

Moreover, a brief overview on the application of superhydrophobic surfaces including self-cleaning, 

icephobicity, and anti-corrosion, as well as their mechanical and chemical durability is presented. It is worth 

to mention that a small part of this chapter is stemmed from our review paper entitled “Application of 

superhydrophobic coatings as a corrosion barrier: A review” published in Journal of Surface and Coatings 

Technology [13]. The subsequent chapters correspond to each written article of the above-mentioned project. 

In Chapter 2, superhydrophobic and self-cleaning properties of the plasma-treated silicone rubber 

surfaces are presented. In addition to the surface characterization, the influence of plasma operating parameters 

on the water-repellency of silicone rubber is assessed via a DoE method to determine the near-optimal operating 

parameters. The acquired results led to the journal article 1 “Evaluation of atmospheric-pressure plasma 

parameters to achieve superhydrophobic and self-cleaning HTV-SR surfaces via a single-step, eco-friendly 

approach” published in Journal of Surface and Coatings Technology [21]. 

In Chapter 3, the icephobicity and durability assessment of the developed superhydrophobic surfaces 

via two industrially applicable approaches of micro-compression molding and atmospheric-pressure plasma 

treatment are provided. All preparations (atmospheric-pressure air plasma treatment using optimized plasma 
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operating condition achieved from Chapter 2), analyses (including physicochemical characterization, 

superhydrophobicity, icephobicity and durability), and the associated interpretation of the properties of the 

developed plasma-treated surfaces are accomplished by the PhD candidate. Both anti-icing properties (delayed 

ice formation) and de-icing properties (reduced ice adhesion strength) of the produced surfaces subjected to 

two forms of icing conditions are examined. The well-known ice adhesion measurement techniques, i.e., the 

centrifuge adhesion and push-off tests, provide quantitative comparisons of the ice adhesion strength of the 

produced surfaces. Furthermore, a comprehensive series of experiments are carried out to vigorously evaluate 

the durability properties of the prepared surfaces is provided. These findings are reported in the paper entitled 

“Durability assessment of icephobic surfaces: the role of surface roughness and the ice adhesion measurement 

technique” submitted to Journal of Materials Processing Technology [22]. 

In chapter 4, the mechanochemically robust volumetric superhydrophobic nanocomposite is reported 

through the addition of diatomaceous earth and fumed silica particles to HTV-SR. The water-repellency of the 

produced nanocomposites—based on the WCA and CAH of the surface—in relation to various diatomaceous 

earth to fumed silica mass ratios of the nanocomposites is also presented. The mechanical robustness, chemical 

stability and UV resistance of the superhydrophobic nanocomposites is thoroughly surveyed in this chapter. 

The results of this study are presented in the paper entitled “A Non-Fluorinated Mechanochemically-Robust 

Volumetric Superhydrophobic Nanocomposite” accepted in the Journal of Materials Science and Technology 

[23].  

In chapter 5, the conceivability of using thermoplastic fluorocarbon materials, as another appealing 

candidate for superhydrophobic surfaces, is investigated. The superhydrophobic, icephobic and self-cleaning 

characterization of the produced water-repellent surfaces through two simple and cost-effective approaches of 

micro-compression molding and atmospheric-pressure plasma treatment are provided. All preparations 

(atmospheric-pressure air plasma treatment), analyses (including physical and chemical characterization, water 

repellency, high-speed filming, icephobicity and self-cleaning), and the interpretation of the properties of 

produced plasma-treated surfaces are accomplished by the PhD candidate. Moreover, the water-repellency of 

the produced superhydrophobic surfaces is evaluated based on water droplet impact as well as rolling off water 

droplet. The freezing delay measurement and push-off analyses are performed to represent the icephobic 

properties. The findings achieved in this study led to the journal article entitled “A comparative study of the 
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icephobic and self-cleaning properties of Teflon materials having different surface morphologies” published 

in the Journal of Materials Processing Technology [24]. 



 

 

1 CHAPTER 1 

LITERATURE REVIEW 

1.1 Introduction 

There are abundant examples of surfaces originated from nature on which water droplets cannot settle 

and move away instantly. Excellent capacities for water-repellency are demonstrated by many plants and 

animals including lotus leaves [25, 26], taro leaves [25], water strider legs [27], cicada wings [28, 29], butterfly 

wings [30], body feathers of penguins [31], and numerous other examples. Lotus (Nelumbo nucifera) leaves 

are one of the most prominent instances among naturally occurring superhydrophobic surfaces which, owing 

to their water-repellent and self-cleaning behavior, were considered as the symbol of purity [32]. A 

combination of hierarchical surface roughness and low surface energy wax-like materials are responsible for 

their superhydrophobicity. As shown in Figure 1-1, scanning electron microscopy (SEM) micrographs 

indicated that the rough surface is comprised of a hierarchical two-level roughness of the initial micro-sized 

(3–10 µm) roughness protrusions called cell papilla covered by a second epicuticular waxy layer of 

hydrophobic crystalloids having nano-sized (70–100 nm) roughness [33]. 

 

Figure 1-1. Water-repellency and self-cleaning behavior of Lotus leaf; a) spreading the clay as the 

contamination on the surface, followed by b) cleaning the surface by water. SEM images of the Lotus leaves 

showing the c) micro-sized roughness protrusions, and d) nano-sized roughness covered the protrusions 

[33]. 
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Due to their wide range of applications, nature-inspired superhydrophobic water-repellent surfaces 

having WCA higher than 150° and CAH of less than 10° have received enormous attention in both academic 

and industrial fields. Self-cleaning [34, 35], icephobicity [24, 36], anti-corrosion [13, 37], oil-water separation 

[38, 39], and drag reduction [40] are some examples of the application of water-repellent superhydrophobic 

surfaces. Researchers have fabricated superhydrophobic surfaces mainly by (i) surface roughening of a low 

surface energy material or (ii) modifying a rough surface by depositing low surface energy materials [41]. 

In this chapter, firstly we provide a brief introduction on fundamental theories relevant to the wetting and non-

wetting behavior of solid surfaces. Given that superhydrophobic surfaces must possess low-surface energy 

hydrophobic materials (chemical aspect) along with favorable surface roughness (physical aspect), we present 

their fabrication procedure regarding these two aspects. Then, as the used fabrication methods in the current 

thesis, plasma treatment and superhydrophobic nanocomposites are emphasized. This chapter proceeds with a 

short literature review on some applications of the superhydrophobic surfaces including self-cleaning and 

icephobicity as well as their durability challenges. 

1.2 Fundamentals of superhydrophobicity 

The non-wettability and self-cleaning behavior of lotus leaves are due to their high WCA and low CAH 

of around 161° and 2°, respectively. Consequently, superhydrophobic surfaces are defined based on two criteria; 

static WCA greater than 150° and dynamic contact angle (such as CAH) of less than 10° [32, 42]. 

Over the last few decades, the wettability of solid surfaces and solid-liquid physical interactions have 

been intensively studied. Young, Wenzel, and Cassie-Baxter are the principal equations for explaining surface 

wettability. Young’s equation is the starting point for wetting models that results from the equilibrium of 

interaction forces along the triple line. It determines the static contact angle of a sessile drop on an ideal smooth, 

homogenous, rigid, and insoluble solid surface (Figure 1-2 (a)). As shown in Eq. 1-1, according to the Young’s 

equation, the static contact angle depends only on the thermodynamic equilibrium of the interfacial tension of 

the solid-liquid-vapor interfaces [43, 44]: 

cos 𝜃 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾𝐿𝑉

                                                                                                                                                           1 − 1 

where θ is the contact angle, and γSV, γSL, and γLV are the interfacial tensions of the solid-vapor, solid-

liquid, and liquid-vapor interfaces, respectively. It is clearly understood from Eq. 1-1 that forasmuch as the 

surface tensions of water and its surroundings (usually air) are fixed, a decrease in the surface tension of a solid 
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material leads to an increase in the static contact angle. Although the decreasing order of the surface energies 

of the chemical groups are known as CH2 > CH3 > CF2 > CH2F > CF3, the highest reached static contact angle 

of a smooth surface using CF3, as a chemical group with lowest surface energy, is about 120°, which does not 

fulfill the requirement for superhydrophobicity [45, 46]. 

Surface roughness is, therefore, the second critical factor for obtaining a superhydrophobic surface. 

Higher surface roughness combined with a lower surface energy are required to achieve a superior contact 

angle and superhydrophobicity [47]. The electron microscopy of the surface of lotus leaves confirmed that a 

combination of hierarchical surface micro-nanostructures and low surface energy wax-like materials are the 

principal reasons for its superhydrophobicity [32]. 

Many researchers, in particular Wenzel and Cassie-Baxter, endeavored to formulate a relationship 

between surface tension, roughness, and contact angle. Based on Wenzel’s studies of the wettability of porous 

surfaces, the roughness of a surface dramatically affects the contact angle on the surface. As shown in Figure 

1-2 (b), the liquid penetration into the rough grooves and the increase in the interfacial area for the spreading 

liquid are the main assumptions in Wenzel’s theory [48]. At thermodynamic equilibrium, Wenzel’s 

homogeneous wetting state proposed a linear relationship between the apparent contact angle and the roughness 

factor of the surface [41]: 

cos 𝜃𝑊 =
𝑟(𝛾𝑆𝑉 − 𝛾𝑆𝐿)

𝛾𝐿𝑉

= r cos 𝜃                                                                                                                                1 − 2 

where θw is the apparent contact angle on the rough surface, θ is Young’s contact angle on a similar 

smooth surface, and r is the surface roughness factor. The surface roughness factor is defined as the ratio 

between the actual surface area and the geometrical projected surface area. Therefore, for a rough surface, r 

is >1. According to Wenzel’s equation, creating roughness increases both the hydrophobicity and 

hydrophilicity, taking into consideration the prior nature of the surface. Thus, if the contact angle of the surface 

is >90°, hydrophobicity is improved by roughness whereas if the contact angle is <90°, hydrophilicity is 

enhanced [49]. 

Wenzel’s theory, known as the homogeneous wetting state, occurs when a drop of liquid fills up the 

roughness grooves. A heterogeneous wetting state like Cassie-Baxter has air (or another fluids) trapped in the 

roughness grooves underneath the liquid and thus the latter is prevented from penetrating into the pores (Figure 
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1-2 (c)) [50]. In practical terms, the Cassie-Baxter equation applies only when the liquid is in contact with the 

solid surface at the top of the protrusions (Eq. 1-3) [51-53]: 

cos 𝜃𝐶𝐵 = 𝑓𝑠 cos 𝜃 − (1 − 𝑓𝑠) = 𝑓𝑠 cos 𝜃 + 𝑓𝑠 − 1                                                                                                  1 − 3 

where θCB, θ, and fs are the Cassie-Baxter contact angle, the Young’s contact angle, and the ratio 

between the total area of solid-liquid interface and the total area of solid-liquid and liquid-air interface of the 

projected area, respectively. In addition, by the inclusion of the roughness factor of the wetted surface area, rf, 

the Cassie-Baxter equation will be modified to this equation (Eq. 1-4) [53, 54]: 

cos 𝜃𝐶𝐵 = 𝑟𝑓𝑓𝑠 cos 𝜃 + 𝑓𝑠 − 1                                                                                                                                       1 − 4 

where fs=1 and rf=r, the Cassie-Baxter equation converts to the Wenzel equation. The superhydrophobic 

surfaces have recently attracted great attention due to their unique water-repellency and anti-contamination 

properties. According to the Cassie-Baxter model, an increase in surface roughness leads to an increase in the 

amount of air trapped in the grooves. Consequently fs decreases and the contact angle increases [14]. These 

theories explain the impact of surface roughness on the static contact angle and how the hydrophobicity and 

hydrophilicity may be enhanced. Due to the great mobility of droplets on surfaces having an ultra-high 

roughness, the dynamic of the droplet on the surface must be taken into consideration [41, 55]. 

 

Figure 1-2. A liquid droplet on different surfaces: (a) Young’s model; (b) Wenzel’s model; (c) the Cassie-

Baxter model. 

The ability of a surface to shed water is defined as dynamic hydrophobicity. The molecular interactions 

between the liquid and the solid surface or irregularities, such as roughness or heterogeneities, can lead to 

hysteresis [14, 56-58]. The SA and CAH values are the representations of the dynamic contact angle. SA is 

defined as the critical angle at which a water droplet of a certain weight begins a downward slide. CAH can be 

measured based on different methods. According to the needle approach, CAH represents the difference 

between the contact angle at the front and rear of water droplet, known as advancing and receding WCA, just 

before the droplet starts moving on the surface. Surfaces of the Wenzel model demonstrate high static and 
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advancing contact angles but low receding contact angles. This leads to the high hysteresis and stiction of the 

water droplets to the surface. Highly mobile drops having a high contact angle and low hysteresis on 

superhydrophobic surfaces are in accordance with the Cassie-Baxter state [55, 59]. 

1.3 Fabrication of superhydrophobic surfaces 

Geometric factor and surface chemistry are two principle requirements that should be satisfied to 

develop superhydrophobic surfaces. Creation of micro and/or nanostructured roughness on the intended surface 

could cause the surface wetting properties to become more pronounced, i.e., hydrophilic surface becomes 

superhydrophilic and hydrophobic one turns to superhydrophobic. As a result, having a low-surface energy 

hydrophobic material is another vital prerequisite to realize superhydrophobic surfaces. Given the inherent low 

surface energy of most polymeric materials as well as their decent workability, considerable number of studies 

have concentrated on using polymers such as silicones or fluorocarbons as the base materials for producing 

superhydrophobic surfaces [13, 60]. 

In addition to chemical aspects of superhydrophobic surfaces based on using either hydrophobic 

materials or coating the surface with low surface energy hydrophobic layer, there are various methods 

employed to generate roughness on the surfaces for developing superhydrophobic materials. According to the 

direction toward which the structures are formed, these methods mostly fall into three categories: top-down, 

bottom-up, and their combination. To have a better understanding of these two inseparable criteria, i.e., 

possessing hydrophobic materials and producing surface structures, for making water-repellent 

superhydrophobic surfaces, a brief overview is presented in the following sections concerning the chemical 

and physical aspects (Figure 1-3). 

 

Figure 1-3. Schematic of two essential criteria for fabrication of superhydrophobic surfaces. 
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1.3.1 Chemical aspect 

1.3.1.1 Silicones 

Silicone rubber is one of the commonly used silicone materials in the preparation of superhydrophobic 

surfaces. During the last few decades, silicone rubber has found its way into the real-world applications such 

as automotive industry, aerospace, cookware, electronics industry, etc. They are mixed inorganic–organic 

polymers which comprise highly stable alternating silicon and oxygen atoms, called siloxane, that form the 

backbone of silicone rubber. The organic groups, including methyl, ethyl and phenyl, bound to the silicon 

atoms are the side chains [61]. The siloxane groups constituting the backbone are responsible for silicone 

rubber unique properties in terms of thermal stability, abrasion resistance, UV resistance and low electrical 

conductivity [8]. Owing to its ease of fabrication as well as excellent physical and chemical properties, good 

biocompatibility, and low cost, polydimethylsiloxane (PDMS) consisted of non-polar methyl groups as the side 

chains is the most common and commercially available silicone-based polymer [61, 62]. There are four 

structural characteristics related to the surface properties of PDMS including low intermolecular force between 

methyl groups, the specific flexibility and high strength of the siloxane backbone, and the partial ionic nature 

of the siloxane bond [63]. 

In order for the silicone rubber materials to vigorously resist mechanical stresses, they require 

vulcanization process to improve the mechanical, physical, and chemical properties. During vulcanization, 

chemical reactions among the unsaturated silicone rubber side chains lead to the creation of a three-dimensional 

network containing numerous inter-molecular chemical bonds so-called “crosslinks” [64]. The crosslinking 

density is defined as the number of crosslinked points per unit volume, expressed in mol·cm-3 [65]. Regarding 

the type of silicone rubber materials i.e. RTV-SR, HTV-SR, and liquid silicone rubber, there are three different 

crosslinking reactions including addition, peroxide, and condensation curing. Peroxide curing, used for HTV-

SR materials, initiates with free-radical formation via heating or radiation. The resulting free radicals induce 

hydrogen abstraction of side chains of silicone rubber followed by creation of free radicals on it. The coupling 

reaction between two radicals allow the chains to form carbon-carbon crosslinks with one another [66, 67]. 

Apart from its outstanding physical and chemical properties, the “hydrophobic recovery” ability of 

silicone rubber makes it a promising alternative for superhydrophobic materials. When silicone-based materials 

are in service, their initial hydrophobicity can be lost over time due to some circumstances such as their 
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covering by hydrophilic contaminations, or partial electrical discharge. However, this induced surface 

hydrophilicity of silicone rubber is temporary. The process of repetitive repossession of hydrophobic properties 

which arises during time is called hydrophobic recovery. The storage conditions, whether in air or in liquid, 

temperature or subsequent adsorption of a surfactant may affect the hydrophobic recovery [68]. Considering 

the nature of the newly formed hydrophilic surface, different mechanisms can be responsible for hydrophobic 

recovery including, migration of uncrosslinked low molecular weight siloxane (LMWS) chains from the bulk 

to the surface, thermodynamically favorable reorientation of polar groups from the surface to the bulk phase 

or nonpolar groups from the bulk to the surface, and condensation of the surface hydroxyl groups [69, 70]. 

Various methods have been employed to create roughness on the silicone rubber materials. Gao et al. 

[71] developed a superhydrophobic silicone rubber using carbon tetrafluoride (CF4) radio frequency 

capacitively coupled plasma. The hydrophobicity enhancement is resulted from simultaneous surface etching 

and fluorination. Artus et al. [72] fabricated flexible silicone nanofilaments having lengths of up to several 

micrometers and diameters of up to 150 nm by a chemical vapor deposition method. A dense and entangled 

arrangement of these nanofilaments on various substrate materials produced a transparent superhydrophobic 

coating. Ma et al. [73] produced block copolymer polystyrene (PS)-b-PDMS electrospun fibers with diameters 

in the range of 150-400 nm. A superhydrophobic membrane was achieved due to the presence of low surface 

energy PDMS materials and surface roughness of the electrospun fibers with submicron diameters. Using a 

subsequent procedure of UV-curing and solvent evaporation, Li et al. [74] produced a flexible bulk 

superhydrophobic PDMS/silica film. The robustness and regenerative characteristics of hierarchical structure 

of the produced superhydrophobic film are stemmed from the concurrent presence of silica particles and porous 

structure throughout the whole film. 

1.3.1.2 Fluorocarbon 

Fluorocarbons are another well-established materials used in a variety of applications specifically for 

superhydrophobic surfaces due to their many desirable properties including hydrophobicity, oil-repellency 

(oleophobicity), low surface energy, biofouling, and high resistance to chemical and oxidative degradation [75-

77]. The superb properties of fluorocarbons arise from the unique characteristics of the fluorine atom. The high 

bonding energy along with the highly dispersive intermolecular force of the C-F bonds are responsible for the 

excellent properties of fluorocarbons [78]. Moreover, the excellent corrosion resistance and barrier properties 
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against organic solvents of the fluorocarbons make them a favorable alternative for gaskets, vessel liners, 

coated cookware and fabrics [79]. One of the well-known synthesized fluoropolymers is PTFE, commonly 

known as Teflon, which is widely used in the fabrication of superhydrophobic surfaces. 

By extending a Teflon film to ~190%, the WCA increased from 118° to 165° due to the fibrous crystals 

and the large fraction of void spaces between them [80]. Toosi et al. [81] developed a superhydrophobic PTFE 

surface using femtosecond laser irradiation process. Among diverse micro-nanostructured morphologies 

including uniaxial and biaxial patterns, the biaxial scanned surfaces demonstrated a high WCA of 170° and a 

low CAH of 3°. Yong et al. [82] developed a superhydrophobic PTFE film with good chemical stability in 

various harsh environments, using femtosecond laser treatment.. A subsequent mechanical drilling process led 

to the formation of the penetrating microhole arrays so the produced sample could be used for oil/water 

separation application. A flexible superhydrophobic Teflon surface was obtained by a subsequent two-step 

procedure involving firstly, the formation of nanocone array using the oxygen plasma etching of the colloidal 

monolayer of PS beads, and secondly, modifying the nanocones by a gold nanoparticle film. The produced 

surface exhibited great water-repellent and self-cleaning properties [83]. However, the potential toxicity to 

humans of by-products from the breakdown of fluorinated compounds and environmental concerns have 

severely restricted the use of Teflon and other fluorocarbons [84, 85]. 

1.3.1.3 Other organic and inorganic materials 

There are various organic and inorganic materials used for the fabrication of superhydrophobic surfaces. 

Hydrocarbons, polyvinyl chloride (PVC), polymethylmethacrylate (PMMA), poly(lactic acid) (PLA), and PS 

are some examples of organic polymer matrixes used as coatings or substrates to create superhydrophobic 

surfaces [86-89]. Liu et al. [90] developed a mechanochemically robust superhydrophobic low density 

polyethylene (LDPE) film by coating silicone nanofilaments on a plasma activated LDPE surface. The self-

cleaning and water-repellent properties of the film were retained even after oil contamination. By the addition 

of 33 wt.% surface modified silica nanoparticles to various matrixes, i.e., polyethylene (PE), PVC and PMMA, 

Gao et al. [91] developed a facile approach to fabricate superhydrophobic coatings applicable to coat diverse 

substrates. Through a 3D printing, a superhydrophobic PLA packing was produced to be used as an oil/water 

separator. Superhydrophobicity was attained via a low-cost and bioinspired modification techniques of 

selective solvent etching and nanoparticle decoration. By adjusting the internal geometry of packing, a 
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separation efficiency of 95% was obtained at a relatively high but persistent flux of oil/water emulsion [92]. 

Lv et al. [89] produced a superhydrophobic nanofibrous membrane out of polycaprolactone (PCL)/PS 

composite for oil/water separation. The hydrophobicity and oil absorption capacity of the composite membrane 

were higher than PCL and PS solely. 

Numerous studies have been conducted on the significant role of inorganic particles such as silicone 

oxide (SiO2), titanium oxide (TiO2), zinc oxide (ZnO), calcium carbonate (CaCO3) and alumina (Al2O3) on 

superhydrophobic surfaces [93-97]. The presence of these particles can not only impart multiple characteristics 

to the coatings but induce roughness on the surface. For instance, in the light of photocatalytic activity of TiO2 

and ZnO particles, some superhydrophobic coatings were produced which showed reversible switchable 

wettability. In other words, under UV illumination, a sharp wettability conversion of TiO2- or ZnO-based 

coatings from superhydrophobicity to superhydrophilicity was observed [97, 98]. Moreover, the antibacterial 

activity of both of these particles makes them the promising alternatives for medical applications [99, 100]. 

The Al2O3, SiO2 and TiO2 particles can enhance the electrical conductivity of the superhydrophobic polymer 

coatings [101]. 

1.3.2 Physical aspect 

1.3.2.1 Top-down approaches 

As a basic term in microelectronics, top-down methods are related to the removing materials from the 

surface by carving, molding, or machining bulk materials with tools and lasers. Based on top-down methods, 

many studies have been devoted to produce favorable roughness directly on the intended materials including 

etching, templating, micromachining, and lithographic approaches (Figure 1-4 (a)) [41]. Thus, since the final 

surface roughness is created out of bulk material, they have less interfacial adhesion issues than bottom-up 

approaches [102]. Etching and templating are two most common top-down approaches (Figure 1-4 (b and c)). 

Etching processes refer to removing materials from the surface following a reaction mechanism [21]. 

Templating mainly involves three consecutive steps of template making, a molding step where replication 

occurs, and a demolding step [103]. In micromachining technique, both ordered and non-ordered structures can 

be produced on the substrate using various sources such as laser, electrical-discharge machining (EDM) and 

LIGA (German acronym for Lithographie, Galvanoformung und Abformung) [104]. Lithography as a common 
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method used for making regular and well-defined structures involves using various source of lights to irradiate 

via a mask onto the photoresist-coated substrates [105]. 

Etching is one of the well-established conventional top-down methods in terms of simplicity, cost-

effectiveness, ease of operation as well as scalability. The two major types of etching are wet chemical etching 

and dry etching (e.g., plasma treatment). In wet chemical etching process, various liquid chemicals or etchants 

are utilized to selectively remove some part of the immersed material [106]. For instance, dislocations or 

impurities on metal substrates can be etched by acidic or alkaline solutions to induce roughness on the surface. 

Although, wet chemical etching process has some advantages, e.g., simple equipment, high etching rate and 

good selectivity, there are many drawbacks including tends to be isotropic etching, non-environmentally 

friendly, needs for large amounts of chemical etchant to completely cover the substrate material, as well as 

continual replacement of chemical etchants to keep the same initial etching rate [107]. However, in dry etching, 

reactive plasma radicals or etchant gasses selectively remove the substrate material. Plasma based dry etching, 

has a broad range of application in the medical, food and industrial field due to its simplicity, environmentally 

friendly process, and good process control. It usually gives an anisotropic etch profiles as well. Furthermore, 

plasma treatment is a decent way to create roughness on the surface without affecting the desired bulk 

properties of materials [108]. Since the plasma treatment is of special interest in the present Ph.D. thesis, a 

detailed literature review is given in the subsequent sections. 



 

20 

 

Figure 1-4. Schematic illustration of a) concept of top-down methods; and two common approaches 

including b) plasma etching, and c) templating. 

1.3.2.2 Bottom-up approaches 

On the contrary, bottom-up methods are based on developing greater and more complicated objects by 

integration of smaller pieces [41, 109]. Chemical deposition, sol-gel, spray coating and spin coating are some 

examples of bottom-up approaches by which superhydrophobic layer containing multiple components are 

deposited on the substrate (Figure 1-5 (a)) [110-112]. Chemical deposition is a general term for spontaneous 

self-assembling and deposition of components on a substrate via chemical reaction which divided into three 

categories of chemical bath deposition, chemical vapor deposition and electrochemical deposition [41, 113]. 

Sol-gel method involves the preparation of sol using hydrolysis of the corresponding oxide within a solvent 

followed by network formation process called gel formation. A solvent-rich, three-dimensional gel network 

arises from condensation and inorganic polymerization process [114]. Spray, spin, and dip coating can be 

considered as the physical deposition methods where multiscale structures are created on the surface through 

simple yet scalable approach [105]. For instance, Li et al. [115] developed a durable epoxy/PDMS/SiO2 

superhydrophobic coatings (Figure 1-5 (b)). They developed superhydrophobic coatings on various substrates 

including glass, copper foam and filter paper possessing relatively good mechanical durability. As shown in 
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Figure 1-5 (c1-c6)), regardless of the type of surface, the microstructures formed on the surface led to 

WCA>150° and superhydrophobicity. 

 

Figure 1-5. a) Schematic of concept of bottom-up approaches; b) schematic illustration of spray coating of a 

durable superhydrophobic epoxy/PDMS/SiO2 composite coating, c1-c3) SEM images of pristine glass, 

copper foam, and filter paper, c4-c6) SEM images of the corresponding coated surfaces [115]. 

Since bottom-up methods are generally substrate independent, they are more applicable in the 

fabrication of superhydrophobic surfaces yet might suffer from low mechanical durability and interfacial 

adhesion of upper layer to the substrate [116, 117]. Some studies, addressing the weak interfacial adhesion, 

delamination or wearing out of the superhydrophobic coatings, developed some strategies to enhance their 

mechanical stability such as grafting, crosslinking, and self-healing methods [118-120]. 

All these methods are concentrated on the fabrication of superhydrophobic coatings on the substrate 

materials where robustness especially mechanical durability as well as limited thickness of the coatings are 

still a concern. One of the new concepts in the development of superhydrophobic materials having permanent 

superhydrophobic properties is the creation of low-surface-energy micro-nanostructures extending through the 

whole volume of the hydrophobic material. The superhydrophobic materials named volumetric 

superhydrophobic nanocomposite can be considered as a novel bottom-up approach in which the incorporation 
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of micro and nanoparticles within hydrophobic matrixes offers a three-dimensional continuous 

superhydrophobicity. Later, a brief discussion of this approach is presented. 

1.3.2.3 Combination of top-down and bottom-up approaches 

There are some methods by which the hierarchical multiscale surface roughness was created with the 

combination of both top-down and bottom-up approaches. Generally, these methods comprise a two-step 

procedure of producing rough structures on the surface using top-down methods with subsequent formation of 

soft structures based on bottom-up approaches. For example, there is a hybrid plasma system consisting of an 

etching step (top-down approach) and a polymer deposition step (bottom-up approach) consecutively [121]. 

1.4 Plasma treatment 

From the physical point of view, plasma is a partially ionized gas consisting of a mixture of ions 

(positive and negative), free electrons, and neutral species. It is mainly considered as the fourth state of matter, 

the other three are gas, liquid and solid. By applying a considerable amount of electrical energy to a gas stream, 

the atoms and molecules of gas are ionized and transformed into the high-speed stream of glow discharge, so-

called plasma, which is being shot at a sample in pulses. In order to generate plasma, the gas breakdown voltage 

must be surmounted by applied electrical energy which relies on the electrode spacing and the pressure [122]. 

Plasma systems can be categorized in diverse ways presented as follows [123]. 

• Based on applied pressure inside the plasma chamber: low-pressure and atmospheric-pressure plasma. 

• Based on the temperature of plasma gas (including electrons and ions) and degree of ionization: hot 

and cold plasma. 

• Based on the excitation frequency: direct current (DC) and alternating current (AC), radio frequency, 

and microwave plasma. 

• Based on the electron affinity of plasma gases: electropositive and electronegative plasma gas. 

In the following, we elucidated the first category. Low-pressure plasmas have wide range of applications 

in fabrication of superhydrophobic surfaces, materials processing, manufacturing semiconductor devices as 

well as surface finishing of medical implants, sterilization and production of antibacterial surfaces [124, 125]. 

Due to the low plasma gas temperature (below 150 °C) during this procedure, this is a beneficial method for 

the thermally sensitive substrates [122]. On the other hand, the existing ions in the plasma stream can be 
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accelerated toward a substrate in an intended direction. This accelerated plasma stream leads to directional 

etching of submicron features. In addition, an even glow discharge distribution can be created over large 

substrate areas causing the uniform surface treatment at the same etching rate (Figure 1-6 (a1 and a2)) [126]. 

However, operating the plasma at reduced pressure has several drawbacks. Vacuum systems are expensive and 

have high maintenance cost, and some unforeseen accidents in these systems may lead to an economical and 

safety issues as well. Furthermore, as it is a batch process, the size of the object that need to be treated is 

confined by the size of the vacuum chamber [122]. The atmospheric-pressure plasma overcomes the 

disadvantages of vacuum operation due to its continuous treatment, lower energy consumption, shorter 

processing times, lack of need for vacuum equipment, as well as cost-effectiveness. Moreover, the simplicity 

of incorporating the atmospheric-pressure plasma system with the available production lines can be considered 

as an essential advantage of this approach compared to the low-pressure plasma treatment [127, 128]. 

Transferred arcs, plasma torches, corona discharges, and dielectric barrier discharges are the common 

sources of atmospheric-pressure plasma systems. The temperature of electron and reactive neutrals higher than 

3000 °C, as well as density of charge species in the range of 1016–1019 cm-3 is obtained in arcs and torches 

[122]. These plasmas are mainly applied in metallurgy because of the high plasma gas temperature. Lower 

temperature (50–400 °C) of weakly ionized gas along with less density of charged species is the main 

characteristic of corona and dielectric barrier discharges. Due to the non-uniformity of these discharges, their 

use in materials processing is limited. An atmospheric-pressure plasma jet is an effective process which exhibits 

many characteristics of a conventional low-pressure plasma including, approximately low plasma gas 

temperature, charged species density between 1011–1012 cm-3, and high concentration of reactive species (10-

100 ppm) (Figure 1-6 (b1 and b2)) [122, 129]. 
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Figure 1-6. a1) An image of even distribution of glow discharge within low-pressure plasma treatment, a2) 

schematic of corresponding plasma system [130]; b1) an image of atmospheric-pressure plasma jet, b2) 

schematic of the corresponding plasma jet [21]. 

In addition to the surface roughness, plasma treatment may influence the surface chemical composition 

which can be controlled by various plasma parameters. Several studies have investigated the effect of plasma 

parameters on surface properties; however, it should be noted that these variables are sometimes specific to the 

system characteristics, and therefore they cannot be generally applied to all plasma systems. In the current 

Ph.D. study, atmospheric-pressure plasma treatment is of specific interest because of its relative simplicity, 

low cost, high speed, easy implementation and industrial applicability. Plasma generation power, treatment 

time, distance from nuzzle to the substrate, cycle time, gas flow rate as well as the type of plasma gas are the 

effective parameters in atmospheric-pressure plasma jet. Throughout the following sections, the effect of some 

of these factors on surface roughness and chemical composition of the plasma-treated surfaces is presented. 
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1.4.1 The effect of plasma treatment on surface roughness 

One of the common applications of plasma system is to generate micro-nanostructures on the surface. 

This approach is called plasma etching. Surface treatment by plasma system always involves plasma etching 

alterable by the plasma parameters and substrate materials. In plasma etching, the generated reactive atoms or 

ions (such as oxygen, chlorine, fluorine) in the gas discharge are responsible for the dry etching. The anisotropic 

etching of the materials can be a result of plasma treatment [41]. 

Numerous studies have assessed the impact of atmospheric-pressure plasma treatment on surface 

roughness of polymers some of which have worked on surface roughness considering plasma parameters [14, 

129, 131]. It has been shown that by controlling diverse plasma parameters, surface topography can be adjusted 

to a significant degree. In addition to the direct effect of these parameters, there is an indirect effect which 

arises from interaction among the parameters that influences the results. Therefore, in order to control the final 

surface roughness affecting the wetting properties, these parameters and their interactions should be carefully 

monitored and adjusted. In this section, we concentrated on correlation between different parameters of 

atmospheric-pressure plasma system and surface roughness. 

One of the most important factors in plasma treatment is plasma power. Low plasma power merely 

activates the surface, and therefore becomes ineffective in plasma etching [14]. Increasing the plasma power 

directly enhances the ionization of etching gases, excitation and the degree of dissociation of gas molecules 

[61, 132]. Consequently, high power usually enhances the amounts of erosion which will subsequently lead to 

the higher roughness [131, 133]. The great etching rate of PDMS under sulfur hexafluoride (SF6) plasma gas 

was achieved at high plasma power and caused the formation of PDMS microstructures possessing good 

anisotropy (Figure 1-7 (a)) [134]. During air plasma treatment, the width and height of the bumps formed on 

the surface of polypropylene (PP) increased by increasing the plasma power due to the local modifications of 

the surface crystalline level (Figure 1-7 (b1 and b2)). The high discharge heating led to the formation of hot 

spot on the surface and melting the polymer at the point. Subsequently, the polymer became more amorphous 

and local surface crystalline level would get modified [135]. It was shown that the root-mean-square (RMS) 

roughness values of LDPE treated by argon plasma gas slightly increased as a function of applied power 

ranging from 3 to 11 W. The higher the plasma power, the broader the peaks and depths will be [136]. Indeed, 

increasing the plasma power should be controlled in order to have appropriate surface roughness and uniformity 
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at the same time. Uncontrolled increase of plasma power could lead to adverse results. Yasuda et al. [137] 

showed that the surface would be over-etched by oxygen radicals at highest plasma power and surface 

uniformity would be deteriorated by area of non-active particles. Moreover, exceed plasma gas temperature 

damaged the surface during treatment. 

Treatment time can also significantly affect the etching of the substrate. In the system used in the present 

study, treatment time is expressed as the plasma jet speed and number of passes [21]. Faster jet speed and 

smaller number of passes illustrates shorter treatment time, and vice versa. Since the etching of the polymer 

surface depends on the degree of crystallinity of the polymer, the PMMA substrate etched homogeneously 

through a short time air plasma treatment and led to smoother surface roughness. However, in longer treatment 

time, the RMS roughness was up to two times higher than that of untreated surfaces which could be elucidated 

by thermal damage caused by overheating of the sample during treatment [138, 139]. In another research, the 

gradual increase of surface roughness was observed corresponding to higher plasma treatment time. After 32 s 

plasma treatment, the RMS roughness became more than 6 times greater than untreated substrate which was 

related to the appearance of bumps on the treated surface [140]. It was demonstrated that the roughness 

increased at low jet speed. As shown in Figure 1-7 (c1-c4), increasing the treatment time resulted in higher 

RMS roughness of poly(ethylene terephthalate) (PET) related to crystalline character of biaxially oriented 

chains. As the etching rate of crystalline parts is lower than that of amorphous parts, the roughness differed 

with respect to the plasma treatment time [138]. On the other hand, at considerably increased treatment time, 

the plasma-formed features became smaller, more pronounced, more contorted and closer together, and no 

change in roughness was observed [141, 142]. It can be concluded that there is an optimum plasma treatment 

time to get higher surface roughness. 

The type of plasma gas and its flow rate are also of great importance in plasma treatment. Specific 

plasma particles can react with certain atoms or phases on the substrate and produced reaction gaseous 

compounds are ejected off the surface. Atmospheric-pressure plasma treatment has good selectivity. For 

example, O2/He plasma gas etches Kapton and organic materials, where oxygen reacts with carbon and 

hydrogen and produces gaseous carbon dioxide, carbon monoxide and water [143-145]. However, a CF4/He 

plasma gas can etch inorganic materials like SiO2 and Tungsten [143]. 
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There are different gases used for plasma etching, such as air, O2, N2, Ar, He, CF4, SF6, etc. Ion-surface 

collisions are the predominant factor of N2 plasma etching of PMMA surfaces which is due to non-reactivity 

of nitrogen gas in plasma etching. Higher surface roughness with lower etching rate was achieved after N2 

plasma treatment [138]. Due to the high reactivity of O2, higher etching rate and lower surface roughness was 

achieved in comparison to plasma generated in other gases as N2, air, Ar, H2 and ammonia (NH3) [138, 146]. 

However, a conflicting result was attained by Rezaei et al [131]. They stated that the surface roughness of 

He/O2 plasma treatment resulted in higher topographical changes of PET films in comparison to He/N2 plasma. 

The morphology of the air-plasma treated PET surface displayed peaky structures with up to two times higher 

surface roughness compared to Ar/O2 plasma-treated PET [138]. 

Carbone et al. [147] investigated the surface modification of PTFE by an Ar and Ar/O2 plasma created 

with an atmospheric-pressure radio frequency system. It was claimed that by the addition of oxygen to the Ar 

plasma gas, the formation of volatile species was increased leading to the roughening of the surface and 

increasing the hydrophobicity of the PTFE up to 130°. Wang et al. [148] compared the surface treatment of 

PMMA using Ar and He. In comparison to Ar, using He as a plasma gas resulted in the formation of smaller 

spikes and consequently higher surface roughness was achieved (Figure 1-7 (d1-d3)). In terms of argon plasma-

treated PDMS surface, the bond breaking, reorganization of the chemical groups and possibly chain scission 

of the PDMS backbones on the surface could be responsible for enhancing the surface roughness [149]. In 

another research, the argon bombardment during treatment induced augmentation of the crosslinking 

characteristic of poly(ether)sulfone. As a consequence, the number of high and deep points on the surface 

decreased and a smoother surface with lower surface roughness was attained [150]. The surface roughness of 

the Ar/CF4 plasma treated PMMA substrate was improved from 4.63 nm to 11.8 nm because of the formation 

of hill-like granules on the surface [151]. 

In order to enhance the hydrophobic property of the material, the fluorine-based gases such as CF4 and 

SF6 are mainly used. Furthermore, as the constituent C-F bond of the fluorinated gases can be easily activated 

in the plasma, the high concentration of reactive radicals is simply attained leads to the creation of hydrophobic 

particulates in the gas phase. The arrangement of these particulates on the intended surface can enhance the 

final hydrophobicity. While it is worth mentioning that the plasma-generated fluorine radicals and ions are 

highly toxic and corrosive, and the adhesion of fluorinated particulates to the substrate is weak [152]. 
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The other essential factor is the distance from the nuzzle to the substrate. Temperature or composition 

of plasma stream as the representatives of its physical and chemical characteristics can vary significantly with 

the distance between plasma nuzzle and the substrate. Therefore changing the distance will subsequently alter 

the surface properties [127]. Kewitz et al. [153] reported that the energy influx decreased with the square of 

the distance. The energy flux of the plasma streams varied more at shorter distances for different gas flows. 

 

Figure 1-7. a) Dependence of etching rate of PDMS on plasma power and bias reference voltage [134]; b1 

and b2) the changes in arithmetic mean surface roughness (Ra) , bumps width and height as a function of 

plasma power [135]; AFM scans of c1) untreated PET surface, plasma-treated surfaces for c2) 1 s, c3) 3 s 

and c4) 5 s [154]; AFM scans of d1) untreated PMMA films, d2) Ar plasma-treated after 90 s, and d3) He 

plasma-treated after 90 s [148]. 

1.4.2 The effect of plasma treatment on surface chemical composition 

As it was mentioned that during plasma treatment, the surface modification and etching of the substrate 

are inevitable and parallel, and both of which may have an impact on the final surface wettability. The collision 

of high-energy particles of the plasma discharge with the substrate surface may lead to the breakage of some 

chemical bonds and formation of new ones all of which could alter the chemical composition of the substrate 

compared to untreated sample. Little et al. [155] claimed that higher wettability of PCL after treatment by an 

atmospheric-pressure glow discharge plasma is proportional to the formation of surface roughness (55-60%) 

and surface functionalization (40-45%). During air-plasma treatment, surface oxidation of PP was confirmed 
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using x-ray photoelectron spectroscopy (XPS) analysis. The addition of oxygen to the surface during treatment 

as well as post-treatment reaction of the formed active radicals on the surface with oxygen from air could 

oxidize the PP surface. Small amounts of nitrogen were also detected on the treated surfaces [156]. Given the 

plasma gas used for treatment of PET surfaces, the wettability and free energy of the treated surfaces were in 

the following order: N2 > air > Ar gases [157]. The same overall trend of strong oxidation without any evidence 

of nitrogen was found on the air or N2 plasma-treated PMMA. The scission of C-C and/or C-H bonds with 

further reaction with oxygen present in the surrounding air led to the higher concentration of oxygen containing 

bonds (C-O and C=O) [138]. The surface tension of PE was improved after air and nitrogen plasma treatment 

due to the incorporation of hydrophilic functional groups containing oxygen and nitrogen onto the PE surface 

(Table 1-1) [158]. 

Table 1-1: Surface and wettability properties of PE before and after plasma treatment with air and nitrogen 

[158]. 

Treatment RMS roughness 

(nm) 

XPS Surface tension 

(mN.m-1) 

Water contact angle 

(°) O 

(at.%) 

N 

(at.%) 

Reference 9.1 3.0 <0.1 30.2 93.3 

Air plasma 14.3 21.4 3.3 67.5 21.6 

Nitrogen plasma 11 16.9 5.4 55.3 41.0 

 

Juárez-Moreno et al. [149] investigated the surface chemical composition of PDMS using O2, Ar and 

N2 plasmas. By increasing power and treatment time, hydroxyl groups appeared on the surface of O2 plasma-

treated surfaces. On the other hand, instead of amine group, some silynitrile groups were found on the PDMS 

surface after N2 plasma treatment. During plasma treatment with inert gases like Ar, an etching process and 

hydrogen abstraction are expected yielding free radicals at or near the surface. However, it is not expected to 

add new chemical functionalities from the gas phase yet two free radicals can either recombine or produce 

unsaturations, branches or crosslinks [159]. The higher O/C atomic ratio of surface treated LDPE by Ar plasma 

jet than pristine surface can be attributed to the operation in ambient air and admixture of air in the plasma 

effluent. It can be the main reason of higher surface wettability of plasma-modified LDPE [160]. 
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1.4.3 Superhydrophobic surfaces using plasma treatment 

As mentioned before, the generation of surface roughness along with chemical modification can 

enhance the hydrophobic characteristics of treated surfaces. It is worth to mention that plasma system can be 

used not only as an etching system but also to apply low surface energy materials on the surface. The majority 

of plasma-based superhydrophobic surfaces can be divided into three main approaches: (1) roughening 

hydrophobic materials, (2) surface etching with subsequent deposition of hydrophobic coatings, and (3) making 

decent hydrophobic structural features in one-step of the deposition or growing coating layers [152].  

In order to generate superhydrophobic surfaces based on the first category, plasma etching as a stand-

alone treatment can be applied to develop roughness on various low-surface energy materials, especially PTFE. 

Barshilia et al. [161] created superhydrophobic PTFE surfaces with leaf-like micro-protrusions by means of 

Ar/O2 low-pressure plasma treatment. After 4 h treatment, the highest value of the WCA ~158° was achieved 

at the maximum average surface roughness value. The superhydrophobic PTFE surfaces were generated by 

almost the same plasma procedure exhibited the maximum WCA of 178.9°, with a SA less than 1°. The aging 

resistance of the plasma-treated surfaces in ambient condition was confirmed after prolonged exposure to air 

for 80 days. Good water-repellency with stable WCA was observed even after the repetitive water droplet 

impact experiments [162]. 

In addition to the plasma etching technique on low surface energy materials, there is a surface chemical 

modification method, called functionalization, by which surface etching and modification is accomplished 

simultaneously [163]. CF4 is the most common gas used for etching and fluorination of the surface. In this case, 

fluorinated groups deposited on the substrate are covalently bonded to the surface which can further decrease 

the surface energy. Samples etched with CF4 plasma gas exhibit a significant amount of fluorocarbon groups 

along with high roughness [164, 165]. Yang et al. [166] fabricated a superhydrophobic polyvinylidene fluoride 

(PVDF) flat sheet membrane via CF4 plasma surface modification. It was observed that 30% water flux 

enhancement on the superhydrophobic membranes (WCA of 162.41°) compared to the pristine PVDF 

membrane. Gao et al. [167] investigated the surface treatment of silicone rubber samples using CF4 low-

pressure plasma treatment. Concurrent increment of surface roughness by the ablation reaction of CF4 plasma 

and formation of [–SiFx(CH3)2-x–O–]n (x=1, 2) structure produced by the direct attachment of F atoms to Si are 

the main reasons of fabrication of superhydrophobic surfaces. CFx nano-particulates-based superhydrophobic 
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coating was created using CF4, H2 and He plasma treatment. A superhydrophobic coating with aspect ratio 

lower than 0.2 and average roughness of 10 nm was attained [168]. 

Under atmospheric-pressure condition, plasma polymerization process has been widely used by which 

superhydrophobic surfaces are made using deposition of hydrophobic coatings on micro-nanostructured 

substrates by precursor in gas phase. Technically, it is different from functionalization according to the fact 

that it involves coating the surface instead of covalently binding plasma species to the surface [169]. Most of 

these studies are composed of two separate steps, plasma etching and deposition of a hydrophobic layer [170-

172]. However, single-step plasma deposition and polymerization processes are more appealing in practical 

application point of view which are placed in the third category. To apply a superhydrophobic coating, e.g. 

fluorocarbons and organosilicons, on a flat substrate, the hydrophobic micro and/or nano-scale surface 

roughness should be generated during one-step plasma treatment [173]. Due to the corrosivity and high toxicity 

of created fluorine radicals and ions during plasma treatment, the benign hydrocarbon precursor gases are a 

safer alternative for atmospheric-pressure plasma conditions. The superhydrophobic silicone substrate covered 

with nano-roughened hydrocarbon coating was achieved using benzene as the main precursor along with C6 

hydrocarbons as a reactive gas in helium plasma. It was stated that no pre-roughening of the substrate was 

accomplished [152]. However, the benzene-based coatings were very powdery and the particle adhesion to the 

substrate was weak. Marchand et al. [173] developed a more durable superhydrophobic film using an 

organosilane precursor. The organic-inorganic hybrid precursor of tetramethylsilane (TMS) was chosen due to 

its stability, volatility and relatively low health hazardous. The dissociation of TMS in the atmospheric plasma 

led to the formation of the mild fusing/agglomeration of particulates through gas-phase condensation reactions. 

Fused particles behave more as a continuous layer compared to a powder coating and resulted in a more durable 

coating. In another research, the atmospheric-pressure plasma jet was used to form the hexamethyldisilazane 

(HMDSN) plasma polymerized nano-film on a silicon wafer. The superhydrophobic surface exhibited the 

organosilicon sphere stacking structure [174]. 

Forasmuch as coatings have low durability and wear out more readily, creation of roughness on the 

hydrophobic silicone rubber using one-step plasma treatment is the main purpose of this project. To the best 

of our knowledge, most of the research that has been surveyed the roughening hydrophobic materials, has been 

performed using low-pressure plasma system. Air atmospheric-pressure plasma treatment is considered as the 
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basic system of this project which is more useful than low-pressure system from practical and industrial point 

of view. 

1.5 Superhydrophobic nanocomposite 

As it was mentioned earlier, various types of micro and nanoparticles are utilized in fabrication of 

superhydrophobic nanocomposite coatings to not only induce sufficient roughness on the substrate but improve 

specific properties regarding the final application of the coating. There are various factors used to describe the 

particle shape including aspect ratio, Stokes’s shape factor, and radial shape factor [175]. According to the 

aspect ratio as a common factor to characterize the particle shape (i.e. the ratio between length and thickness 

of the particles), four categories are defined for particles known as spherical, disc-shaped, bladed and rod-like 

[176]. Owing to their exceedingly small size as well as their high surface area, the incorporation of 

nanoparticles into the polymer matrix can significantly enhance various physical and chemical properties of 

nanocomposites. There are three main categories to characterize the nanoparticles having one or more 

dimensions in the nanoscale: one-dimensional nanoparticles as the sheets, laminas and plates; two-dimensional 

nanoparticles as the nanotubes and nanofibers, three-dimensional nanoparticles as spherical ones (Figure 1-8) 

[177]. 

 

Figure 1-8. Schematic illustration of three main categories of nanoparticles [178]. 

Metal oxides including SiO2, ZnO and TiO2 are some examples of existing spherical particles [179]. It 

was demonstrated that particles synthesized from amorphous compounds are spherical, while particles of 

crystalline solid phases show characteristic of crystal habits [180]. There are also spherical polymer particles 
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which can be converted into non-spherical particles using specific methods [181]. The disc-shaped particles 

exist in microscale, e.g., diatomaceous earth, and nanoscale, e.g., nanosheets of graphene and nano clay. In 

such particles, the nanoscale thickness of particles leads to their great aspect ratio [182]. Carbon nanotube 

(CNT), nanofiber of peptide and nanocellulose are some examples of rod-like particles [183]. 

According to the literature, in addition to the surface superhydrophobicity, other properties of the 

nanocomposite coatings can also be enhanced by addition of particles such as electrical conductivity, thermal 

conductivity, mechanical strength, anti-bacterial properties and photocatalytic wettability. CNTs and graphene 

have been widely used in development of conductive superhydrophobic nanocomposite coatings. Zhang et al. 

[184] fabricated superhydrophobic multiwalled carbon nanotubes (MWCNTs)/epoxy nanocomposite coating 

with high electrical conductivity. Owing to the hierarchically porous three-dimensional nanostructure of 

MWCNTs, WCA of 154° and sliding angle of ⁓6° was achieved. Asthana et al. [185] reported that the 

combination of carbon black and graphene nanosheets illustrated both excellent water impalement resistance 

and electrical conductivity as well as superhydrophobic and oleophilic behavior. Feng et al. [186] developed a 

superhydrophobic nanocomposite coating using two-dimensional graphene nanosheets led to the self-wrinkling 

surface morphology. Ribeiro et al. [187] verified the efficiency of alumina trihydrate (ATH) on thermal 

conductivity, flame retardancy, as well as tracking and erosion resistance of a superhydrophobic RTV-SR 

coating containing ATH and silica particles. The superior water-repellency and anticorrosion performance 

along with good thermal conductivity were obtained by the addition of TiO2 to polyaniline [188]. Cully et al. 

[189] demonstrated that the presence of silica particles at a volume fraction of 25 vol.% significantly improved 

the Young’s modulus and hardness properties of superhydrophobic coating. Copper oxide nanoparticles with 

hydrophobic silica were used to produce a superhydrophobic coatings with extremely low bacterial adhesion 

via spray-coating [190]. Due to the excellent simultaneously photocatalytic and photostimulated 

superhydrophoilic properties of TiO2 nanoparticles, a superhydrophobic high density polyethylene 

(HDPE)/TiO2 nanocomposite film was fabricated exhibiting self-cleaning properties and UV-induced 

reversible wettability [191]. 

Albeit tremendous efforts have been devoted to design non-wettable superhydrophobic surfaces, 

robustness is still one of the bottlenecks hindering their practical applications. Unlike the living biological 

surfaces, the water-repellent behavior of biomimetic surfaces is hardly recoverable once destroyed [192]. Loss 
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of designed surface roughness due to mechanical damages, and/or diminution of the intrinsic surface 

hydrophobicity as a result of chemical reaction or formation of hydrophilic contamination are responsible for 

the lost water-repellency of superhydrophobic materials. As a consequence, the Cassie-Baxter state may 

become unstable where the transition from Cassie-Baxter to Wenzel regime may occur and eventually results 

in a higher CAH [19]. 

Nowadays, several strategies are proposed to delay or prevent the Cassie-Wenzel transition. The most 

important factor for stability of Cassie-Baxter state is the maintenance of surface textures. Some studies [193, 

194] employed dual-scale or multiple-scales of geometric features to ensure the stability of Cassie-Baxter state 

even after elimination of upper portion of the surface features. Such morphology composed robust microscale 

protrusions which protected fragile nanoscale features superimposed on them against mechanical forces. In 

this situation, unlike surfaces without nanostructures, the microscale features do not need to have large aspect 

ratio to maintain the Cassie-Baxter state. Nevertheless, during mechanical damages, if the height of the 

microscale features became lower than threshold value required to sustain the droplet on top of the asperities, 

the droplet would sink into the grooves. Eventually, a transition to the Wenzel regime and increase in CAH 

would be observed [195]. 

The second most important factor for robustness of superhydrophobic surface is retaining the surface 

chemistry. Loss of hydrophobicity due to mechanical or chemical damages is closely related to the degree of 

coating homogeneity in the bulk. During mechanical damages, the chemical homogeneity of the coating 

throughout bulk can have a positive effect on the preserving the surface hydrophobicity. Otherwise, if the top-

coat or surface functionalization strategy is utilized to create a superhydrophobic surface, the elimination of 

the thin upper layer by mechanical forces can lead to the loss of surface hydrophobicity [196]. Moreover, due 

to chemical damages, the chemical composition of the exact upper layer of superhydrophobic surfaces can alter 

and results in damaged surface hydrophobicity. According to the literature, there are various methods proposed 

to tackle the robustness issues and prolong the lifespan of superhydrophobic surfaces. Based on the source of 

regeneration of water-repellent behavior, these approaches can fall into three main categories: mechanically 

self-healing superhydrophobic surfaces, chemically self-healing superhydrophobic surfaces, and volumetric 

superhydrophobic nanocomposite. Each category is briefly explained in the following sections. 
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1.5.1 Mechanically self-healing superhydrophobic surfaces 

Generally, the micro-nanostructures are susceptible to be damaged or destroyed after mechanical wear 

and abrasion. Thus, regenerating the surface topographies is an effective strategy to develop durable self-

healing superhydrophobic surfaces. Reorganization of the micro and nanoparticles on the surface is a way to 

restore the initial structure of the damaged surfaces. To do so, Puretskiy et al. [197] developed a self-repairable 

superhydrophobic surface based on highly fluorinated crystalline fusible wax included with colloidal particles. 

The particles spontaneously segregated at the interface with air and formed hierarchical surfaces with self-

cleaning properties. The scratched surface recovered its superhydrophobic properties after melting due to the 

migration of particles to the newly formed surface. Chen et al. [198] developed a self-repairing 

superhydrophobic nanocomposite coating containing fluorinated silica and TiO2 nanoparticles embedded 

within the polystyrene matrix. During UV irradiation of abraded surface, the top layer of polystyrene was 

decomposed due to the photocatalysis of TiO2 nanoparticles. Consequently, fluorinated silica and TiO2 

nanoparticles were exposed creating the appropriate surface morphology. Thereafter, migration of low surface 

energy agents to the surface restored the superhydrophobicity (Figure 1-9 (a1 and a2)). Lewin et al. [199] 

claimed that the concentration of polyhedral oligomeric silsesquioxanes (POSS) nanoparticles was increased 

due to the migration of particles to the surface of nanocomposite. The concentration gradient was produced by 

intermittent heating and cooling. 

Huang et al. [200] worked on roughness regeneration of a superhydrophobic surface due to the cross-

scale structural deformations from microscale to nanoscale. As a result, the damaged roughness could be 

repaired by itself immediately. It was observed that such hierarchical structural response was highly relevant 

to the abrasion intensity. Based on the shape memory polymer, Lv et al. [201] developed a self-healing 

superhydrophobic surfaces where the pressed surface microstructure, the damaged surface chemistry, and the 

surface superhydrophobicity can be recovered through a heating process (Figure 1-9 (b1-b4)). As shown in 

Figure 1-9 (c1-c3), the microscopy images confirmed that the shape memory effect of the epoxy used in this 

study had a particular ability to memorize the temporary shape after deformation and restore the permanent 

morphology upon heating treatment. Although there are several studies concentrated on the regeneration or 

recovery of surface structures, it still demands significant efforts to prolong the lifespan of water-repellent 

surfaces. 
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Figure 1-9. a1) the working principle of self-healing fluorinated silica and TiO2 superhydrophobic coating, 

a2) changes of WCA against number of oleic acid adhesion followed by UV light irradiation [198]; b1-b4) 

schematic illustration of self-healing process of developed superhydrophobic surface where pressure-induced 

deformation was recovered by subsequent heating; 3D confocal microscopy images of the c1) original 

superhydrophobic surface, c2) after pressing the surface, and c3) after heating it at 85 °C for 120 s [201]. 

1.5.2 Chemically self-healing superhydrophobic surfaces 

Regarding diverse applications of self-cleaning water-repellent surfaces, there is a need to create 

superhydrophobic surfaces on the hydrophilic materials by the development of patterned surface topographies 

with special hydrophobic coating. This approach has a main drawback which is stated in the study of Xiu et al. 

[202]. They illustrated that after rubbing the superhydrophobic surface against sandpaper, the hydrophilic 

silicon oxide beneath the coating would be exposed due to the wearing off the superhydrophobic coating from 

the tops of the micropyramids. Despite the high WCA of the rubbed surface, the CAH increased because of the 

adhesion of water to the tops of the abraded micropyramids. Inspired by the regeneration of the hydrophobic 
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wax layer on top of the natural leaves, the chemically self-healing approach was proposed to recover the 

superhydrophobic properties using hydrophobic low-molecular weight compound embedded in cavities or 

pores of the superhydrophobic materials. Li. et al [203] developed a superhydrophobic film with a self-healing 

hydrophobic surfactant coating that relies on the tendency of the film to minimize its surface energy. During 

deposition of a hydrophobic silane surfactant layer, an excess of surfactant was used so that a large amount of 

silane was absorbed within the bulk film. The diffusion of silane to the hydrophilic surface induced by 

mechanical damage or chemical modification can minimize its surface energy and effectively recover the 

damaged hydrophobic layer. The surfactant reservoir enabled the hydrophobic layer to be restored many times. 

The self-healing behavior of low surface energy perfluorooctyl acid stored within the nanopores of anodized 

aluminum was surveyed by damaging the upper layer of superhydrophobic surface using O2 plasma treatment. 

After treatment, the surface became superhydrophilic. As the short time exposure to plasma wouldn’t have 

significant impact on the underlying perfluorooctyl acid, WCA of the treated surface increased along with the 

time to restore its superhydrophobicity after 48 h [204]. Li et al. [205] fabricated a self-healing 

superhydrophobic coating using encapsulated healing agents of reacted fluoroalkylsilane within layered 

polymeric coating. After decomposition of the top hydrophobic layer or scratching the coating, the 

superhydrophobicity was regained under ambient condition with a relative humidity of 40% for 4 h (Figure 

1-10 (a1-a3)). It was observed that at higher relative humidity, the self-healing process was faster. Golovin et 

al. [206] developed numerous self-healing superhydrophobic surfaces using different hydrophobic fillers 

including fluorodecyl polyhedral oligomeric silsesquioxane (F-POSS). Although the coating subjected to the 

O2 plasma treatment became hydrophilic due to the hydrolyzation of F-POSS, the surface regained its 

superhydrophobicity by heating treatment. The heating process was a driving force induced the remained F-

POSS to migrate to the surface. 

Silicone rubber can serve as a reservoir for hydrophobic LMWS which migrate from the bulk to the 

surface to recover the water-repellency. Yan et al. [207] investigated the hydrophobic recovery of the corona-

aged silicone rubber surface. Migration of low molecular weight components from bulk to the damaged surface 

led to the full recovery of superhydrophobic characteristic through a self-healing process. It was claimed that 

the corona aging propagated some surface cracks which could accelerate the recovery process of low surface 

energy, and it is beneficial to the self-healing properties of superhydrophobic silicone rubber. Tu et al. [208] 
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developed a self-healing superhydrophobic nanocomposite coating on hydrophilic wood surface through two 

subsequent steps of precoating the surface with PDMS followed by spray coating with perfluoroalkyl 

methacrylic copolymer (PMC)/TiO2 nanocomposite. The samples subjected to 10 h of UV irradiation showed 

WCA of >150°, while CAH increased up to 25°. The superhydrophobicity was deteriorated due to the 

demolition of the PMC layer and the exposition of TiO2 particles to water. The water-repellency, however, was 

restored by the migration of LMWS during heat treatment (Figure 1-10 (b1-b3)). 

 

Figure 1-10. a1) Schematic illustration of working principle of self-healing superhydrophobic coating, a2) 

the reversible changes of WCA after plasma treatment, a3) the changes of WCA as a function of etching-

healing cycles [205]; b1) schematic illustration of superhydrophobic coating, b2) changes of WCA and SA 

against UV irradiation time, b3) changes of SA as a function of UV irradiation and heat treatment cycles 

[208]. 

1.5.3 Volumetric superhydrophobic nanocomposite 

One of the new concepts in designing damage-tolerant superhydrophobic materials is the development 

of volumetric superhydrophobic nanocomposites which possess low surface-energy micro and/or 

nanostructures embedded within its whole volume. Based on this concept, the bulk material regains the rough 

surface textures by taking abrasion itself as the trigger. It ensured continued superhydrophobicity due to the 

presence of hydrophobic microstructures extended throughout the whole volume [83]. Unlike self-healing 

superhydrophobic surfaces, no external stimulus is needed to regenerate the favorable surface roughness after 

mechanical abrasion. 

The literature review revealed that only a handful of studies have been conducted on fabrication of 

volumetric superhydrophobic nanocomposites which is called in the literature as superhydrophobic bulk 
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material. Zhu et al. [209] reported a superhydrophobic CNT–PTFE bulk material to solve the lack of 

mechanical durability and oil fouling problems of superhydrophobic surfaces. There was no loss of 

superhydrophobicity after abrasion of the bulk material for 20 cycles and even cutting deep into it. The oil 

contaminated bulk material could regain its superhydrophobicity by directly burning off the oil in air. 

Furthermore, the CNT–PTFE bulk material can be manipulated by a magnet bar when some iron oxide particles 

were added to the material [210]. Aktas et al. [211] deposited a PTFE layer on the 3D assembled TiO2 via 

chemical vapor deposition approach to fabricate a robust superhydrophobic 3D TiO2/PTFE material. A 

compression molded silica/PTFE nanocomposite at the mass ratio of 1:4 showed rather stable 

superhydrophobicity toward corrosive mediums, particularly under acidic conditions. In addition to the proper 

chemical stability, the produced superhydrophobic materials were capable to absorb different types of oil or 

organic solvents [192]. The presence of fluorine-containing compound at high mass ratio is the key point of 

the mentioned superhydrophobic bulk materials. 

Despite their lowest surface energy and water aversion, the environmental and health issues raised for 

fluorinated materials restricted their application in various materials including superhydrophobic surfaces. 

Zhang et al. [18] prepared a non-fluorinated bulk material of inorganic/PP composite with excellent surface 

and bulk superhydrophobic properties through dispersion of inorganic TiO2 and hydrophobic SiO2 particle 

fillers. Due to the presence of photocatalytic TiO2 nanorods, the WCA of the superhydrophobic surfaces 

reduced gradually under UV irradiation which eventually led to the transition from non-wettable to wettable 

surfaces. The mechanical abrasion of the outermost UV irradiated layer revealed a fresh underlying 

superhydrophobic layer (Figure 1-11 (a1-a4)). In another research, a class of superhydrophobic bulk material 

possessing melt-coatability was fabricated by compression molding of the octadecyl chain grafted silica 

nanoparticles at 150 °C for 8 h. The WCA on the broken portions of the sample was as high as 160°. The self-

cleaning properties of both fresh and cut surfaces were similar. Since it was a meltable material, the broken or 

cut pieces could be joined together by heating treatment without disturbing superhydrophobic properties [212].  

For oil–water separation, the damage-tolerant porous superhydrophobic materials with bulk level water-

repellency were reported. Li et al. [20] fabricated a porous divinylbenzene (DVB)/fumed silica polymer 

monolith with a WCA of 161.3° and sliding angle (SA) smaller than 4.0°. The tunable hierarchical porous 

structure featuring relatively high oil absorbency was achieved through solvothermal method in which ethyl 
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acetate was considered as both solvent and template (Figure 1-11 (b1-b6)). In another study, it was shown that 

a porous superhydrophobic bulk material with high corrosion resistivity and oil absorbency was created by the 

addition of ammonium bicarbonate (NH4HCO3) as a pore-forming agent to the PVDF/CNT/SiO2 

nanocomposite. The hierarchical strawberry-like structure was achieved due to the randomly orientated and 

entangled nano-scaled CNTs and SiO2 exposed on the microscale protrusions surface of PVDF [19]. 

There are some studies where the appropriate roughness needed for superhydrophobicity is created via 

mechanical abrasion. Cai et al. [213] developed a bulk superhydrophobic conductive material with a range of 

roughnesses induced by abrasive paper. The high WCA and low SA was achieved by the addition of 33.3 wt.% 

of the fillers with the ratio of 4:1 for Ketjen black to vapor grown carbon fibre particles. Increasing the abrasive 

paper grit led to the enhancement of WCA. However, by increasing beyond a certain grit, the WCA started to 

decrease (Figure 1-11 (c1 and c2)). Via compression molding of the hydrophobic silica/polymer 

nanocomposites with subsequent mechanical abrasion, Zhang et al. [214] reported robust and non-fluorinated 

superhydrophobic free-standing items. Various mechanical and chemical strengths were enhanced by 

increasing the compression up to 40 MPa. The materials retained water-repellency after various damages such 

as sandpaper abrasion, knife/file scratch, liquid nitrogen, severe sand/water impact, as well as acidic/alkali 

corrosion tests. 
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Figure 1-11. a1) Schematic illustration of a bulk material which can sustain its superhydrophobicity after 

mechanical abrasion, a2) superhydrophobicity of the broken material, a3) WCA and SA of water-repellent 

surface, a4) mirror-like phenomnon of the submerged sample in water [18]; sequential images of the 

removal process of b1-b3) hexadecane, and b4-b6) chloroform from water using porous polymer monolith 

[20]; c1) schematic image of fabrication process of ktejan black/carbon fiber/PP superhydrophobic material 

using abrasion method, c2) the changes of WCA and SA as a function of type of abrasive paper [213]. 

 

1.6 Application of superhydrophobic surfaces 

The superhydrophobic surfaces have recently attracted great attention due to their unique water-

repellency and anti-contamination properties. As shown in Figure 1-12, these surfaces are used across a wide 

range of application areas, including self-cleaning, icephobicity, corrosion resistance, anti-fouling, oil/water 

separation, drag reduction of flowing fluids, anti-bacterial adhesion, windshields and architecture coatings, etc. 

[13, 24, 32, 87, 215, 216]. In addition to their different applications, there are various other advantages offered 
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by this method such as reduction in maintenance costs, elimination of monotonous manual effort, and also a 

reduction in the time spent in cleaning the final product [217]. A brief description of some of these important 

applications are presented in the following subsections. 

 

Figure 1-12. Schematic of main applications of superhydrophobic surfaces in different fields [218]. 

1.6.1 Self-cleaning 

There are numerous phenomena originated from nature. Self-cleaning is one amongst them inspired 

from anti-contamination and self-cleaning characteristic of various plant species specifically lotus leaves. This 

property has attracted immense commercial and academic interest, due to its extensive range of applications 

from cleaning the window glasses and solar panels to textiles [217]. Artificial self-cleaning surfaces are mainly 

divided into four categories: 1) water-repellent superhydrophobic self-cleaning, 2) TiO2-based self-cleaning, 

3) gecko setae-inspired dry self-cleaning, 4) marine organisms inspired anti-fouling self-cleaning such as shark 

skin [218]. The most well-known one is superhydrophobic self-cleaning surfaces which stems from the high 

water-repellency and rolling of water droplets over the superhydrophobic substrate. Due to the usual 

hydrophilic nature of contaminants, the adhesion of contaminant particles to the water droplet is greater than 

the adhesion of contamination to the superhydrophobic surface [215]. Consequently, the contamination can 
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easily adhere to the round-shaped water droplets rolling off the surface and be removed from the material 

surface [24, 219]. 

A series of parameters affect the self-cleaning ability of superhydrophobic surfaces. Although the 

possibility of self-cleaning from hydrophilic surface was mentioned in various studies, Hechentaler et al. [220] 

reported that presence of nanotexture and hydrophobicity of the material increased the rate of particle removal. 

Yu et al. [221] illustrated that high WCA, low CAH, low adhesion force between solid surface and the particle, 

and an adequate particle size are the necessary preconditions for having a self-cleaning surface. As expected, 

the macroscopic contamination can easily be removed with the help of water droplets during rain or artificial 

showers [222]. Bhushan et al. [42] studied the effect of different surface structures on self-cleaning 

characterization by water droplets. Unlike flat, nanostructured, and microstructured surfaces, the water droplets 

with nearly zero kinetic energy were capable of removing almost entire contaminant particles from hierarchical 

surfaces. The same observations were reported in various studies showing that only hierarchical surface 

roughness can repel both macroscopic and microscopic particles [215] [32, 223, 224]. Moreover, the resistance 

of superhydrophobic surfaces to particulate matter and nanosized contamination is inevitable for the use of 

these surfaces for a variety of real-world applications. Geyer et al. [225] illustrated that creation of the pores 

having the lowest possible size was a vital requirement for attaining a high contamination resistance. They 

observed that water-repellent superhydrophobic surfaces with nanoscale pore size could resist to long-term 

contamination tests. The importance of nanoscale roughness features on self-cleaning ability was emphasized 

in other studies as well [220, 226]. 

1.6.2 Icephobicity 

Among the appealing characterizations of superhydrophobic surfaces is icephobicity. A spread 

spectrum of industries such as transportation systems, transmission systems, and infrastructures are impacted 

by the fascinating life-giving yet potentially destructive icing phenomenon. For instance, ice accretion on the 

aircrafts may result in higher drag force followed by loss of lift force. Eventually, they can lead to some 

catastrophic irreparable occurrences [227]. The reliability of transmission systems is highly dependent on the 

performance of insulators affected notably by the ice accumulation on their surfaces [2, 228]. For instance, in 

1998 in the northeastern United States, the ice storm-related electrical blackouts left over 1 million people 
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without power and an estimated damage cost exceeded US$1 billion. The same disaster happened in China in 

2008 and 100 km of 500 kV transmission lines were severely damaged [3]. 

The main strategies have been taken to overcome the icing issue are known as “de-icing” and “anti-

icing” methods. De-icing approaches are comprised of active methods where some mechanical, thermal and 

chemical forces are used to eliminate the accumulated ice from the surface. Vapor heating, electro-thermally 

melting, mechanical vibration and using some chemical de-icer like ethylene glycol are some examples of de-

icing methods which mainly rely on continuous heating, intermittent vibration and unceasing usage of chemical 

de-icer of the frozen parts. Consequently, these methods are highly time- and energy-consuming, expensive, 

laborious, and environmentally unfriendly [229]. 

The anti-icing represents a passive approach where no external energy is required. There are several 

definitions corresponding to different yet interrelated properties of icephobic surfaces which can be mainly 

divided into two categories: they should prevent or delay ice formation on the surfaces, and if ice accumulated 

on them, they should show poor normal and/or shear ice adhesion strength [230]. In pursuit of materials having 

icephobic properties, superhydrophobic surfaces have enticed numerous researchers since recent decades [231-

233]. Given that the presence of insulating air pockets among the surface asperities can hinder the heat transfer 

between water droplet and the superhydrophobic surface, the water droplet demonstrates a delayed freezing 

time on the superhydrophobic surfaces. Moreover, the reduced contact area between water droplet and the 

superhydrophobic surface provides small number of potential sites as the homogenous ice nucleation pointes. 

As the next reason, the extreme mobility of the water droplet on the superhydrophobic surface leads to the 

rebounding or shedding time less than needed time for ice nucleation [234]. 

Although it is reported that surfaces having lower surface energy lead to the lower ice adhesion and 

icing probability, surface roughness is the key parameter affecting the icephobic behavior of the 

superhydrophobic surfaces [235, 236]. Shen et al. [237] illustrated that there was lower ice accumulation on 

the single nanostructured surface than that of micro-nanostructured superhydrophobic surface. He et al. [238] 

studied the effect of surface roughness on ice adhesion strength. The hierarchical micro-nanostructured 

surfaces demonstrated lower ice adhesion strength compared to microstructured and nanostructured 

superhydrophobic surfaces. Consequently, development of a favorable superhydrophobic and icephobic 

surface is one of the attractive but challenging studies. 
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1.6.3 Corrosion resistance 

As another vital application of superhydrophobic surfaces, a brief description of corrosion resistance is 

provided in this section. Corrosion is defined as “the physico-chemical interaction between a metal and its 

environment, which results in changes in the properties of the metal and which may often lead to impairment 

of the function of the metal, the environment, or the technical system of which these form a part” [239]. Under 

normal environmental conditions, corrosive reactions progressively deteriorate surfaces, particularly the 

surfaces of reactive metals, surfaces that are used extensively in industrial applications. Globally, annual costs 

related to infrastructure corrosion are at least $1.8 trillion US. This represents 3–4% of the gross domestic 

product of industrialized countries [240]. In addition to pollution, humidity, salt, acids, and bases are the main 

corrosive environments that severely corrode metal and/or alloy surfaces [241]. Corrosion involves two 

different processes. At active areas (anodes), the movement of metal ions into solution produces an ionic 

current in the solution. At less active areas (cathodes), the passage of electrons from a metal to an acceptor 

such as oxygen, another oxidizing agent, or hydrogen ions creates an electronic current in the metal [242]. 

Superhydrophobic surfaces are being investigated as a solution to reduce the corrosion of the metal substrates 

like aluminum, copper, magnesium, and steel alloys. The anti-corrosivity of superhydrophobic surfaces when 

in contact with a corrosive solution depends on the air trapped in the surface grooves that hinders direct contact 

between the corrosive media and the material. In fact, this air trapped acts as an inherent isolator [243, 244]. 

Regarding different types of applications, there are numerous options for evaluating corrosivity such as 

deionized water, hydrochloric acid (HCl), potassium chloride, disodium phosphate, sodium bicarbonate, etc. 

Moreover, corrosion is assessed using resistance, weight loss measurements, neutron reflectivity, 

potentiodynamic curves, and electrochemical impedance spectroscopy. The latter two methods are the most 

practical means recently being used [245]. 

1.7 Durability of superhydrophobic surfaces 

To date, poor durability of superhydrophobic surfaces hindered their usage for various applications. The 

superhydrophobic surfaces prone to lose their water-repellency due to the damaged surface topography, 

elimination of low-surface-energy materials or failure of both [246]. Following the mechanical and/or chemical 

failures, the penetration of the water droplet into the surface asperities leads to the transition from Cassie-
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Baxter to energetically more favorable Wenzel regime. The result is a strong adhesion of water droplet to the 

surface and loss of water-repellency [247]. 

There are numerous parameters affecting the durability of superhydrophobic surfaces. Mechanical 

abrasion, adhesion, dynamic impact, pH, time, temperature, humidity, and UV irradiation are among the 

significant parameters influenced the water-repellent performance of superhydrophobic surfaces [248]. Based 

on the nature of these parameters, they can chiefly fall into three categories of mechanical, chemical, and 

environmental durability (Figure 1-13). Sandpaper abrasion, knife scratching, file scratching, pencil hardness, 

finger-press, tape peeling, solid particle impact, droplet impact, laundry wear and ultrasonication tests are some 

examples of the mechanical durability analyses [213, 214, 249-251]. Rubbing one surface with another solid 

surface is one of the frequently encountered situations in daily use of superhydrophobic surfaces which might 

be endangering water-repellent performance of these materials. For the mechanical abrasion tests, the most 

effective parameters are surface roughness of the abrasive paper, its chemical composition and Young’s 

modulus. Due to the lack of a standardized method for mechanical durability measurement using hand-applied 

abrasion test, there are numerous other factors presented in the literature influencing final wettability such as 

applied pressure on the abrasive paper, type of movement, amount of surface in contact with abrasive paper, 

etc. [252]. Zhang et al. [214] investigated the effect of grit number on the surface water-repellency. Due to the 

fine roughness of 1200Cw sandpaper, the WCA decreased from 155° to 120°. However, low grit numbers 

(grits 320, 600, and 800Cw) had lower effect on the superhydrophobicity due to the formation of significant 

structure on the abraded surface. Milionis et al. [250] studied the durability of the produced biodegradable 

superhydrophobic coating against sandpaper abrasion. The WCA and SA of the abraded surfaces as a function 

of applied downward pressure showed that the water-repellency deteriorated by increasing the pressure where 

a transition from non-wetting “Lotus” state to “Rose petal” state was observed. Cai et al. [213] demonstrated 

that orthogonal and random abrasion motions were resulted in higher WCA than unidirectional method due to 

the formation of “gullies” and great number of microscale protrusions on the surface. 
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Figure 1-13. Schematic of durability of superhydrophobic surfaces based on three categories of mechanical, 

chemical and environmental durability. 

Knife, blade or file scratching is another applicable approach to evaluate the robustness and consistency 

of the superhydrophobic surfaces. Long et al. [251] illustrated that the superhydrophobicity of the developed 

PDMS coating was not affected by some horizontal or vertical scratches on the surface. The file abrasion was 

performed on SiO2/polymer nanocomposites in both air and water. The results showed the retained 

superhydrophobicity of the superhydrophobic free-standing materials [214]. The bare finger-press test as a 

qualitative test can mimic human handling of a material to test whether a superhydrophobic surface can be 

suitable for commercial use. In addition to mechanical damage, a bare finger-press also adds salt and oil 

contaminants to the surface. Therefore, the finger-press test can both physically and chemically affect a 

superhydrophobic surface [253]. Tape-peeling is one of the simplest and most common testing methods used 

in coating technology. This test demonstrates the adhesion strength of coatings to the substrate by removing 

the coating materials with the help of a tape [196]. Tape-peeling can easily remove particles attached to the 

surface solely with Van der Waals interactions. However, tape-peeling has no cinsiderable effect on particles 

if they are chemically binded to the surface by silica bridges [254]. Moreover, increasing the tape adhesion 

strength has a detrimental effect on the particles’ detachment and surface non-wettability [255]. 

Prevention of the liquid penetration and corrosion resistance are among the primary applications of the 

superhydrophobic surfaces. Therefore, stability against chemical solutions plays a vital role in the successful 

execution of superhydrophobic surfaces. Immersion in chemical solutions is one of the most important tests 

used to assess the chemical stability of water-repellent surfaces. Boinovich et al. [256] studied the effect of 

fluoro- and hydrocarbon surfactants on the final chemical stability of the produced superhydrophobic surfaces 

through long-term contact with diverse chemical media. During short-term contact, all physically and 

chemically absorbed surfactants demonstrated high stability, while under prolonged contact, the chemically 
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absorbed surfactants were more stable than physical ones. Moreover, the behavior of contact angle and surface 

tension of fluoro-surfactants as a function of time of exposure to both acidic and alkaline solutions confirmed 

their better stability compared to hydrocarbon surfactants. Wang et al. [257] fabricated a stearic acid modified 

ZnO superhydrophobic filter paper. The maximum contact angle of 157° was obtained in pH 8 solution. The 

contact angle of acidic and alkaline solutions of pH 2 and 14 was considerably decreased. Xu et al. [258] 

developed a green self-cleaning and anti-fouling superhydrophobic coating on the copper mesh. It was 

observed that by increasing the pH value from 1 to 13, the contact angle increased then decreased. The 

maximum contact angle was reached at pH value of 7. The same trend was observed by Pandit et al. [259] 

where the chemical stability of a superhydrophobically coated wood surfaces was assessed via immersion 

technique. The superhydrophobicity was considerably diminished within less than an hour for samples 

immersed in acidic and alkaline solutions having pH value of 2 and 13. Whilst the contact angle of the 

superhydrophobic surface remained nearly intact even after 300 h immersion in pH 8 solution. A coating 

containing silane-treated SiO2 nanoparticles was applied on the wooden samples by an alkali-driven method to 

generate alkaline-containing water-repellent surfaces. Although the alkaline had almost no effect on the 

chemical stability in acidic media (pH = 1), the higher amount of alkaline relatively improved the chemical 

stability of samples immersed in alkaline solutions (pH = 13) [260]. To determine the behavior of 

superhydrophobic surfaces against chemical solutions in a less aggressive test compared to immersion, there 

is an analysis called droplet contact test where the alteration of a droplet contact angle as a function of time is 

evaluated. Zhang et al. [214] placed droplets of acidic (pH = 1) and alkaline (pH = 14) solutions on the surface 

for 30 min. During time, the contact angle of the acidic/alkaline droplets decreased from ~165° to ~152° yet 

remained higher than 150°. 

Since one of the main applications of superhydrophobic surfaces is for outdoor usage, several other 

experiments should be conducted in order to evaluate their environmental durability such as long-term storage, 

UV resistance, thermal stability, etc. Wang et al. [257] assessed the WCA and SA of superhydrophobic paper 

stored for 1-6 months in an ambient condition. After 6 months, the WCA decreased to 153° and SA reached 3° 

still the paper was superhydrophobic. During UV light exposure, the oxidation of organic components in the 

coatings can deteriorate the water-repellent performance of superhydrophobic surfaces [18]. Between 

hydrocarbon and fluorocarbon materials, the latter is more resistant to UV. It was observed that the stability of 
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the surface modified SiO2 particles against UV irradiation was in the order of perfluorosilane> isobutylsilane> 

polybutadiene surface treatment [102]. Li at al. [115] illustrated that after 48 h exposure of superhydrophobic 

epoxy/PDMS/SiO2 composite coating to UV light, the WCA showed negligible changes. Li et al. [20] 

developed a superhydrophobic coating showing switchable wettability under UV irradiation. When the sample 

was irradiated with UV light, a conversion of superhydrophobicity into superhydrophilicity was observed. 

However, the water-repellency could be restored by abrasion or cutting the upper layer. Under some 

circumstances, the superhydrophobic surfaces might be exposed to high temperature. Thus, thermal stability 

of the produced surfaces is important. Due to the considerable thermal stability of polyimide, the produced 

superhydrophobic film showed great stability even after thermal treatment at 400 °C for 30 min [261]. Deng et 

al. [254] produced a superhydrophobic coating made of porous SiO2 particles. The coating was thermally stable 

at temperature below 350 °C for 10 h. 
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2.1 Abstract 

Effective self-cleaning and superhydrophobic surfaces having superb water-repellency are among the 

most widespread alternatives for eliminating surface contamination, corrosion resistance, reducing ice 

accumulation, etc. to enhance the lifespan of various engineered materials. In this study, we developed a simple 

methodology, based on an atmospheric-pressure air plasma system, as a simple, environmentally friendly and 

industry applicable approach for fabricating superhydrophobic surfaces. Our approach is significant as the use 

of an atmospheric-pressure plasma system combined with compressed air as an eco-friendly plasma gas offers 

great potential for the industrialization of superhydrophobic surfaces for mass production. The creation of 

micro-nanostructured surface roughness on a low surface energy high temperature vulcanized silicone rubber 

(HTV-SR) substrate resulted in a static water contact angle (WCA) >160° and a contact angle hysteresis (CAH) 

<3°. Scanning electron microscopy (SEM) revealed the presence of the plasma-induced coral-like micro-

nanostructures responsible for the superhydrophobicity of the surfaces. We assessed the influence of plasma 

operating parameters on the water-repellency of silicone rubber via a design of experiment (DoE) method to 

determine the near-optimal operating parameters; once established, we could assess the characteristics of the 

surfaces. In addition to the superhydrophobic surfaces, we also fabricated another surface, named a slippery 

hydrophobic surface, under specific plasma operating conditions. Superhydrophobic surfaces prepared at these 

optimal plasma operating conditions showed favorable water-repellency and self-cleaning properties under 

both wet and dry conditions. 

Keywords: Superhydrophobic, plasma operating parameters, response surface method, atmospheric-pressure 

plasma, silicone rubber, self-cleaning. 
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2.2 Introduction 

Wettability is one of the basic characteristics of solid surfaces, and it reflects the affinity of a solid 

surface to absorb water or other liquids. In the past decades, superhydrophobic surfaces, as an extreme state of 

surface non-wettability, have attracted tremendous attention in terms of science and technology due to their 

potential applications in various fields where self-cleaning, antifouling, anti-corrosion, anti-icing and drag 

reduction [13, 262-268] properties are sought. Lotus leaves [25], the penguin feathers [269] and butterfly wings 

[30] are natural examples of plants and animals having excellent surface water-repellency. 

For a superhydrophobic surface to be produced, two main criteria must be respected: low surface energy 

materials and hierarchical surface roughness. Young, who began to explore the relationship between surface 

tension and static contact angle, developed an equation to determine the contact angle of a sessile drop on an 

ideal smooth surface [270]. However, in the case of a rough surface, the Wenzel (homogeneous wetting) regime 

and the Cassie-Baxter (heterogenous wetting) regime are the main theories under which the relationship 

between surface tension, surface roughness (or topography) and contact angle can be described [47, 51]. To 

fabricate a desirable superhydrophobic surface having water-repellent properties, surfaces having a high WCA 

coupled with a low CAH fall into the Cassie-Baxter state. However, the Wenzel regime is usually characterized 

by strong pinning of a water droplet to the surface having a high WCA, resulting in a higher CAH. As such, 

the water-repellency of a surface depends much more on a lower CAH than a higher WCA [271]. 

Researchers have fabricated superhydrophobic surfaces mainly by (i) surface roughening of a low 

surface energy material or (ii) modifying a rough surface by depositing low surface energy materials [41]. 

Multiple methods have been used to fabricate roughness on low surface energy or inherently hydrophobic 

materials, such as silicones and fluorocarbons. One of the common hydrophobic materials is silicone, a material 

that is used in diverse fields, including medical, industrial and household applications [103, 272]. Silicone 

rubber has the characteristics of both organic and inorganic components where the binding of the organic 

groups—which includes methyl, ethyl and phenyl—directly to the silicon atoms leads to the inherent 

hydrophobicity of the silicone rubber [61]. 

In relation to superhydrophobicity, etching is one of the well-established approaches for generating 

micro-nanostructures on diverse hydrophobic substrates. Etching refers to removing material from the 

substrate, and this process can be divided into two main categories: (i) wet chemical etching [103, 273-275], 
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where acid or base solutions etch dislocations or impurities on the substrates, and (ii) dry etching, such as 

plasma etching [75, 276-278], in which the generation of reactive atoms or ions in a gas discharge leads to the 

anisotropic etching of the surface [13]. Although chemical etching is an inexpensive and relatively simple 

approach that can be easily scaled up, it is not an environmentally friendly procedure due to the use of various 

corrosive bases or acids; in addition this method is limited to metallic materials [279, 280]. Furthermore, the 

etching rate is sensitive to time and chemical concentration. So dry etching can be a better alternative for 

reducing the environmental impact in the fabrication of superhydrophobic surfaces in terms of elimination the 

usage of the corrosive bases or acids. 

Plasma treatment, as a subcategory of dry etching, can produce superhydrophobic surfaces on a variety 

of metallic and non-metallic materials. There are two categories of plasma systems based on the pressure 

applied in the plasma chamber: low-pressure plasma and atmospheric-pressure plasma systems. Low-pressure 

plasmas have a wide range of applications in the fabrication of superhydrophobic surfaces, such as material 

processing, the manufacture of semiconductor devices as well as surface finishing of medical implants, 

sterilization and production of antibacterial surfaces [124, 125, 281]. However, operating the plasma at reduced 

pressure has several drawbacks. Vacuum systems are expensive and have high maintenance costs, and some 

unforeseen accidents in these systems can lead to economic and safety issues. Furthermore, as it is a batch 

process, the size of the object requiring treatment is confined by the size of the vacuum chamber [122, 282]. 

However, continuous treatment with atmospheric-pressure plasma eliminated the disadvantages of a vacuum 

operation as there was no need for vacuum equipment. It resulted in a rapid and cost-effective procedure. 

Another advantage of this approach relative to the use of low-pressure plasma is the simplicity for combining 

it with available production lines [34, 283]. 

In addition to the pressure applied in the plasma chamber, plasma gas also plays an important role in 

relation to surface roughness and the final water-repellency of the substrate. Various gases are used for plasma 

etching including oxygen, nitrogen, argon, helium, CF4, SF6 and their combination. For example, a 

superhydrophobic poly(tetrafluoroethylene) (PTFE) surface was created via high-energy oxygen plasma-

etching treatment. The increase in surface roughness was responsible for the water-repellency of the surface 

[284]. Barshilia et al. [161] fabricated superhydrophobic PTFE surfaces using Ar/O2 plasma gas in a vacuum 

chamber. After 4 h of treatment, the leaf-like micro-protrusions with the WCA of 158° was achieved showing 
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the maximum average surface roughness of 1.96 µm. The same procedure was performed by Ryo et al. [162] 

to produce a superhydrophobic PTFE substrate having an extremely high WCA of 178.9° and a very low sliding 

angle of 1°. One of the gases commonly used in plasma treatment is CF4 through which surface etching and 

fluorination can occur simultaneously. With CF4, fluorinated groups are covalently bonded to the surface to 

decrease the energy of the treated substrate further. As a result, samples etched with CF4 exhibit a significant 

number of fluorocarbon groups along with a high surface roughness [164]. Yang et al. [166] fabricated a 

superhydrophobic polyvinylidene fluoride (PVDF) flat sheet membrane via CF4 plasma surface modification. 

The fabrication of the superhydrophobic surfaces was primarily due to the concurrent increases of surface 

roughness due to the ablation reaction of CF4 plasma and the formation of [–SiFx(CH3)2-x–O–]n (x=1, 2) 

structures produced by the direct attachment of F atoms to Si [167]. Superhydrophobic surfaces having 

oleophilic properties have been created by PTFE samples being irradiated with CF4 plasma [277]. 

Superhydrophobic silicone rubber surfaces were obtained using CF4 radio frequency plasma with the objective 

of extending the life-span of the surface as an outdoor insulator [285]. Although many studies have focused on 

CF4 as a plasma gas, using it has some serious disadvantages including its high cost and CF4 being a potent 

greenhouse gas. Air is an ideal candidate for plasma gas as it is a natural, eco-friendly, inexpensive and 

abundant gas mixture. To the best of our knowledge, no published research papers have used air as a plasma 

gas for fabrication of superhydrophobic surfaces via a plasma-etching technique. 

Plasma generation in an atmospheric-pressure air plasma system depends highly on several operation 

parameters, including the reference voltage, plasma frequency, cycle time, distance between nozzle outlet and 

substrate, speed of the plasma jet, gas flow rate and the number of passes. Changes in these parameters affect 

the etched shape profile, surface roughness and chemical composition of the substrate and thereby alter surface 

hydrophobicity. To develop a desirable superhydrophobic surface, the relationships between these decisive 

factors and surface morphology and wettability must be controlled precisely as there are a considerable number 

of interactions among these parameters. In a traditional trial and error approach, one of the operation parameters 

is altered while the others remain constant. This approach is quite time-consuming, costly, laborious and does 

not consider the interaction among factors or their relative importance [286]. DoE, using a response surface 

method, enables simultaneous alteration in the operation parameters by which the correlation between several 

independent factors and the desired responses can be specified. Response surface methodology is a set of 
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mathematical methods and is preferred in cases where one requires a particular optimal condition or a multiple 

response optimization related to diverse factors [287]. 

Here, we present an eco-friendly one-step procedure that uses a plasma-etching treatment to create 

micro-nanostructures on silicone rubber. We apply an atmospheric-pressure air plasma system as this approach 

is more beneficial than a low-pressure system from a practical and industrial point of view that has been rarely 

studied. We use a DoE method to determine the optimal plasma operating conditions under which further 

analyses of the prepared superhydrophobic surfaces can be performed. Of note, at specific operating conditions 

we achieved a hydrophobic surface having a low WCA and low CAH; this surface is named a slippery 

hydrophobic surface and demonstrates an interesting characteristic in terms of slippage of water over the 

surface. We use SEM to verify the created coral-like roughness of the plasma-treated surfaces responsible for 

ultra-water-repellency and Fourier-transform infrared spectroscopy (FTIR) to assess the chemical 

characterization of the substrate. We also examined the water-repellency of the prepared surfaces using severe 

water contact and water droplet impact analysis. The self-cleaning properties of the surfaces were then analyzed 

under both wet and dry conditions to simulate the self-cleaning of prepared surfaces under ambient conditions. 

2.3 Experimental section 

2.3.1 Materials 

High temperature vulcanized silicone rubber (HTV-SR) hybrid composites were supplied by K-Line 

Insulators Limited, Canada. The material consists of a matrix of long-chain silicone rubber and fillers, such as 

alumina trihydrate (Al2O3.3H2O) and silicon oxide (SiO2). All HTV-SR samples were cleaned in ultrasonic 

baths of acetone and deionized water for 30 min. The plasma was applied to samples having dimensions of 

15 mm × 15 mm × 2 mm. We used compressed air, as a green, non-expensive and abundant gas, for the plasma 

treatment of the silicone rubber samples. 

2.3.2 Atmospheric-pressure plasma treatment 

To create surface roughness, we used the “Plasma Jet AS400” (Plasmatreat GmbH, Germany) 

atmospheric-pressure plasma system. The plasma was generated in the movable jet by inducing the electric arc 

to the injected gas inside the jet. Then, the plasma was ejected from the nozzle outlet at the bottom of the jet 

and interacted with the surrounding atmosphere and substrate. The plasma jet, positioned perpendicular to the 
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sample’s surface, moved across the surface in a 2-D manner (Figure 2-1). The diverse plasma parameters, i.e., 

reference voltage, plasma frequency, cycle time, distance between nozzle outlet and substrate, speed of the 

plasma jet, gas flow rate and the number of passes can be adjusted via a software interface designed to control 

the different aspects of plasma generation. Based on some preliminary trials, it was revealed that the plasma 

frequency, cycle time, distance between nozzle and substrate and the number of passes were less important and 

were maintained at 21 kHz, 100%, 8 mm and four, respectively. We assessed the effect of the three remaining 

factors—reference voltage, plasma jet speed and gas flow rate—on the wetting characteristics of the plasma-

treated surfaces with the help of Design-Expert® software, version 11, Stat-Ease, Inc., Minneapolis, MN, USA, 

via a response surface methodology. 

 

Figure 2-1. (a) The atmospheric-pressure plasma jet and (b) a schematic of the plasma treatment jet. 

2.3.3 Response surface method 

The response surface method is one of the well-known approximations and experimental design 

approaches. We applied a three-level factorial design based on the response surface method to investigate the 

influence of the experimental parameters and the interaction among these factors on the non-wetting properties 

of the plasma-treated silicone rubber surfaces. Three numerical factors at three levels were the inputs for the 

design, while WCA and CAH were defined as the responses. The values and levels of the three experimental 
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factors are reported in Table 2-1. The three different levels of each factor are coded as -1 (low level), 0 (mid-

level) and +1 (high level). Based on this three-level factorial design, we performed 28 experimental runs. 

Table 2-1. The selected independent variables and their levels. 

Experimental 

parameters 

Unit Symbol Low level 

(-1) 

Mid-level 

(0) 

High level 

(+1) 

Reference voltage % A 80 90 100 

Plasma jet speed m min-1 B 4 6 8 

Gas flow rate L h-1 C 2000 2500 3000 

 

2.3.4 Surface characterization 

We measured the static WCA to investigate the wettability of samples. The WCA was assessed via the 

sessile drop method in air at 25 °C using a Kruss™ DSA100 goniometer equipped with a video camera. Double 

distilled water drops (4 µL each) were placed on the surface, and the WCA was determined by the Young–

Laplace approximation method. To ensure a complete hydrophobic recovery, we characterized precisely all the 

samples 48 h after treatment. CAH was determined by computation of the difference between the advancing 

and receding WCAs of the moving water droplet on the surface. The average WCA and CAH values were 

determined by measuring the same sample at five different points. To determine the variation of the chemical 

functional groups of the silicone rubber samples, we measured the Attenuated Total Reflection FTIR (ATR-

FTIR) via a Cary 630 FTIR spectrometer (Agilent, USA) in ATR mode. We used a JSM-6480 LV scanning 

electron microscope to view and evaluate the produced micro-nanostructures of the samples. Before analysis, 

the HTV-SR samples were coated with a thin layer of gold-palladium alloy to enhance the imaging. The surface 

roughness of the samples was evaluated using an Atomic Force Microscopy (AFM) (Bruker, Multimode8). 

The water droplet impact process was recorded by a high-speed camera (FASTCAM SA1.1 by Photron) at a 

constant framing rate of 5400 fps and room temperature of 22 °C. In all measurements, 20-µL DI water droplets 

were released with zero initial velocity from a height of 3 cm. We assessed the self-cleaning nature of the 

prepared superhydrophobic surfaces by contaminating the samples under both wet and dry conditions. For the 

wet conditions, we first placed the samples in the container holding a 24 g L-1 dirty solution that contained 

equal amounts of kaolin, carbon black and salt in water. The samples were first left for 90 min for the particles 

to settle onto the surface. Then we removed the samples from the dirty solution to survey its self-cleaning 

characteristic. For the next step, we left the samples in the dirty solution to become completely dry at room 



 

57 

temperature for 48 h. The samples were then tested by applying water droplets to the surface. For the dry 

condition, kaolin contaminants were sieved through a #60 mesh and applied to the substrate. The sample was 

left for 30 minutes. We then dropped a 20-µL water droplet onto the substrate to wash the pollution layer. 

2.4 Results and discussion 

2.4.1 Superhydrophobicity of the plasma-treated substrate based on DoE methods 

The response surface method determined the relationship between the wettability of HTV-SR and the 

selected plasma operation parameters, and also optimized these parameters. WCA and CAH measurements, 

selected as responses, provided an assessment of the wetting characteristic of silicone rubber surfaces (Table 

2-2). 

Table 2-2. The three-level factorial experimental design, showing the factors and the corresponding levels 

for each experimental combination and the measured WCA and CAH values as the dependent responses. 

 

 

Std 

 

 

Run 

Independent factors Responses 

A: 

Reference voltage 

(%) 

B: 

Plasma jet speed 

(m min-1) 

C: 

Gas flow rate 

(L h-1) 

Water contact 

angle 

(°) 

Contact angle 

hysteresis 

(°) 

1 10 80 4 2000 139 54.7 

2 12 90 4 2000 163 2.2 

3 21 100 4 2000 161 1.6 

4 17 80 6 2000 116 27.3 

5 16 90 6 2000 136 7.8 

6 28 100 6 2000 124 18.6 

7 20 80 8 2000 104 5.7 

8 23 90 8 2000 115 18.8 

9 19 100 8 2000 104 13.2 

10 3 80 4 2500 130 34.9 

11 15 90 4 2500 160 2.6 

12 26 100 4 2500 163 2.2 

13 8 80 6 2500 103 11.9 

14 1 90 6 2500 139 24.8 

15 6 90 6 2500 143 22.4 

16 24 100 6 2500 158 4.5 

17 5 80 8 2500 103 8.8 

18 27 90 8 2500 113 18.1 

19 14 100 8 2500 133 52.4 

20 4 80 4 3000 122 20.3 

21 25 90 4 3000 137 22.3 

22 22 100 4 3000 154 0.8 

23 13 80 6 3000 99 18.1 

24 18 90 6 3000 122 17 

25 9 100 6 3000 113 19.9 

26 11 80 8 3000 108 21.1 

27 2 90 8 3000 130 39.5 

28 7 100 8 3000 109 31.7 
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According to the WCA data, all 28 plasma-treated surfaces were hydrophobic, i.e. WCA was greater 

than 90°. Based on DoE design, we developed quadratic and two-factor interaction (2FI) models to characterize 

the effects of different plasma parameters and their interactions on WCA and CAH. The resulting regression 

equations, in terms of coded factors, were: 

𝑊𝐶𝐴 = +137.24 + 10.83 × 𝐴 − 17.22 × 𝐵 − 3.78 × 𝐶 − 4.67 × 𝐴𝐵 + 1.42 × 𝐴𝐶 + 6.17 × 𝐵𝐶 −

11.03 × 𝐴2 + 6.47 × 𝐵2 − 8.86 × 𝐶2                                                                                                   2- 1 

ln(𝐶𝐴𝐻) = +2.51 − 0.4311 × 𝐴 + 0.5565 × 𝐵 + 0.2219 × 𝐶 + 1.05 × 𝐴𝐵 + 0.0287 × 𝐴𝐶 +

0.1913 × 𝐵𝐶                                                                                                                                                      2-2 

in which A, B and C are reference voltage, plasma jet speed and gas flow rate, respectively. Analysis 

of variance (ANOVA) evaluated the significance of the effect of each variable (and their interactions with each 

other) on the responses and the adequacy of the developed models. Table 2-3 and Table 2-4 present the 

ANOVA results obtained for WCA and CAH, respectively. As the p-value of models was less than 0.05, both 

regression models were significant (p < 0.0001) which means there is only a 0.01% chance that the F-value 

could occur due to the noises. Adjusted R2 values for WCA and ln(CAH) (0.7873 and 0.6278, respectively) 

agreed reasonably well with the predicted R2 values (0.6737 and 0.4455 for WCA and CAH, respectively). As 

the difference between the adjusted R2 and predicted R2 of the developed models were less than 0.2, the good 

predictive ability of the model was confirmed [288]. Adequate precision measures the signal to noise ratio and 

a value >4 indicates adequate model discrimination. Adequate precision values for WCA and ln(CAH) were 

11.5288 and 11.0052, respectively. Thus, regression models were statistically significant and adequate for 

predicting and optimizing the plasma treatment process. 

Given their lower p-values, plasma jet speed (B) and the interaction of the reference voltage and plasma 

jet speed (AB) were deemed the most significant factors affecting WCA and CAH results, respectively. The 

reference voltage (A), the second-order effect of the reference voltage (A2), the second-order effect of the gas 

flow rate (C2) and the interaction of plasma jet speed and gas flow rate (BC) also had a significant effect (p < 

0.05) on WCA. In addition to AB, changes in the CAH of the plasma-treated samples were also attributed to 

the plasma jet speed (B) and the reference voltage (A) (p < 0.05). Other factors, where p >0.05, had less effect 

on WCA and CAH over the studied range. 
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Table 2-3. ANOVA results for water contact angle (WCA). 

Source Sum of squares df Mean square F-value p-value 

Model 9979.62 9 1108.85 12.10 <0.0001 

A-Reference voltage 2112.50 1 2112.50 23.06 0.0001 

B-Plasma jet speed 5338.89 1 5338.89 58.28 <0.0001 

C-Gas flow rate 256.89 1 256.89 2.80 0.1113 

AB 261.33 1 261.33 2.85 0.1085 

AC 24.08 1 24.08 0.26 0.6144 

BC 456.33 1 456.33 4.98 0.0386 

A2 775.51 1 775.51 8.46 0.0094 

B2 266.91 1 266.91 2.91 0.1050 

C2 500.75 1 500.75 5.47 0.0311 

Residual 1649.06 18 91.61   

Lack of fit 1641.06 17 96.53 12.07 0.2231 

Pure error 8.00 1 8.00   

Cor. total 11628.68 27    

Table 2-4. ANOVA results for contact angle hysteresis (CAH). 

Source Sum of squares df Mean square F-value p-value 

Model 23.40 6 3.90 8.59 <0.0001 

A-Reference voltage 3.35 1 3.35 7.37 0.0130 

B-Plasma jet speed 5.57 1 5.57 12.28 0.0021 

C-Gas flow rate 0.89 1 0.89 1.95 0.1769 

AB 13.15 1 13.15 28.96 <0.0001 

AC 0.01 1 0.01 0.02 0.8843 

BC 0.44 1 0.44 0.96 0.3366 

Residual 9.53 21 0.45   

Lack of fit 9.53 20 0.48 91.98 0.0820 

Pure error 0.01 1 0.01   

Cor. total 32.94 27    

 

Figure 2-2 and Figure 2-3 illustrate the three-dimensional (3-D) response surface and contour plots 

derived from these equations. The two significant factors, i.e., reference voltage and plasma jet speed, are 

plotted together, while the remaining factor (gas flow rate) is set at its center-point value. Where there are weak 

(or no) interactions between two process parameters, the fitted response surface will be a plane (i.e., contour 

lines will be straight); interactions between the parameters produce curved contour lines and a contour 

produced by a second‐order model will be elliptical. The curve lines of the illustrated contour plots highlight 

the strong interaction between the reference voltage and plasma jet speed [289]. 
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Figure 2-2. (a) Three-dimensional response surface and (b) contour plots for the effect of the reference 

voltage (%) and plasma jet speed (m min-1) on the water contact angle of the plasma-treated silicone rubber. 

The red dots are the design points. 

 

Figure 2-3. (a) Three-dimensional response surface and (b) contour plots for the effect of the reference 

voltage (%) and plasma jet speed (m min-1) on the contact angle hysteresis of the plasma-treated silicone 

rubber. The red dots are the design points. 

The WCA and CAH of the untreated silicone rubber were 116° ± 2° and 47° ± 3°, respectively. The 

highest WCA values were coupled with the lowest CAH values toward the highest reference voltage and lowest 

plasma jet speed. At a constant reference voltage, an increase in the plasma jet speed decreased the WCA 

(Figure 2-2). Plasma jet speed can be considered as the inverse of treatment time; a faster plasma jet speed 

results in a shorter treatment time and a lower WCA. On the other hand, increased reference voltage leads to a 

higher WCA. High power usually enhances the ionization of the etching gas and increases both the amount of 

surface erosion and roughness [61]. Consequently, the recommended optimal plasma operating conditions for 
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creating favorable superhydrophobicity and water-repellency are a reference voltage of 95%, a plasma jet speed 

of 4 m min-1 and a gas flow rate of 2500 L h-1. 

Our results for CAH were more ambiguous (Figure 2-3). We observed an inverse relationship between 

CAH values and reference voltage when the plasma jet speed was fixed at 4 m min-1, as samples produced at a 

higher reference voltage had a lower CAH stemming from increased surface roughness. Superhydrophobic 

surfaces having the desired water-repellency were produced at a high reference voltage and low plasma jet 

speed. Although we obtained a surface having a low WCA at a high jet speed of 8 m min -1, a decrease in 

reference voltage led to a CAH <10°. Therefore, we obtained a surface having both a low WCA and low CAH 

at ~103° and ~9° using a plasma jet speed of 8 m min-1. 

It should be noted that low CAH occurs due to a variety of reasons. Physical homogeneity, originating 

from the insignificant and homogeneous roughness of the surface, can prevent the physical pinning of the three-

phase contact line and lead to a low CAH. Chemical homogeneity, related to the homogeneous chemical 

composition of the substrate, also leads to a low CAH. Adsorption and desorption between the liquid and the 

surface molecules should be eliminated to avoid energy dissipation during droplet motion that results in a 

higher hysteresis [271]. Once advancing and receding WCAs were >90°, the CAH increased as roughness 

increased (and the physical heterogeneity of the substrate increased [290, 291]) from 1.5 nm to 158.3 nm. 

However, superhydrophobic surfaces having an ultra-low CAH were also created on surfaces having a higher 

roughness. Thus, the relationship between CAH and roughness can be described with a bell curve, i.e., a 

maximum point can be defined for the surface roughness resulting in the highest CAH. At lower or higher 

values of roughness, a lower CAH is produced due to the physical homogeneity of the surface (lower 

roughness) or enhanced physical heterogeneity and the presence of air pockets within the surface roughness 

(higher roughness). 

In this study, we observed that a low reference voltage, low gas flow rate, and high plasma jet speed led 

to a reduced CAH. As illustrated in the surface morphology section, these plasma conditions decreased initial 

surface roughness. Regarding the effect of these conditions on the reduced surface roughness, it can be said 

that at a low gas flow rate and reference voltage, there were few numbers of low-energy ions and neutral 

particles (called as plasma particles) in the plasma stream. Moreover, at a high plasma jet speed, there is a great 

chance of collision of plasma particles with one another and a low possibility for vertical diffusion of these 
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particles in concave structures. Altogether, these specific conditions produce the etching of the greater number 

of convex structures than concave structures on the surface. Consequently, the plasma acted as a polishing tool 

and swept over the surface to produce a smoother surface [292, 293]. This decrease in roughness led to a 

reduction in CAH due to the physical homogeneity of the silicone rubber substrate following plasma treatment. 

2.4.2 Chemical characterization 

During plasma treatment, the surface undergoes both physical and chemical modification, and both 

changes impact the final surface wettability. The collision of high-energy particles of the plasma discharged 

with the substrate can cause the breakage of some of the chemical bonds and form new bonds, thereby altering 

the chemical composition of the treated substrate. 

The ATR-FTIR spectra highlighted differences in the chemical composition of untreated and plasma-

treated silicone rubber samples via changes in peak positions and shapes that varied depending on the applied 

reference voltage (Figure 2-4). The absorption spectra observed ca. 2960 and 1410 cm-1 is related to the 

different stretching and bending modes of an aliphatic C–H in CH3. The absorption peak visible at 1260 cm-1 

relates to a symmetric CH3 deformation of Si–CH3. The absorption peak at 790 cm-1 characterizes Si–(CH3)2. 

The most intense absorption peak, at ca. 850–870 cm-1, corresponds to the Si–(CH3)3 chemical groups. The 

characteristic peak of Si–O–Si is visible ca. 1000–1110 cm-1 in which the presence of the most intense 

absorption peak at 1015 cm-1 is due to an asymmetric Si–O–Si stretching vibration [294]. The intensity 

reduction of the absorption peak of Si–CH3 is greater than that of Si–O–Si and C–H as reference voltage 

increased from 80 to 100%. In addition, the intensity of the Si–(CH3)2 spectrum decreased less than the Si–CH3 

chemical bond. This latter observation can be attributed to the two main reasons: (1) a weaker-binding energy 

of the Si–CH3 chemical bond relative to that of Si–O and C–H, and (2) reorientation of the methyl groups from 

the bulk to the surface of the material. The Si–CH3 chemical bond is more exposed to breakage by which the 

replacement reaction of CH3 in Si–CH3 is dominant over the replacement reactions of H in C–H or O in Si–O–

Si [167, 295]. The reorientation of these groups to the bulk of the material is explained by hydrophobic 

recovery, encouraging Si-CH3 to remain on the surface and for oxidized species to reorient themselves [167, 

295]. Furthermore, the gradual elimination of peaks centered at 3450 cm-1 —assigned to hydroxyl groups (OH) 

in the fillers like the alumina trihydrate (ATH) (Al2O3.3H2O) and the end groups in the polymer backbone—is 

the most visible difference between the plasma-treated silicone rubber and the untreated substrate. This can 
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occur via endothermic decomposition of ATH at high temperatures during plasma treatment. At the reference 

voltages of 90 and 100 %, the presence of a broad absorption peak at ~3100–3700 cm-1 can be ascribed to the 

oxidation reaction between oxygen molecules and silicone rubber by which the –CH3 deforms to –CH2 and 

produces hydroxyl (Si-CH2OH) and peroxides (Si-CH2OOH) [296]. Although the wettability of the silicone 

rubber surface was enhanced immediately after plasma treatment due to the presence of hydroxyl groups on 

top of the substrate, hydrophobicity is restored as surface hydrophilic groups and untreated low molecular 

weight silicone (LMWS) species respectively reorient and migrate to the surface. 

 

Figure 2-4. ATR-FTIR spectra of silicone rubber treated by atmospheric-pressure air plasma at various 

reference voltages, and plasma jet speed of 4 m min-1 and gas flow rate of 2500 L h-1. 

2.4.3 Surface morphology 

Water contact angle and the wettability of a plasma-treated surface depends on surface roughness 

combined with the chemical composition of the substrate. We used an SEM to view the formation of roughness 

and surface micro-nanostructure on the plasma-treated silicone rubber surfaces produced at various reference 

voltages. Before atmospheric-pressure air plasma treatment, the silicone rubber surface appeared to be 

relatively smooth (Figure 2-5 (a)). The morphology of the plasma-treated sample at 80% reference voltage 

demonstrated some nano-sized protrusions (Figure 2-5 (b)). These protrusions became more pronounced at 

higher reference voltages, and the coral-like structures became the dominant morphology (Figure 2-5 (c–d)). 

As the reference voltage increased from 80 to 100 %, the size of the granular nanostructures increased, and the 
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surface had more clustered coral-like structures. At 100% reference voltage, the space between roughness 

features was minimal, and the aggregated coral-like clusters created some micro-sized structures on the surface. 

In general, two main changes occur in the polymer substrate during plasma treatment: (1) chemical 

modification via reaction of the surface with plasma species to generate new functional groups, and (2) physical 

etching through chemical reaction and surface etching leading to roughening of the substrate [161]. Since 

silicone rubber chains contain organic groups (like methyl) attached on an inorganic siloxane backbone, the 

organic groups are more likely to etch during air plasma treatment due to the reaction of oxygen with carbon 

and hydrogen. This process led to the creation of coral-like protrusions on the surface [138]. 
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Figure 2-5. SEM images of (a-1, a-2) untreated silicone rubber at two different magnifications and (b–d) 

plasma-treated silicone rubber at different reference voltages; (b) 80%, (c) 90% and (d) 100% at 

magnifications of 1000× and 10000× (the plasma jet speed and gas flow rate were kept constant at 4 m min-1 

and 2500 L h-1 respectively). 

AFM analysis confirmed the presence of plasma-induced micro-nanostructures on the 

superhydrophobic surfaces (Figure 2-6); enhanced roughness was apparent for the superhydrophobic sample. 

Both the arithmetic mean (Ra) and maximum structure height (Rp) were five times higher for the treated surface 

than the untreated substrate, while the root mean square (RMS) roughness of the silicone rubber surface before 



 

66 

and after plasma treatment increased from 45 to 277 nm. Increased roughness on the substrate surface favors 

the presence of air pockets within the more complex structures (Table 2-5). 

As mentioned earlier, at specific plasma conditions, some samples demonstrated a simultaneous low 

WCA and low CAH, i.e., slippery hydrophobicity, a pattern that can be expected as the reduction in CAH can 

be associated with the physical homogeneity of the silicone rubber substrate due to the plasma treatment. To 

confirm plasma treatment–related physical homogeneity, we compared the roughness of untreated, 

superhydrophobic and slippery hydrophobic plasma-treated silicone rubber surfaces (Figure 2-6). We observed 

that the physical homogeneity of a smooth surface having sporadic nano-scale bumps was responsible for the 

low CAH of the slippery hydrophobic surface (Figure 2-6 (c)). 

Thus, the results from the analysis of surface morphology and FTIR confirm that the combination of 

low surface energy materials and surface roughness are the main causes for the increased water-repellency of 

the plasma-treated surfaces. It also reveals the relationship between physical homogeneity and the low CAH 

of the slippery hydrophobic surfaces. 

 

Figure 2-6. Surface profile of (a) untreated silicone rubber, (b) plasma-treated superhydrophobic silicone 

rubber at a reference voltage of 100%, a plasma jet speed of 4 m min-1 and a gas flow rate of 2000 L h-1 and 

(c) plasma-treated silicone rubber at a reference voltage of 80%, a plasma jet speed of 8 m min-1 and a gas 

flow rate of 2000 L h-1. The inserted images are CAH. 
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Table 2-5. Roughness values (nm) based on AFM analysis. 

 Root mean square 

(RMS) 

Arithmetic mean 

(Ra) 

Maximum peak height 

(Rp) 

Untreated silicone rubber 

 

45.4 37.4 308.9 

Plasma-treated superhydrophobic 

silicone rubber 

 

276.7 218.7 1843.4 

Plasma-treated slippery 

hydrophobic silicone rubber 

40.0 32.5 234.8 

 

2.4.4 Wettability studies 

The superhydrophobic surfaces having low CAH exhibit water-repellency, a key element to prevent 

water droplets from sticking to the substrate. The superhydrophobic surface produced at optimal plasma 

operating conditions—reference voltage of 95%, plasma jet speed of 4 m min-1 and gas flow rate of 2500 L h-

1—had a WCA > 160° and CAH <3° even when the volume of the water droplet increased to 20 µL (Figure 

2-7 (a)). Due to the excellent water-repellency of the plasma-treated surface, the water droplet maintained a 

spherical shape at high volume. The illustrated water-repellency arises from air trapped in the cavities between 

the coral-like asperities. This leads to a composite solid-air-liquid interface contrary to a homogeneous solid-

liquid interface. The presence of the composite solid-liquid-air interface is responsible for the reduced adhesion 

between the water droplet and the substrate and produces a favorable water-repellency [13, 297]. This result 

points out that these surfaces are well suited for exterior applications exposed to rain of variable droplet size. 

The extremely water-repellency and low adhesion properties of the prepared superhydrophobic surface 

were also examined by exerting pressure on the water droplet with the help of a needle tip. The severe contact 

process of a water droplet with the substrate can be divided into four states illustrated in Figure 2-7 (b): initial 

contact, tight contact, severe contact and detachment [298, 299]. In the first moment of initial contact, the 

droplet shape did not alter, compared to its initial spherical form. As the droplet was pushed down, during tight 

and severe contact, its shape showed negligible change. Even at severe contact, the water droplet maintained 

its spherical shape and WCA remained higher than 160°. During the detachment step, the water droplet was 

easily removed from the surface as if there was no adhesion between water droplet and substrate, and no trace 

of water remained on the surface. These observations asserted the extremely weak adhesion between water 

droplet and substrate by which the great water-repellency of the superhydrophobic surface was obtained. It 
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also indicated the consistency of the Cassie-Baxter regime in which the water droplet was not pinned to the 

rough surface. 

To survey the dynamic behavior of a water droplet on the superhydrophobic surfaces, we performed a 

water droplet impact test. We used a high-speed camera to record the impingement process and bouncing 

behavior of a 20 µL water droplet when released from a height of 3 cm above the surface (Figure 2-7 (c, d)). 

On the untreated silicone rubber, the free-falling water droplet spread on the surface then retracted without 

leaving the substrate, confirming the full energy dissipation and adhesion of the water droplet to the untreated 

silicone rubber surface. 

The behavior of impacting water droplets on the superhydrophobic surface consisted of three stages: 

spreading, retraction and rebounding (Figure 2-7 (d)). After the initial collision, the droplet spread along the 

radial direction until the spreading diameter reached a maximum value at t = 4 ms. During the spreading process, 

the kinetic energy of the droplet was transformed into surface energy [300, 301]. A portion of the kinetic energy 

was dissipated during the spreading stage, induced mainly by the surface properties, which is caused by impact 

and overcoming of the sliding frictional force and adhesion force on the surface [302]. Due to the low energy 

dissipation of the plasma-treated silicone rubber substrate, the surface energy of the droplet was much higher 

than the droplet in the static state. This led to the retraction process and conversion of part of the surface energy 

into kinetic energy. During retraction, which lasted for 12 ms, the droplet reshaped itself into a vertical liquid 

column to reduce its interfacial energy, and a secondary droplet was generated at the top of the droplet and 

separated from the main droplet at high speed. Subsequently, as the inertia force in the vertical direction 

overcame the sum of droplet gravity and adhesion force on the superhydrophobic surface, the droplet 

rebounded from the surface [302, 303]. Contact time, at which point the droplet is in contact with the surface 

before bouncing off, was almost 16 ms. Furthermore, the surface was so water-repellent that nine full bounces 

were observed. The droplet finally came to rest on the surface after almost 454 ms with the dissipation of all 

its kinetic energy. The number of bounces of a water droplet dropped onto a superhydrophobic surface depends 

on the surface microstructure, surface energy and static WCA [304]. 
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Figure 2-7. (a) The CAH of water droplets of various volumes on the superhydrophobic surface; (b) 

sequential images of a 4 µL water droplet before and after a severe contact with superhydrophobic surface; 

(c and d) sequential images of a water droplet impact on the untreated and the plasma-treated 

superhydrophobic surface, respectively. 

2.4.5 Self-cleaning characteristics 

Self-cleaning refers to the ability of a surface to remain contaminant-free by the action of water. This 

property is sought-after as it allows the removal of contaminants without cost, additional effort or the use of 

detergents [305]. Generally, the presence of suspended particles in air leads to the deposition of either dry 

pollution due to the wind and gravity forces or by contaminated particles dissolved in the rain falling onto the 

surfaces. To survey the self-cleaning property of the prepared superhydrophobic surfaces, we assessed two 

different scenarios: a wet condition where the surface was exposed to a contaminant solution and a dry 

condition where only the solid contamination applied on the surface. We examined the self-cleaning property 

of the prepared superhydrophobic surface at optimal plasma operating conditions (i.e., reference voltage of 
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95%, plasma jet speed of 4 m min-1 and gas flow rate of 2500 L h-1). In the first stage of the wet experiment, 

the samples remained in the dirty solution for 90 min to allow the contaminants to settle onto the surfaces 

(Figure 2-8). Upon the superhydrophobic sample being removed from the dirty solution, the dirty layer slipped 

off the surface, returning the superhydrophobic sample to its original state (Figure 2-8 (c, d)). On the untreated 

substrate, however, the contaminants remained and formed a dirty layer (Figure 2-8 (b, d)). 

As sedimentation and drying of the dirty solution would be expected to occur on outdoor surfaces due 

to warm temperatures, solar radiation and the movement of air, during the second stage of the wet experiment, 

the samples were left for 48 h in the dirty solution. Thus, the water evaporated allowing us to assess the self-

cleaning property of these surfaces after drying. After drying, the untreated sample retained a homogeneous 

accumulation of contaminants across its surface. The contaminants remained fixed on the untreated surface 

after it had been rinsed with water for 5 s using a syringe. While the superhydrophobic surface remained clean 

as if it had not been submerged at all in the dirty solution. As such, it did not require cleaning with water. 

Videos of the self-cleaning nature of samples, based on the wet method, can be viewed in the accompanying 

Supplementary Video. 

 

Figure 2-8. Self-cleaning property of (b; d - left side) an untreated silicone rubber and (c; d – right 

side) plasma-treated superhydrophobic surface after the wet contaminant approach. 
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Under the dry contaminant scenario, the kaolin powder that was spread over the superhydrophobic 

surface was absorbed instantly to the water droplet (Figure 2-9). When displacing the droplet over the surface 

with the help of needle tip, the dry contaminant adhered to the droplet and was removed, leaving behind a clear 

surface for which superhydrophobicity was restored. The water droplet did not stick to the roughened 

superhydrophobic surface despite the relatively high volume of water in the droplet (20 µL) that may be 

expected normally to favor penetration of the water into empty spaces driven by the high gravity applied to the 

droplet (Figure 2-9 (b)). The water droplet maintained its spherical shape upon collecting the contaminants. 

The great adhesion between water droplets and contaminant particles coupled with the presence of air pockets 

among the coral-like micro-nanostructures on the superhydrophobic surfaces leads to the adhesion of the 

contaminant onto the water droplet and its removal when the superhydrophobic surface is tilted at a small angle 

[41]. It is worth noting that a single water droplet was sufficient to clean up a considerable amount of 

contaminant. However, the water droplets adhered to the untreated silicone rubber surface and could not clean 

the kaolin contamination spread over the surface. Both the wet and dry experiments confirm the self-cleaning 

property of the prepared superhydrophobic surface. 

 

Figure 2-9. Self-cleaning property of the plasma-treated superhydrophobic surface and untreated silicone 

rubber subjected to the dry contaminant setup: (a) sequential photographs of the stiction of kaolin to the 

surface of a water droplet and the removal of kaolin from the superhydrophobic surface; (b) sweeping of a 

contaminated superhydrophobic surface by a single water droplet; (c) stiction of water droplets to the 

contaminated untreated silicone rubber surface. 
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2.5 Conclusion 

We have presented a simple and eco-friendly approach for fabricating superhydrophobic surfaces on 

low surface energy materials. We developed a superhydrophobic HTV-SR surface using atmospheric-pressure 

plasma system that did not require a vacuum chamber. Furthermore, our approach relies on ambient air as the 

plasma formation gas and therefore represents an economically attractive option for industrial applications. To 

survey the effect of various plasma parameters on the non-wettability of the fabricated silicone rubber surfaces, 

we applied a DoE method based on the three independent factors of reference voltage, plasma jet speed and 

gas flow rate, each at three levels. At a constant gas flow rate, the increase in reference voltage and/or a decrease 

in plasma jet speed had a similar effect of increasing the WCA. We obtained superhydrophobic surfaces having 

a WCA >160° and a CAH <3° at a plasma jet speed of 4 m min-1 and a reference voltage of 90–100%. 

Furthermore, under particular plasma conditions, i.e., low reference voltage and high plasma jet speed, slippery 

hydrophobic surfaces having a simultaneous low CA and low CAH were achieved. FTIR analysis confirmed 

the gradual elimination of hydroxyl groups as reference voltage increased due to the decomposition of ATH 

fillers under the high temperatures of plasma treatment. SEM images illustrated the micro-nanostructures of 

coral-like clusters after plasma treatment. By increasing the reference voltage, the size and coalescence of 

clusters increased and resulted in a reduction of space between clusters and the creation of micro-roughness on 

the substrate. AFM confirmed this pattern of increased roughness and was consistent with our SEM 

observations. The entrapped air pockets within the micro-nanostructures favored the lower adhesion of water 

droplets onto the surface and the increased water-repellency of the substrate. The comparatively smooth surface 

of slippery hydrophobic samples responsible for low CAH was also confirmed by AFM analysis. The prepared 

superhydrophobic surfaces showed impressive water-repellency in addition to their self-cleaning property 

under both wet and dry contamination scenarios. 
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3.1 Abstract 

The durability of anti-wetting properties is of great importance for ensuring long-lasting 

superhydrophobic and icephobic surfaces that require minimal maintenance and resurfacing. Herein, we 

fabricated superhydrophobic silicone rubber surfaces having ultra-water repellency and icephobic properties 

via two industrially applicable methods: micro compression molding (µCM) and atmospheric pressure plasma 

(APP) treatment. We produced surfaces covered by micro-nanostructures of differing sizes. We evaluated the 

anti-icing properties (delayed ice formation) and de-icing properties (reduced ice adhesion strength) of the 

produced surfaces that were subjected to two forms of icing conditions. The well-known ice adhesion 

measurement techniques, i.e., the centrifuge adhesion and push-off tests, provided quantitative comparisons of 

the ice adhesion strength of the produced surfaces. We observed two different mechanical deformations during 

the ice detachment from the surfaces. Although both superhydrophobic surfaces reduced ice adhesion strength, 

the smaller surface micro-nanostructures produced a greater reduction in ice adhesion by favoring less ice 

interlocking with the surface asperities. To rigorously assess the durability of the produced surfaces, we carried 

out a comprehensive series of experiments that covered a wide range of real-life conditions. Under harsh 

environmental conditions, the surfaces maintained a water contact angle and contact angle hysteresis of >150° 

and <10°, respectively, thereby confirming the resistance of the superhydrophobic silicone surfaces to severe 

chemical and mechanical damage. In some cases where water repellency was lost, the silicone rubber surfaces 

demonstrated a satisfactory recovery of their anti-wetting properties. 

mailto:Khosrow.maghsoudi1@uqac.ca
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3.2 Introduction 

Water-repellent superhydrophobic surfaces are determined by a water contact angle (WCA) >150° and 

a contact angle hysteresis (CAH) or sliding angle (SA) <10°. Maghsoudi et al. [306] declared that for a material 

to demonstrate superhydrophobic properties, it usually fulfills two prerequisites: 1) having the non-polar 

groups on the surface as the hydrophobic characteristics and 2) the presence of micro-nanofeatures that roughen 

the surface. Among multiple approaches for fabrication of superhydrophobic surfaces, Maghsoudi et al. [307] 

reviewed that direct replication method including micro injection molding, micro compression molding, and 

hot embossing is advantageous for mass production. In addition, Vazirinasab et al. [308] demonstrated that 

surface treatment by atmospheric pressure plasma is an industrially conceivable facile approach. 

Superhydrophobic surfaces have been the focus of multiple recent studies due to their wide range of 

applications. Vazirinasab et al. [309] expressed that these applications include anti-wetting, anti-icing, low-

adhesion, low-drag, corrosion resistant, buoyancy enhancement, and self-cleaning applications. Recently, 

potential applications of superhydrophobic surfaces have been studied by many researchers. Huang et al. [310] 

developed superhydrophobic filtrating materials for application to oil/water separation. Yuan et al. [311] 

showed how hierarchical superhydrophobic structures exhibited excellent adsorption capacity for fast and 

selective oil/water separation. Li et al. [312] studied the droplet dynamics on well-defined structured 

superhydrophobic surfaces which is highly important in self-transportation of droplets. 

Superhydrophobic surfaces are among the best candidate surfaces for exhibiting icephobic properties. 

Alizadeh et al. [313] showed that such water-repelling surfaces can delay ice formation, known as the anti-

icing property, and Momen et al. [314] observed reduced ice adhesion strength for superhydrophobic surfaces, 

known as the de-icing property. Ice formation on a superhydrophobic surface having micro-nanostructures is 

affected by (1) the reduced area in contact between the substrate and water droplets due to the high WCA. 

Yancheshme et al. [315] stated that this scenario leads to a reduced heat transfer via conduction, (2) Shen et al. 

[316] found that the trapped air between the surface micro-nanostructures acting as an insulating layer reduces 

the heat transfer, (3) Eberle et al. [317] considered the limited number of sites at the solid-liquid interface 

available for the heterogeneous nucleation of ice, and (4) Yao et al. [318] took the shorter rebounding time—
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shorter rest time—of water droplets compared to the nucleation time into account. Moreover, Ling et al. [319] 

showed that the reduced ice adhesion strength was due to the formation of microcracks caused by surface 

roughness causing interfacial stress concentrations, and the reduced contact area between the formed ice and 

the surface due to the limited solid–liquid contact area. However, Ling et al. [319] also stated that surface 

roughness may negatively affect icephobicity due to the interlocked ice within the surface structures. This 

mechanical interlocking is governed by the stability of the Cassie-Baxter regime. Although there is, on one 

hand, a fully Cassie-Baxter state and, on the other, a Wenzel state, Cansoy et al. [320] showed that an 

intermediate state can exist where a water droplet penetrates partially into the surface structures. Li et al. [321] 

declared that the degree of this penetration can affect the mechanical interlocking of ice producing either a 

“Cassie ice” or “Wenzel ice”. Consequently, the surface geometry has a decisive effect on the icephobic 

behavior of the produced surfaces. Among the various surface geometries, including microstructures, 

nanostructures, and hierarchical micro-nanostructures, He et al. [322] determined that hierarchical micro-

nanostructures have demonstrated the lowest ice adhesion strength. Moreover, the effect of ice type on the 

icephobic properties of a certain surface is worth studying. According to Ryerson [323], atmospheric icing 

phenomena are divided into glaze ice, hard rime, and frost having a density of 0.7-0.9, 0.3-0.7, and <0.1 g/cm3, 

respectively. Rime ice and frost are formed from the fogs and in-clouds containing supercooled droplets, while 

glaze ice can be produced by both the precipitation (freezing rain or drizzle) and in-cloud icing. Stenroos [324] 

reported that the droplet sizes vary between few μm to 50 μm for the in-cloud icing and from 100 μm to several 

mm for the precipitation icing. Fortin et al. and Liu et al. [325, 326] reported that the greatest ice adhesion 

strength belongs to glaze ice. Work et al. [327] reviewed that in many studies, the ice adhesion strength of a 

surface is evaluated against bulk ice rather than atmospheric icing. Consequently, to rigorously assess the 

icephobic properties of a micro-nanostructured surface, the influence of various ice types should be studied. 

The ice adhesion measurement technique should also be added to this list. These techniques include centrifugal 

adhesion test (CAT), shear strength tests (e.g. push-off and zero-degree cone tests), and tensile strength test. 

For a certain surface, the ice adhesion results obtained from the different techniques are not necessarily 

identical. Rønneberg et al. [328] claimed that this difference can stem from either the nature and conditions of 

the employed adhesion test or the behavior of the ice-solid interface subjected to the ice detachment. 
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Although multiple applications benefit from superhydrophobic surfaces, the durability of these surfaces 

against mechanical forces and chemical media remains questionable. Golovin et al. [329] described that in 

general, superhydrophobic surfaces prone to mechanical or chemical damage either lose surface roughness or 

the low surface energy chemical bonds. This fragility can lead to a transition from the Cassie-Baxter state to 

the Wenzel state, a state that is energetically more favorable for the water droplet. Milionis et al. [330] showed 

that the transition to the Wenzel state induces a strong pinning that increases the adhesion between the water 

droplet and the substrate; the result is a loss of water repellency or anti-wetting performance of the surface. 

The lack of a defined standard procedure for evaluating the durability of different types of superhydrophobic 

surfaces has led to a myriad of set-ups and procedures to measure surface durability. These durability 

measurements are divided into tests of mechanical durability and chemical resistivity. Mechanical durability 

analyses include abrasion resistance under a specific force, wear resistance by rubbing the surface, the tape-

peel tests, scratch tests, and fatigue testing. The chemical durability analyses include immersion in aqueous 

solutions of varying pH, and exposure to UV light, as investigated. Some analyses, such as water droplet 

impacts and the ultrasonic treatment of surfaces in water involve both mechanical and chemical testing. 

Therefore, a comprehensive set of tests is required to assess the durability properties of a superhydrophobic 

and icephobic surface. 

Although many investigations have reported changes to ice adhesion strength when surfaces are 

subjected to various mechanical tests as reviewed by Work et al. [327], only few studies [331-334] have 

reported changes of the WCA and CAH after several cycles of icing/de-icing. Of the published results, the 

WCA generally decreases and the CAH increases after multiple cycles. The adhesive strength and the 

mechanical bonding between the fabricated micro-nanostructures and the substrate are critical in explaining 

the wettability of the surfaces following the icing/de-icing cycles. Lazauskas et al. [335] demonstrated that 

these cycles can transform a spiky surface morphology into a bumpy surface when the nanostructured 

protrusions become damaged. 

Silicone rubber material has exhibited hydrophobic-recovery properties where low molecular weight 

silicone (LMWS) chains diffused from the bulk material to the surface. Yan et al. [336] showed that this self-

healing has also been occurred via the reorientation of methyl groups from the bulk material to the surface and 

the reorientation of hydroxyl groups from the surface into the bulk material by the partial segmental movement 



 

77 

of silicone rubber chains. Hillborg et al. [337] also considered the condensation of silanol groups for such 

behavior. While Maghsoudi et al. [306] observed that the migration of LMWS to the surface dominates the 

hydrophobic recovery of polluted silicone rubber surfaces, Liu et al. [338] considered the conformational 

reorientation of groups as the main responsible for the hydrophobic recovery of surfaces when silicone rubber 

chains become aged or oxidized. Thus, the ability of a surface to recover its anti-wetting properties is as 

important as the evaluation of the durability of superhydrophobic surfaces. 

In the present study, we produce superhydrophobic silicone rubber surfaces using two industrially 

applicable approaches, i.e., micro compression molding (µCM) and atmospheric pressure plasma (APP) 

treatment. The produced surfaces showed having a high WCA and very low CAH. The low CAH of both 

produced surfaces was created by micro-nanostructures that established a Cassie-Baxter regime. Owing to this 

low CAH, these produced surfaces demonstrated icephobic properties. We assessed the anti-icing and de-icing 

properties by measuring freezing delay times and ice adhesion strength, respectively. We applied two common 

methods to measure ice adhesion strength, the centrifuge adhesion (CAT) and push-off tests under various 

icing conditions. This is, to our knowledge, the first study to investigate the ice adhesion strength by two 

methods and two icing conditions to provide a comprehensive comparison. In addition to applying repetitive 

icing/de-icing cycles to study the durability of the produced surfaces, we also studied the durability of the 

surfaces under mechanical and chemical forces. We also rigorously examined the recovery of surface 

hydrophobicity/superhydrophobicity of the silicone surfaces in cases where the superhydrophobicity of a 

surface was lost. 

3.3 Materials and methods 

3.3.1 Fabrication of superhydrophobic silicone rubber surfaces 

We fabricated the superhydrophobic silicone rubber surfaces using a direct replication method (via a 

µCM, Carver Inc., USA) and an atmospheric-pressure plasma machine (Plasmatreat GmbH, Germany) (Figure 

3-1). A chemical-etching method—15 wt.% HCl solution for 2 h—created micro-nanostructures on an A6061 

aluminum template. The curing time of 4.7 min, mold temperature of 149 °C, and molding pressure of 49.7 

MPa were selected as process conditions. The selected optimal plasma parameters were a reference voltage of 

100%, plasma jet speed of 4 m·min-1, gas flow rate of 2500 L·h-1, plasma frequency of 21 kHz, a cycle time of 
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100%, as well as a distance between nuzzle and substrate of 8 mm. The plasma jet passed along the surface 

four times. 

 

Figure 3-1. Schematic of the (a) micro compression molding (µCM) and (b) atmospheric-pressure plasma 

(APP) techniques to create a micro-nanostructured silicone rubber surface. 

3.3.2 Surface characterization 

A Kruss™ DSA100 goniometer determined the WCA and CAH at 25 ± 0.5 °C. We deposited a 4-µL 

water droplet onto the sample surface to determine the WCA using the Young-Laplace approximation. The 

CAH equaled the difference between the advancing and receding contact angles when the water droplet moved 

across the surface. To ensure accuracy and reproducibility, we measured the angles at five points on each 

sample; the average and standard deviation of the measurements are reported. We relied on scanning electron 

microscopy (SEM) (JSM-6480 LV SEM manufactured by JEOL Japan) to observe the produced surfaces, and 

we applied a thin layer of gold-palladium alloy coated on the silicone surfaces to enhance imaging quality. An 

optical profiler (Profil3D Filmetrics, USA) measured surface roughness. The line and area roughness values 

were calculated based on the ASME B46.1 2D and ASME B46.1 3D standards, respectively. To analyze the 

chemical functions on the surface based on an evaluation of the surface chemical composition, we ran Fourier 

transform infrared spectroscopy (FTIR) using a Cary 630 FTIR Spectrometer (Agilent, USA) in ATR 

(attenuated total reflection) mode to acquire the highest quality spectra in the infrared range of 400–4000 cm−1. 

A 4-µL water droplet was observed during the evaporation process, and the images were captured by a digital 

camera placed on a Kruss goniometer machine. The camera images were set at 8× magnification. The software 



 

79 

(DSA1 v 1.9, Drop Shape Analysis for DSA100) calculated the contact line length and the contact area with 

the substrate as a function of time. We therefore monitored changes in the contact line length between the 

droplet and the surfaces. The temperature of all experiments was identical to that used during the WCA tests. 

3.3.3 Icephobic properties 

The WCA of surfaces at below-zero temperatures as well as the freezing delay times were determined 

in the cold chamber of the Kruss machine. The Peltier cooling stage can reach -30 °C with a control precision 

of 0.1 °C. The delay in the initiation of water droplet freezing was reported as the freezing delay time. The 

humidity variation is limited in the closed chamber of the Kruss machine. Moreover, to avoid the influence of 

condensation on the measurements we used anhydrous calcium sulfate desiccants (Indicating DRIERITE 

impregnated with cobalt chloride). We determined the ice adhesion strength of the produced samples via two 

separate methods to obtain a comprehensive comparison of the icephobic properties under various conditions. 

For the centrifuge test, samples were iced under freezing drizzle conditions in a climatic chamber at -

8.0 ± 0.2 °C by spraying supercooled water microdroplets onto the surfaces. Such conditions resulted in the 

deposition of glaze ice from the water droplets, having a median volumetric diameter (MVD) of 324 µm on an 

1100 ± 70 mm2 surface and a thickness of around 7 ± 1 mm. Droplet speed corresponded to their free-fall 

values in the vertical airflow. The samples were iced for about 35 minutes to obtain around 5.5 ± 0.5 g of ice. 

All samples were iced simultaneously. The iced samples were tested individually in a centrifuge placed in a 

climatic chamber at ‑10.0 ± 0.2 °C. The centrifugal force (F) was calculated as F = mrω2, using the detached 

ice mass (m), the speed at which the detachment occurred (ω), and the beam radius (r). The ice adhesion shear 

stress was then calculated as τ = F/A, where A is the iced area. The reduction in ice adhesion was defined as [τ 

(pristine silicone rubber) - τ (superhydrophobic silicone rubber)]/ τ (pristine silicone rubber). 

In the push-off test, a thin 1-cm diameter cylindrical plastic mold was placed onto the substrate. We 

then filled the mold with deionized water and placed the mold and substrate into a cold chamber at -10.0 ± 

0.2 °C for 24 h to form an ice cylinder. After removing the sample from the cold chamber, we placed the test 

sample onto the holder and fixed the sample using two screws. A remote computer-controlled interface then 

controlled the turning of the screws at a fixed rate of 0.05 mm·s-1 so that the sample holder was pushed 

gradually toward the force gage. The force gage measured the shear force ten times per second until the ice 

detached. The adhesion stress was therefore calculated knowing the maximum force and the icing area. We 
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calculated the corresponding de-icing energy for each surface using the area under the developed force-

displacement curves. 

3.3.4 Durability properties 

We used an Elcometer 3000 Clemen Unit (Elcometer, USA) with 4000-grit silicon carbide sandpaper 

to evaluate the durability of the superhydrophobic surfaces against abrasion. The applied pressures on the 

samples’ surfaces during abrasion were 1.6 kPa, 3.2 kPa, and 6.4 kPa. We ran the process repeatedly over 

2.5 cm of the surface. We measured the WCA and CAH after each block of 50 abrasion cycles. 

We also evaluated the durability of the produced silicone rubber surfaces via a finger-press test where 

a vertical pressure of 80 ± 8.8 kPa was applied to the surface by a bare thumb. We measured the average force 

applied by a bare thumb using a digital force gauge. To reduce the measurement error, we did these 

measurements while the hand was stationary. We also carried out a tape-peeling test by applying and removing 

a pressure-sensitive Scotch-600 tape at approximately 30 kPa pressure to the surface. To test surface durability 

when subjected to ultrasonication, the surfaces were placed into 100 mL of deionized water in a Branson 2510 

ultrasonication bath. After each 60-min interval, we removed the sample, dried the sample for 15 min at 70 °C, 

then measured the CA. In the continuous water droplet impact durability test, water droplets produced at a rate 

of 1 mL·min-1 from a distance of ~10 cm above the surface fell onto the surface that was placed at a slope of 

~5°. The impact point was marked for WCA measurements. Each cycle required 1000 s, during which time 

~17 mL water dropped onto the surface. The test ran for 7000 s, i.e., ~120 mL of water in total.We used buffer 

solutions having a pH of 2 and 12 as the acidic and alkaline media and used also deionized water (pH 7) to 

study the durability of the produced surfaces over 15 days. After a 3-day interval, we removed each sample 

from the solution, rinsed the sample ultrasonically for 15 min, dried the sample at 70 °C for 15 min, and we 

then measured the WCA and CAH. We used a QUV accelerated weathering tester for the accelerated UV-

weathering test to evaluate the destruction of the surface anti-wetting properties when subjected to simulated 

outdoor conditions within a controlled laboratory setting. The tests were conducted according to ASTM G154 

using UVA-340 fluorescent lamps and a test cycle of 8 h, a temperature of 60 °C, and an irradiance of 

0.89 W·m-2. 

Given the extensive use of HTV-SR in high-voltage insulators, it is relevant to assess the durability of 

our produced surfaces against harsh weather conditions, e.g., sandstorms. We sandblasted our samples in a 
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sandblasting cabinet under conditions of air blow pressure at 20 psi, an air blower velocity of 10 m/s, a sand 

feed of 0.07 g/s—thus 4.2 g of sand blown onto the surface after 1 min of air blowing. This amount corresponds 

to a single sandstorm in Borg-El-Arab, Egypt. Given that approximately 20 sandstorms occur per year at this 

location, a 20-min test simulates one year of exposure to sandstorm conditions [339]. The distance between the 

gun and the sample surface was 25 cm, and the impact angle was set at 90°. We used silicon carbide (SiC) 

particles to conduct the tests. During a sandstorm, the height to which sands and dust can reach depends on 

wind strength and the amplitude of wind velocity fluctuations. This height thus varies from 1 m above the 

ground to 15.24 m. However under similar conditions, dust or finer sediments (<63 µm) are lifted higher than 

coarse sand (>63 µm) [340]. On the other hand, a typical height of an electrical transmission tower is 15–50 m; 

we therefore used a particle size of 18 µm for the test. 

3.4 Results and discussion 

3.4.1 Surface characterization 

The WCA and CAH of the pristine silicone rubber surface were 115 ± 1.8° and 43.4 ± 1.9°, respectively. 

A WCA of 166.6 ± 1.9° and 165.8 ± 1.3° and CAH of 0.6 ± 0.3° and 1.1 ± 0.6° for the µCM and APP-treated 

silicone rubber surfaces, respectively, testified to the superhydrophobic property of the produced samples. The 

presence of micro-nanostructures on the silicone surfaces satisfied the required condition of “low surface 

energy material and surface roughness” to achieve superhydrophobicity. The surface profiles and SEM images 

of the surfaces at various magnifications are presented in Figure 3-2. Surface morphologies differed for each 

surface. Both 1D roughness (line roughness) and 2D roughness (area roughness) values were reported for 

comparative purposes (Table 3-1). The skewness coefficient (Ssk), representing the symmetry level of the 

surface height relative to the mean plane, and the kurtosis coefficient (Sku), which describes the sharpness of 

the probability density of the profile, are also provided. Compared to a pristine surface, the micro compression 

molding process significantly increased surface roughness. The root-mean-square height (Sq) of the µCM 

surface increased ~5 times. Although the APP-treated surface possessed almost the same Sq as the pristine 

surface, the skewness and kurtosis values showed jagged surface structures with considerably higher peaks and 

lower valleys than those on the pristine surface. This observation was similar to that observed in case of a 

plasma treated Teflon surface compared to a non-treated Teflon surface [341].  
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Figure 3-2. The 3D surface profiles of the (a-1) pristine, (b-1) µCM, and (c-1) APP-treated silicone rubber 

surfaces. SEM images of the (a-2, a-3, and a-4) pristine, (b-2, b-3, and b-4) µCM, and (c-2, c-3, and c-4) 

APP-treated silicone rubber surfaces. Inset images represent the water contact angle and contact angle 

hysteresis of the corresponding surfaces. 

Table 3-1. Area and line roughness values obtained from profilometry analysis. 

 Pristine µCM APP 

Area roughness (µm) 

Maximum peak to valley height (St) 11.68 71.54 16.38 

Arithmetic mean height (Sa) 1.46 7.43 1.19 
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Root mean square height (Sq) 1.76 9.40 1.53 

Skewness (Ssk) 0.07 0.09 0.33 

Kurtosis (Sku) 2.38 3.008 3.99 

Line roughness (µm) 

Maximum peak to valley height (Rt) 5.196 15.16 5.79 

Arithmetic mean deviation (Ra) 0.70 2.54 0.70 

Root mean square deviation (Rq) 0.89 3.17 0.91 

 

FTIR analysis assessed the presence of chemical bonds on the produced silicone rubber surfaces (Figure 

3-3). The pristine and µCM surfaces showed identical absorption spectra of Si–(CH3)2, Si–O–Si, Si(CH3), and 

–OH at the approximate positions of 805–855 cm-1, 1000–1110 cm-1, 1245–1275 cm-1, and 3200–3550 cm-1, 

respectively [21, 103]. For the APP-treated surface, the Si-containing bonds, in particular for Si–(CH3)2, were 

modified. Under plasma treatment, the Si–CH3 bonds are prone to breakage due to their relatively low binding 

energy [342]. Moreover, the –OH spectrum almost vanished. The disappearance of hydroxyl groups (–OH) is 

attributed to the endothermic decomposition of alumina trihydrate (ATH) particles at high temperatures during 

the plasma treatment [21].  

 

Figure 3-3. FTIR spectra for (1) pristine, (2) µCM, and (3) APP-treated silicone rubber surfaces. 

The CAH values of the produced superhydrophobic surfaces demonstrated that the created roughness 

led the surfaces to fall into a Cassie-Baxter state. However, we then carried out the droplet evaporation test to 
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obtain more information about the kinetics of the interfacial interactions. Evaporation occurs due to the 

diffusion and/or convection of water molecules into the environment. Three modes of evaporation explain the 

changes in the WCA and contact line (CL) of a water droplet on a solid surface in calm air. Depending on the 

WCA or CL being constant or decreased, the modes are the constant contact line (CCL), the constant contact 

angle (CCA), and mixed modes. The emergence of each mode depends highly on surface geometry and 

chemistry, which directly influences the wetting regimes [343]. 

Figure 3-4 presents the evolution of WCA and CL due to the evaporation of small water droplets placed 

on hydrophobic and superhydrophobic surfaces. On the superhydrophobic surfaces, the water droplets 

underwent a linear decrease in CL and a gradual reduction of WCA. These observations showed the mobility 

of the CL due to the low CAH of the superhydrophobic surfaces. Over time, the water droplet preserved its 

initial marble-like shape by which a consistent Cassie-Baxter regime could be confirmed [344]. On the pristine 

surface, however, the steep slope of WCA reduction, with the increase in CL during the first stages of 

evaporation, and followed by a sharp drop at later stages, indicated the high adhesion of the water droplet to 

the solid surface. The greater adhesion of the droplet to the pristine surface relative to its adhesion to the 

superhydrophobic surfaces caused greater evaporation from the upper portion of the droplet on the pristine 

surface rather than along the triple liquid/solid/air line. This causes the droplet to be flattened on the surface, 

thereby leading to a decreased WCA for the pristine surface. Moreover, the pinned CL of the pristine surface 

over the mobile behavior of the CL on the superhydrophobic surfaces led to a different water droplet duration. 

The longer duration of a water droplet on a superhydrophobic surface, relative to that on a pristine surface, 

resulted from the high aspect ratio of the droplet, which led to a longer thermal resistance path, and the low 

effective thermal conductivity of the surface due to the presence of air pockets [345]. Moreover, three 

possibilities exist for water droplet evaporation on superhydrophobic surfaces. Evaporation can occur from the 

upper portion of the droplet, from the triple line, and from the contact line. The latter causes the presence of a 

water gas phase within the structures of the superhydrophobic surfaces. Comparing the behavior of the water 

droplet on the µCM and APP-treated superhydrophobic surfaces over time revealed that the presence of larger 

structures on the µCM surface facilitated a greater contact between the water liquid phase and water gas phase 

trapped within the surface structures. Consequently, the WCA of the µCM surface experienced a greater 

reduction than that of the APP-treated surface over time. 
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Figure 3-4. Images of droplet evaporation on (a) pristine, (b) µCM, and (c) APP-treated silicone rubber 

surfaces. (d) Changes to the water contact angle and contact line over time for each surface. 

3.4.2 Icephobic properties 

In the development of icephobic surfaces, two main properties are usually considered: anti-icing and 

de-icing. Anti-icing refers to a property of surface to delay or reduce ice accretion, whereas the de-icing 

approach is attributed to the removal of formed ice on the surface [346]. The anti-icing property of the produced 

surfaces was examined through the measurement of the WCA at below-zero temperatures and the freezing 
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delay. The de-icing property, however, was examined using measurements of the ice adhesion strength based 

on the centrifuge and push-off tests. 

3.4.3 Anti-icing properties 

To assess the behavior of the produced surfaces at supercooled temperatures, we measured the variation 

of WCA at various temperatures (Figure 3-5 (a)). The WCA decreased for all surfaces at below-zero 

temperatures. This decrease was expected and can be attributed to water surface tension at low temperatures 

[347]. At low temperatures, the surface tension of the water droplets strengthens, thus leading to an increase in 

the internal pressure of a droplet and may provoke a transition from a Cassie-Baxter to a Wenzel regime [348]. 

The APP-treated surface displayed a relatively higher WCA than that of the µCM surface at freezing 

temperatures. This difference can be attributed to the better functionality of the lower surface roughness on the 

APP-treated surface compared to µCM surface roughness in the Cassie-to-Wenzel transition at freezing 

temperatures. A close inspection of the curve slope of each surface revealed that the WCA of the APP-treated 

surface decreased slower than that of the WCA for the µCM surface at temperatures between 15 and -10 °C. 

However, below -10 °C, the WCA of both surfaces decreased monotonically due to the increased internal 

pressure of the droplet and a possible wetting regime transition. 

We also present the results of freezing delay for three temperatures: -15 °C, -20 °C, and -25 °C (Figure 

3-5 (b)). We did not consider the freezing delays at -5 °C and -10 °C given that they were too long for this 

experiment. We observed a marked delay in freezing on the superhydrophobic surfaces due to the presence of 

micro-nanostructures when compared to the pristine surfaces, which lack these structures. As an initial 

explanation of such behavior is the reduced contact area between the water droplet and the surfaces when WCA 

is high. As such, the thermal conductivity decreased dramatically for superhydrophobic surfaces compared to 

the pristine surface. In addition, the delay in freezing time stemmed from the micro air pockets trapped between 

the surface asperities to therefore act as a thermal barrier. Consequently, the formation of micro-nanostructures 

on the superhydrophobic surfaces led to less heat dissipation than observed from the smooth pristine surface 

[349]. Therefore, the greater the volume of a trapped air pocket, the longer the freezing delay. Using the 

profilometry technique, we determined that, compared to the pristine surface, the µCM and APP-treated 

surfaces entrapped 14.2× and 4.7× more air, respectively, within their surface structures. At -15 °C, the µCM 

surface showed a ~40% greater delay in freezing time compared to the APP-treated surface that had a relatively 
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greater abundance of nanostructures. This difference was most significant at -25 °C. As for the µCM surface, 

the freezing delay time was ~2.5× greater than that of the APP-treated surface. This illustrates that surface 

roughness has a more considerable contribution to the freezing process at lower temperatures. 

 

Figure 3-5. (a) Variation in water contact angle and (b) freezing delay at various temperatures for the 

pristine, µCM, and APP-treated surfaces (the dashed line in (a) shows the threshold of superhydrophobicity). 

3.4.4 De-icing properties 

Through the push-off test, it was observed that both superhydrophobic surfaces reduced ice adhesion 

strength. While de-icing of the pristine surface required a pressure of 132.8 kPa, the µCM and APP-treated 

surfaces required only 90.1 kPa and 32.9 kPa, respectively, to become de-iced during the first icing/de-icing 

cycle (Figure 3-6 (a)). The energy required for de-icing the pristine surface was ~30 mJ, whereas the µCM and 

APP-treated surfaces required only 8.75 mJ and 0.51 mJ, respectively (Figure 3-6 (b)). Regarding the shape of 

the produced curves (Figure 3-6 (b)), it can be concluded that the pristine and µCM surfaces showed the same 

behavior when de-icing, the plastic deformation of ice [350]. In this case, the applied force to the ice pillar 

increases gradually until the force overcomes the adhesion force between the ice and top of the surface 

structures and detaches the interlocked ice from the surface asperities. The lower force required for the µCM 

surface, relative to the pristine surface, relates to the lower ice-surface contact area due to the higher WCA of 

the µCM surface and less interlocked ice between the surface asperities. However, the APP-treated curve 

showed a very different behavior, i.e., elastic deformation. A sudden jump in the curve was observed at the de-

icing point showing that the amount of interlocked ice was negligible, and the applied force was only required 

to overcome the adhesion of ice to the top of the features [350]. Thus, there is a similarity between the de-icing 
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behavior of the pristine and µCM surfaces, a behavior that is in sharp contrast with that of the APP-treated 

surface. 

The push-off test was repeated seven times on each surface to assess the durability of the surfaces under 

repetitive icing/de-icing cycles. The ice adhesion strength of the µCM surface did not necessarily increase 

(Figure 3-6 (c)), and in some cases, ice adhesion strength was even lower after the first cycle of the test, e.g., 

cycles 2 and 5. This testifies to the durability of the µCM surface micro-nanostructures during the de-icing 

process. The ice adhesion strength of the APP-treated surface, on the other hand, increased gradually after the 

4th cycle, related to the removal of nanostructures during ice detachment (discussed in detail below). 

We observed almost identical trends when the centrifuge tests assessed ice-covered surfaces under 

conditions of freezing drizzle (Figure 3-6 (d)). The pristine silicone rubber surface showed an ice adhesion 

strength of about 120 ± 3.6 kPa; both superhydrophobic surfaces reduced the ice adhesion strength. The 

adhesion strength of the µCM surface did not significantly increase (even at the 6th cycle, the ice adhesion 

strength remained low), while that of the APP-treated surface increased significantly through the seven 

icing/de-icing cycles. Thus, ice adhesion to the µCM surface depended highly on the probability that ice 

interlocked into the surface structures, while the increased ice adhesion strength of the APP-treated surface 

stemmed from the gradual deterioration of nanostructures. The SEM images of the surfaces after the 7th 

icing/de-icing cycle are shown in Figure AI-1. 
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Figure 3-6. (a) De-icing pressure required for surfaces in the push-off test and (b) the corresponding de-

icing energy of each surface. Ice adhesion strength for repetitive icing/de-icing cycles for the (c) push-off and 

(d) centrifuge tests. 

Compared to the untreated silicone rubber surface, ice adhesion reduction varied between ~26% and 

~42% for the µCM surface and decreased ~75% to ~62% for the APP-treated surface over seven icing/de-icing 

cycles in the push-off test (Table 3-2). In the centrifuge test, the ice adhesion strength decreased ~30% for the 

µCM surface and ~68% for the APP-treated surface after the first cycle (Table 3-2Table 3-2). The APP-treated 

surface showed a better de-icing property at each cycle although also showed a significant loss of its de-icing 

properties, whereas the µCM surface exhibited a lower reduction in ice adhesion but showed a greater durability 

against repetitive icing/de-icing cycles. The ice adhesion reduction factor (ARF) values—usually reported 

according to the ice adhesion strength of bare aluminum—offer a better understanding of the de-icing 

properties of the produced surfaces (Table AI-5). 

In terms of the de-icing properties of surfaces having hierarchical micro-nanostructures, surfaces having 

a lower surface roughness produced a lower ice adhesion. This relates to the interlocking of ice into the surface 

structures, which can result in enhanced adhesion strength. Davis et al. [351] observed that among three 
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surfaces having arithmetic mean surface roughness values of 8.7 µm, 2.7 µm, and 1.6 µm, the lowest ice 

adhesion strength was obtained for the surface having the lowest surface roughness. A comparison of the root 

mean square height (Sq) of the µCM and APP-treated surfaces (9.40 and 1.53, respectively) confirms this 

observation. However, higher surface roughness can improve surface durability against repetitive icing/de-

icing cycles. 

Table 3-2. The ice adhesion reduction values for the µCM and APP-treated surfaces during the push-off and 

centrifuge tests. 
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µCM 32.3 ± 1.9 39.5 ± 2.3 26.3 ± 2.9 38.3 ± 1.9 42.1 ± 2.3 30.8 ± 1.9 36.1 ± 1.7 

APP 75.3 ± 1.7 73.2 ± 1.9 73.8 ± 2.6 71.0 ± 1.9 67.1 ± 1.3 65.0 ± 2.3 62.2 ± 1.7 

ce
n

tr
if

u
g
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µCM 30.0 ± 1.3 17.5 ± 3.6 22.5 ± 2.7 15.0 ± 0.7 15.8 ± 1.6 31.7 ± 1.9 15.0 ± 0.7 

APP 68.3 ± 1.7 62.5 ± 1.5 54.2 ± 1.3 48.3 ± 2.6 38.3 ± 1.9 34.2 ± 2.3 30.8 ± 3.3 

 

The differing results of the two measurement methods for ice adhesion (push-off test and centrifuge test) 

may stem from a difference between the type of ice formed in each test. In the push-off test, a non-impact bulk 

ice forms on the surface by placing a water pillar on the surface, and the icephobic behavior of the surfaces 

depends highly on the Cassie-Baxter consistency during the icing process. If the micro-nanostructures resist 

the penetration of water into the surface asperities before icing, a non-interlocked ice (Cassie ice) can form on 

the surface and produce a low ice adhesion strength. However, in the centrifuge test, the surfaces were covered 

with glaze ice produced by freezing drizzle; freezing drizzle represents one of the most severe icing conditions 

where the supercooled microdroplets can penetrate the surface structures. Therefore, the ice adhesion strength 

in the centrifuge test depended highly on the icing condition parameters, particularly the MVD [234]. The APP-

treated surface, with reduced surface roughness, resisted the penetration of water microdroplets (size of 

324 µm), whereas the water microdroplets could penetrate partially into the µCM surface structures producing 

a higher ice adhesion strength. The WCA and CAH of the produced surfaces were measured after the 7th cycle 

of icing/de-icing in both the push-off and centrifuge tests (Table AI-6). Both surfaces presented a high WCA 

and low CAH to demonstrate the stability of water-repellency after multiple icing/de-icing cycles. The 

photographs of each surface at the 1st and 7th icing/de-icing cycles after ice accumulation and ice removal in 
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the centrifuge test are presented in Figure AI-2. In the 1st cycle, the spherical shape of supercooled water 

droplets freezing on the superhydrophobic surfaces highlighted the water-repellent property at a freezing 

temperature. This was not observed for the pristine surface. The rounded shape of the formed ice on the APP-

treated surface at the 7th cycle illustrated its most favorable water-repellent property. 

3.5 Durability property 

We investigated the durability of the produced superhydrophobic surfaces through various mechanical 

and chemical tests that represent the real-life applications, including abrasion using sandpaper, a finger-press 

test, a tape-peeling test, sandstorm simulation, ultrasonication treatment, continuous water droplet impacts, 

immersion in chemical solutions, and exposure to UV-light radiation. We closely monitored and recorded the 

WCA and CAH of the samples to study the capacity of a surface to recover its superhydrophobicity, where 

applicable. 

3.5.1 Mechanical durability 

The sandpaper abrasion test of superhydrophobic surfaces is effective for evaluating mechanical 

durability; however, studies often stop abrasion cycles before any deterioration of superhydrophobicity [352-

354]. Here, we maintained the cycles once the superhydrophobic properties began to deteriorate to provide a 

thorough understanding of mechanical stability. The superhydrophobic properties of the µCM surface were not 

lost (WCA >150°) even after 300 abrasion cycles for abrasion pressures of 1.6 kPa and 3.2 kPa (Figure 3-7). 

However, the CAH increased to >10° after 250 cycles. Under these same conditions, i.e., abrasion pressures of 

1.6 kPa and 3.2 kPa, the WCA of the APP-treated surfaces fell below 150° after 200 and 150 cycles, 

respectively. The CAH became >10° after 100 cycles. Increasing the abrasion pressure to 6.4 kPa, which is a 

relatively high pressure for any abrasion test, the µCM surface maintained its WCA >150° after 200 cycles, 

whereas the APP-treated surface showed a WCA <150° after 100 cycles. The CAH of the µCM surface 

increased to >10° after 100 cycles, whereas that of the APP-treated surface showed a CAH of ca. 20° after 50 

cycles. This observation relates to the fast deterioration of surface micro-nanostructures under such high 

abrasion pressure. 
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Figure 3-7. Water contact angle and contact angle hysteresis as a function of abrasion cycles using various 

abrasion pressures for (a) µCM and (b) APP-treated surfaces. 

SEM images of the surfaces after being abraded for 300 cycles using sandpaper (Figure 3-8) illustrate 

the decreased micro-nanostructures on the surface after the abrasion process. When comparing surfaces 

abraded using pressures of 3.2 kPa and 6.4 kPa, we observed that the greater the abrasion pressure, the more 

the surface asperities wore out. Higher abrasion pressures produced flatter surfaces and removed the 

microstructures. The red outlines in Figure 3-8 illustrate areas where structures were lost due to abrasion, while 

the yellow outlines denote areas where the structures remained intact or less severely damaged. A greater 

number of yellow areas are present in samples subjected to 3.2 kPa abrasion pressures, explaining the relatively 

high WCA, whereas the greater number of red shapes in the sample abraded at 6.4 kPa indicates the flattened 

structures and, therefore, explains the reduced WCA and increased CAH. 
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Figure 3-8. SEM images at various magnifications of (a1-a3) µCM surface abraded at 3.2 kPa pressure, (b1-

b3) µCM surface abraded at 6.4 kPa pressure, (c1-c3) APP-treated surface abraded at 3.2 kPa pressure, and 

(d1-d3) APP-treated surface abraded at 6.4 kPa pressure. 

We measured the WCA of both surfaces abraded at 6.4 kPa at regular intervals to determine the recovery 

of surface superhydrophobicity (Figure AI-3 (a)). The WCA of the µCM surface increased constantly up to 20 

days after the tests, and it thereafter remained unchanged at the value of ~157°. For the µCM surface (an initial 

WCA of 166.6°), the recovery capability of the silicone surface was significant. The WCA of the APP-treated 

surface (an initial WCA of 165.8°), however, showed a slight increase after the first 10 days post-test and then 

remained at an almost constant value of ~143°, showing non-superhydrophobic behavior. During the abrasion 

test, the asperities may undergo two changes. First, the microstructures and nanostructures are worn out as they 
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are vulnerable to abrasion. This type of deformation is not reversible, which explains the permanent 

deterioration of CAH—CAH did not change considerably after the tests and remained >10° even after 50 days 

of rest for both prepared surfaces. Second, as the complete wearing of microstructures is less possible than the 

full loss of nanostructures, the microstructures are bent and stretched under pressure and drag forces. Therefore, 

there is a possibility of recovery due to the elastic properties of silicone rubber asperities, where microstructures 

can return upright and recover their initial position with time. 

We also examined the durability of the produced silicone rubber surfaces via a finger-press test where 

we applied a pressure of 80 ± 8.8 kPa to the surfaces using a bare thumb (Figure 3-9 (a)). This test can mimic 

human handling of a material to test whether a superhydrophobic surface can be suitable for commercial use. 

In addition to mechanical damage, a bare finger-press also adds salt and oil contaminants to the surface. 

Therefore, the finger-press test can both physically and chemically affect a superhydrophobic surface [253]. In 

our finger-press tests, the µCM surfaces degraded more than the APP-treated surfaces. Although the WCA of 

both surfaces decreased almost similarly and remained at >150° after 50 cycles (APP-treated showed a slightly 

more durable behavior), the CAH of the µCM surfaces increased markedly after 10 cycles, whereas the CAH 

of the APP-treated surface remained <10° even after 50 finger-press cycles. 

The increase in WCA after a single day of recovery following the finger-press test was an important 

result (Figure AI-3 (b)). The WCA of the finger-pressed µCM surface increased from 148.5° to 164.2°, while 

the WCA of the APP-treated surface increased from 152.8° to 155.9°. The micro-nanostructured silicone 

asperities could therefore return to their initial position after the finger force was released due to the rubber 

elasticity. These post-pressure behaviors are explained by the different micro-nanostructures on the surfaces. 

A portion of the WCA loss can also be attributed to the added salt and oil contaminant from thumb to the 

surface. As such, some of the observed WCA recovery can be related to the migration of LMWS to the surface 

and covering the contamination molecules transferred to the surface by the thumb. Finally, after 10 days of 

recovery, the CAH of the µCM surface attained 9° (while the graph plateaued after Day 8). The CAH of the 

APP-treated surface did not show any significant change. 

The tape-peeling test involved applying and removing a pressure-sensitive Scotch-600 tape with 

approximately 30 kPa pressure to the surface. According to Wang et al. [355], this pressure is much larger than 

the pressure described in the standard test method for measuring adhesion by the tape test. In terms of the 
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pressure placed onto the surface, this test combines the effects of the finger-press test and the adhesion test, as 

though the sample underwent 50 cycles of the finger-press test and tape-peeling test simultaneously. After 50 

attach-detach cycles, both surfaces remained superhydrophobic with a WCA >160° and a CAH < 6° (Figure 

3-9 (b)). 

In ultrasonication, the energy is applied by waves at an ultrasonic frequency (>20 kHz) within a liquid 

media. This energy can damage a surface lacking a strong physical morphology or a strong chemical bonding 

with the substrate.[253] The µCM surface was durable against long-term ultrasonication. After 4 h of 

continuous ultrasonication, the WCA of the µCM surface remained at ~160° and the CAH was at ~10° (Figure 

3-9 (c)), confirming the strong physical micro-nanostructured morphology of the prepared superhydrophobic 

surface. The APP-treated surface, however, was significantly vulnerable to ultrasonication. The WCA of the 

APP surface dropped below 150° after 60 min and was ~124° after 4 h. The CAH increased to >20° after 60 

min and to ~60° after 4 h. This marked change occurs as nanostructures are removed from the APP-treated 

surface by the high levels of applied ultrasonic energy (Figure AI-4). 

We investigated the dynamic impact durability of the superhydrophobic surfaces under a liquid phase. 

This evaluation is very important in terms of the application of produced superhydrophobic surfaces under rain 

precipitation. We conducted this test using the parameters of ~1 mL·min-1 and we ran the test for 7000 seconds, 

i.e., ~120 mL water impacting a single point of the surface at a speed of 1.4 m/s, a speed equivalent to that of 

3.0-mm diameter raindrops.[356] The WCA and CAH remained >150° and <10° after being exposed to a water 

jet impact, i.e., ~6000 droplet impact events, after 7000 s (Figure 3-9 (d)). A reduction of the surficial anti-

wetting properties can be attributed to the partial penetration of water into the surficial hierarchical structures 

due to the instantaneous pressure exerted on the surface [253]. 

The dynamic impact durability of the produced superhydrophobic surfaces under a solid phase was also 

examined. We simulated sandstorm conditions (average particle size of 18 µm) in a sandblasting machine. 

Each individual surface was exposed to the sand stream at a pressure of 20 psi for 20 min, and we recorded the 

WCA and CAH every 5 min (Figure 3-9 (e)). Both surfaces showed a WCA >150° and a CAH <10° after 20 

min of sandblasting (corresponding to a full year of real-life sandstorm events). The SEM images of the 

sandblasted surfaces are shown in Figure AI-5. 
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Figure 3-9. Water contact angle and contact angle hysteresis as a function of (a) finger-press cycle, (b) 

attach-detach cycle, (c) ultrasonication time, (d) continuous water droplet impact time, and (e) sandblasting 

time for µCM and APP-treated surfaces. 

3.5.2 Chemical durability 

We then tested the durability of the produced superhydrophobic surfaces against buffer solutions of pH 

2, pH 12, and deionized water of pH 7. When superhydrophobic surfaces are immersed in aqueous solutions, 

there are two possibilities for deterioration of superhydrophobic behavior. One possibility is related to the 
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penetration of liquid into the surface structures (Cassie-to-Wenzel transition) which is mainly dominated by 

capillary forces. [357] showed that the morphology of the surface structures determines the capillary forces 

dominating the penetration of the droplet into the surface structures. The other possibility, however, is related 

to the formed chemical bonds due to the presence of aqueous medium. 

After 15 days of immersion in the acidic solution, the WCA of the µCM surface remained >155°, while 

the CAH increased to 12°; thus, the surface was superhydrophobic with a weak roll-off property (Figure 3-10 

(a)). The µCM surface in the alkaline solution had a WCA remaining at >160° and a CAH remaining at <5°. 

The WCA of the µCM surface was >150° and the CAH increased to 30° after 15 days of water immersion. 

These observations can be attributed to the presence of oxide/hydroxide groups in the vicinity of the solutions 

for an extended period of time. On the µCM surface, the silicone rubber chains, as well as the ATH particles, 

react with the acid, base, and water to produce these oxide/hydroxide groups. 

The APP-treated surface demonstrated extraordinary durability against the three aqueous media. A 

WCA >160° and CAH <5° testified to a desirable chemical durability of the APP-treated surface (Figure 3-10 

(b)). The APP process at elevated temperatures breaks the chemical bonds of the silicone rubber chains, and 

therefore the surface is mainly covered by silicon oxide [358]. These SiO2 do not react with the acidic, alkaline, 

and neutral water media. As such, the SiO2 acts as a shield to prevent chemical reactions on the APP-treated 

surface. Moreover, according to [359] the capillary pressure, corresponding to the pressure that resists water 

penetration, is inversely related to the structure gap (Pc = 2σ.cosθ/r, where σ is liquid surface tension, θ is the 

intrinsic contact angle of the surface, and r is the distance between the surface structures). Therefore, on the 

immersed surfaces, the smaller micro-nanostructures having greater capillary force can hinder the Cassie-to-

Wenzel transition. This is witnessed by lower reduction of WCA on the APP-treated surface. 

Due to the migration of LMWS molecules from the bulk material to the surface and the reorientation of 

methyl and hydroxyl groups by conformational changes, the optimal WCA and CAH conditions were 

recovered (Figure AI-3 (c)). This restoration was due to the rotation and movement of the LMWS chains that 

are thermodynamically driven to the surface to minimize free energy at the surface. 

Finally, sunlight radiation is a major cause of damage to materials used outdoors. Hence, the durability 

of silicone surfaces used for outdoor applications, e.g., electrical insulation, is of great importance. The sun 

emits ultraviolet, visible light, and infrared waves, ultraviolet waves being the most destructive. The WCA and 
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CAH of the superhydrophobic surface remained >150° and <10° respectively after being exposed to 1200 h of 

UV light, representing about six years under natural conditions (Figure 3-10 (c)). The produced surfaces thus 

demonstrated resistance against accelerated UV-light exposure. The better performance of the APP-treated 

surface over that of the µCM surface is due to the silicon oxide layer formed on the surface acting as a shield 

against UV-light exposure. 

 

Figure 3-10. Water contact angle and contact angle hysteresis as a function of immersion time (days) in 

acidic, alkaline, and neutral solutions for (a) µCM and (b) APP-treated surfaces. (c) Water contact angle 

and contact angle hysteresis as a function of UV-light exposure time for µCM and APP-treated surfaces. 

3.6 Conclusions 

We produced superhydrophobic silicone rubber surfaces having a WCA >150° and a CAH <10° via 

straightforward direct replication method using a micro compression molding (µCM) system and a simple 

treatment by atmospheric-pressure plasma (APP). The observed delay in the freezing time of droplets on the 

produced superhydrophobic surfaces stemmed from the creation of air pockets on their surfaces. The larger 

micro-nanostructures showed better anti-icing properties as they could trap more air within their micro air 
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pockets. As for the µCM surface, the freezing delay time was ~2.5× more than that of APP-treated surface at 

–25 °C. Using centrifuge and push-off tests—with corresponding icing conditions of hard rime and bulk ice, 

respectively—we demonstrated that the produced superhydrophobic surfaces also decreased ice adhesion 

strength. The mechanism of ice removal for the µCM and the pristine surface was the plastic deformation of 

ice, while elastic deformation controlled ice removal from the APP-treated surface. Compared to a pristine 

silicone rubber, the APP-treated surface (Sq = 1.53 µm) decreased the ice adhesion strength up to 75% in a 

push-off test and 68% in a centrifuge test, whereas the µCM surface (Sq = 9.40 µm) reduced ice adhesion 

strength up to 42% in a push-off test and 32% in a centrifuge test. Therefore, for surfaces having hierarchical 

micro-nanostructures, those surfaces with a lower surface roughness are characterized by a lower ice adhesion 

strength. The stronger physical bonding between the micro-nanostructures and the bulk material in the µCM 

surface, however, led to a relatively constant ice adhesion strength throughout repetitive icing/de-icing cycles. 

The durability of the produced silicone rubber superhydrophobic surfaces were tested through mechanical and 

chemical experiments. The samples showed desirable durability properties maintaining a WCA of >150° and 

a CAH of <10° in several tests. Silicone rubber materials also showed a self-repair capacity stemming from the 

elasticity of the rubber and migration of LMWS to the surface. This recovery compensated for the loss of anti-

wetting properties in some destructive tests, and the WCA recovered after a couple of days. 
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4.1 Abstract 

The widespread use of water-repellent superhydrophobic surfaces is limited by the inherent fragility of 

their micro- and nanoscale roughness, which is prone to damage and degradation. Here, we report on a non-

fluorinated volumetric superhydrophobic nanocomposites that demonstrate mechanochemical robustness. The 

nanocomposites are produced through the addition of microscale diatomaceous earth and nanoscale fumed 

silica particles to high-temperature vulcanized silicone rubber. The water-repellency of the surface and bulk of 

nanocomposites having 120 phr of filler was determined based on the water contact angle and contact angle 

hysteresis. We compared the water-repellency of nanocomposites of differing diatomaceous earth to fumed 

silica mass ratios. Increasing the amount of diatomaceous earth enhanced the water-repellency of the 

nanocomposite surface, whereas an increased amount of fumed silica improved the water-repellency of the 

bulk material. Moreover, increasing the diatomaceous earth/fumed silica mass ratio improved the cross-linking 

density and hardness values of the nanocomposite. Despite being subjected to a range of mechanical durability 

tests, including sandpaper abrasion, knife scratching, tape peeling, water jet impact, and sandblasting, the 

nanocomposite maintained a water contact angle of 163° and contact angle hysteresis of 2°. When the water-

repellency of the prepared nanocomposites eventually deteriorated, we restored their superhydrophobicity by 

removing the upper surface of the nanocomposite. This extraordinary robustness stems from the embedded low 

surface energy micro/nanostructures distributed throughout the nanocomposite. We also demonstrated the 

chemical stability, UV resistance, and self-cleaning abilities of the nanocomposite to illustrate the potential for 

real-life applications of this material. 

mailto:Elham.vazirinasab1@uqac.ca
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4.2 Introduction 

Over the last few decades, silicone rubber materials have found their way into applications within the 

automotive and electronics industries, aerospace applications, cookware, etc. The backbone of silicone rubber 

consists of siloxane (Si-O) groups, which provide its unique characteristics in terms of thermal stability, 

abrasion resistance, UV resistance, and low electrical conductivity [64]. In addition to these superb properties, 

the hydrophobic nature of silicone rubber also makes it an attractive material for use in superhydrophobic (SH) 

applications. Low surface energy (i.e., hydrophobic) materials coupled with desirable micro/nanostructured 

surface roughness are required to create SH surfaces. Fluorocarbons have been widely used for creating SH 

surfaces due to their very low surface energy and water repellency; however, their application has been limited 

because of environmental concerns related to their use and their potential toxicity to humans from by-products 

related to the breakdown of fluorinated compounds [84, 85]. Thus, alternative means of achieving SH surfaces 

are required. 

Artificial SH surfaces, having a water contact angle (WCA) >150° and a contact angle hysteresis (CAH) 

<10°, have attracted tremendous amount of attention because of their range of potential use in self-cleaning 

[34, 360], icephobicity [24, 361], anti-corrosion [37, 362], oil-water separation [38, 363], and drag reduction 

[364] applications. Such surfaces have been produced using various methods, such as anodization, 

electrodeposition, direct replication, plasma treatment, dip coating, spray coating, and 3D printing [275, 365-

370]. Maghsoudi et al. [103] fabricated SH high-temperature vulcanized silicone rubber (HTV-SR) surfaces 

through a direct replication method where chemically etched aluminum substrates were used as templates. 

Zhou et al. [371] prepared a durable SH fabric using a silicone rubber coating that contained fluorinated alkyl 

silane (FAS) modified silica. The particular morphology induced by the silica nanoparticles was observed on 

the inherent microscale roughness of the fabric weave, which led to the hierarchical micro/nanostructures on 

the surface. In another study, multimodal surface roughness was achieved by laser treatment of the silicone 

rubber surface [372]. Studies of these artificial SH surfaces have concentrated on applying a very thin SH layer 

(micro- or nanoscale) onto the base materials. These SH layers, however, suffer from the loss of functionality, 
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chiefly through mechanical damage; their inherent fragility is the main factor leading to their short-term 

durability. 

Proposed strategies to enhance the durability of SH surfaces include the self-healing ability of surfaces 

inspired by the renewable superhydrophobicity of some natural surfaces, such as those of some plant leaves 

[195, 373]. Li et al. [205] produced a self-healing SH surface using a porous polymer coating by preserving 

excess amounts of reacted low surface tension fluoroalkylsilane as a healing agent. Once the surface is 

scratched or decomposed, the healing agent migrates to the surface and relies on humidity as the external 

stimulus for regenerating superhydrophobicity. As another approach, colloidal particles can spontaneously self-

organize on the surface to produce self-healing SH surfaces. When induced by intermittent heating and cooling, 

colloidal particles can also migrate to the surface of perfluorinated wax and recover the initial surface roughness 

[197]. Application of such external stimuli for self-healing surfaces is nonetheless essential for these 

approaches. 

One of the novel concepts in the fabrication of ultra-durable SH materials is the use of the particles 

themselves to create a favorable roughness on the surface. Within these SH materials, the presence of particles 

throughout the entire bulk material ensures a continual superhydrophobicity. Once water-repellency has 

deteriorated, a high WCA and low CAH can be regained by mechanical abrasion or by cutting the damaged 

upper layer. Importantly, this mechanical abrasion permits the SH behavior to be maintained until the point 

when the whole materials are completely worn out [18, 374]. SH bulk materials having a tunable hierarchical 

porosity—fabricated by divinylbenzene and silica composites—have shown good mechanical, chemical, and 

environmental resistance [20]. This prepared polymer monolith can also be applied as a painting material to 

obtain superhydrophobicity on various surfaces. Zhang et al. [18] fabricated a UV-responsive, reversible 

wettability polypropylene/titanium oxide (TiO2)/silica nanocomposite. Due to the presence of TiO2 nanorods, 

the SH surface became superhydrophilic after UV irradiation. Once the initial superhydrophobicity is reduced, 

conditions are restored by eliminating the worn uppermost layer via mechanical abrasion. Porous SH and 

superoleophilic bulk materials have also been created using NH4HCO3 as a pore-forming reagent. The 

fabricated strawberry-like morphologies had randomly oriented carbon nanotubes and silica formed on 

poly(vinylidene fluoride) protuberances containing numerous pores throughout the structures [19]. Zhu et al. 

[209] used a SH CNT-PTFE bulk material for oil-water separation applications; they relied on the relatively 
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large pore volume of the bulk material for separating the two liquids. After fouling by oil, the 

superhydrophobicity was restored by either directly burning the diffused oil or by abrading the polluted layers. 

Although these examples of SH bulk materials can maintain surface roughness after exposure to mechanical 

damage, they lack either physical stability, cost-effectiveness, a minor environmental impact, or a combination 

of these. 

In a nutshell, the mechanical robustness of SH surfaces is a complex yet attractive feature in 

commercialization of these surfaces. To address the aforementioned concerns, we used a simple approach to 

develop an inexpensive and non-fluorinated damage-tolerant volumetric SH nanocomposite using HTV-SR 

containing diatomaceous earth (DE) and fumed silica (FS) fillers. DE particles are a low-cost, environmentally 

benign, and globally abundant mineral, which range in size from µm to several mm. These particles also have 

nanoscale pores [375]. Their chemical composition is mostly silica (86%–96%) with less than 5% alumina 

(Al2O3) and ferric acid (Fe2O3) [376]. Due to their unique hierarchical porous structures, DE particles have 

been used in SH coatings despite their hydrophilic nature [377]. Several methods have modified DE to produce 

SH coatings in which the DE particles were functionalized mainly using fluorosilanes [378, 379]. 

Here, we produce an ultra-robust volumetric SH HTV-SR nanocomposite using DE and FS particles in 

which the extended superhydrophobicity within the entire bulk material is retained despite continuous 

mechanical abrasion. Unlike conventional methods for producing SH materials that depend mainly on surface 

manipulation techniques, e.g., coating, direct replication, surface etching methods [275, 365-367], we develop 

a long-lasting volumetric SH nanocomposite that requires no surface treatment or external stimuli which means 

its superhydrophobicity is self-maintained. 

4.3 Materials and methods 

4.3.1 Materials 

HTV-SR (ELASTOSIL® R 401/60) was kindly obtained from Wacker Chemie AG (Germany) to use 

as the matrix. DE particles, also known as Kieselguhr and dicumyl peroxide, were provided by Alfa Aesar. 

Hydrophobic FS, treated with hexamethyldisilazane (AEROSIL® R 812 S) and having a specific surface area 

of 195–245 m2·g-1, was kindly supplied by Evonik Corporation (USA). All chemicals were used as received. 
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4.3.2 Preparation of the nanocomposite 

Our approach for fabricating the volumetric superhydrophobic nanocomposites relied on two 

complementary steps: (1) incorporating the particles into the HTV-SR via the solution-mixing method to 

produce the rubber compound; and (2) vulcanizing the prepared rubber compound using compression molding. 

Each of these steps are explained in detail as follows: 

To achieve an appropriate dispersion of particles into the HTV-SR, we employed a solution-mixing 

method (Figure 4-1). We dissolved 12 g of HTV-SR in 100 mL of toluene using an overhead stirrer. 

Meanwhile, DE particles were dispersed into the toluene via sonication for 60 min. DE suspensions of various 

weight fractions—ranging from 30 to 90 wt.%—were added to the HTV-SR solution and blended for 100 min 

at 70 °C. Thereafter, we added the sonicated-FS-in-toluene solution (the weight fraction varied between 30 and 

90 wt.%) to the HTV-SR/ DE compound. The mixture was stirred continuously using an overhead stirrer at 70 

°C for 200 min to obtain a nanocomposite with homogeneously dispersed particles. Then, 0.09 g of dicumyl 

peroxide as a curing agent was dissolved in the aforementioned solution by mixing them at room temperature 

for 20 min. We left the prepared solution for 24 h under a vacuum to remove residual toluene and obtain the 

final rubber compound. 

To vulcanize the prepared rubber compound, we used an automatic hydraulic press machine (Carver 

Inc., USA). The compound was placed into a three-piece square mold having a 3-mm thickness and compressed 

under desired conditions, i.e. 10 MPa of pressure for 10 min at 175 °C. 
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Figure 4-1. Schematic illustration of the fabrication of the volumetric superhydrophobic nanocomposite. 

4.3.3 Characterization techniques 

We used the sessile drop method to measure the contact angle using a Kruss™ DSA100 goniometer at 

room temperature. According to the Young-Laplace approximation method, the static WCA of a 4-µL distilled 

water droplet deposited onto the sample surface was measured by drop shape analysis software. To measure 

the CAH, we moved a 4-µL water droplet in a single direction across the surface using a needle tip. CAH was 

determined by measuring the difference between the advancing and receding contact angles. We reported the 

WCA and CAH results as the average of five measurements at various spots on each sample, and we included 

the associated standard deviation. 

Scanning electron microscopy (SEM), field emission scanning electron microscopy (FESEM), and 

profilometry analyses were conducted to evaluate the morphology of the surface and bulk of the 

nanocomposite. The selected samples were submerged in liquid nitrogen for several minutes and immediately 

broken apart for bulk imaging. To enhance the imaging quality, all samples were sputter-coated with a nano 

layer of gold-palladium coating prior to SEM and FESEM analyses performed using JSM-6480 LV and Hitachi 
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S-4700 microscopes, respectively. The quantification of surface roughness was accomplished using an optical 

profiler (Profil3D, Filmetrics, USA). 

The chemical functionality of the silicone rubber samples was assessed by Fourier transform infrared 

spectroscopy (FTIR) in the mode of attenuated total reflection (ATR). An Agilent FTIR spectrometer (Cary 

630, USA) characterized the surface chemical functional groups of the silicone rubber both with and without 

particles. The thermal stability of the nanocomposites was measured by the thermogravimetric analysis (TGA) 

using a Setaram Setsys 24 with a 1600C TG/DTA rod configuration. 

In regard to adding particles to the HTV-SR, we ran swelling experiments to analyze the effect of 

particles on the swelling ratio, crosslinking density, and average mass between the crosslinking points (MC) as 

representatives of the structural parameters of the nanocomposites. The samples, weighing 200–300 mg, were 

immersed in toluene for 72 h at ambient temperature to come to an equilibrium swollen state. Then, we removed 

the samples and immediately weighed them. We then placed the samples in an oven to dry at 60 °C for 24 h, 

after which time we again recorded their weights. The swelling ratio was calculated by 𝑄 = (𝑚1 − 𝑚2) 𝑚2⁄ , 

where m1 and m2 are the weights of swollen samples before and after drying respectively. The volume fraction 

of the HTV-SR in the swollen specimen can be computed by [380]: 

𝜑 =
(

𝑚2×𝑏

𝜌𝑟
)

(
𝑚2×𝑏

𝜌𝑟
)+(

𝑚1−𝑚2
𝜌𝑠

)
                                                                                                                                     4-1 

where b, ρr, and ρs are the weight fractions of rubber, density of rubber (1.15 g/cm3), and density of 

toluene (0.866 g/cm3), respectively. According to Flory-Rehner theory, the crosslinking density (ν) and MC can 

be calculated as follows [381]: 

𝜈 =
−(ln(1−φ)+φ+χφ2)

V(φ
1
3−

φ

2
)

                                                                                                                                  4-2 

𝑀𝐶 =
𝜌𝑟

𝜈
                                                                                                                                                           4-3 

where V is molar volume of the toluene (106.7 cm3/mol), and χ is the Flory-Huggins polymer-solvent 

interaction parameter, calculated as 𝜒 = 0.459 + 0.134𝜑 + 0.59𝜑2. Moreover, hardness values were obtained 

using a Shore A durometer (2000 max-hand durometer, Rex Gauge, USA). The test was repeated six times for 

each nanocomposite. 
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To assess the mechanical robustness of the prepared nanocomposites, a series of experiments were 

carried out that included abrasion, knife scratching, tape peeling, water jet impact, sandblasting, and 

ultrasonication. Abrasion tests were conducted using an abrasion apparatus (manual clemen unit, Elcometer 

3000, USA) equipped with an adjustable loaded force. One abrasion cycle consisted of dragging the sample 

along sandpaper for 20 cm with an abrasion force of 5.0 kPa and 25.0 kPa applied to the samples. To survey 

the effect of sandpaper grit numbers on the superhydrophobicity of the nanocomposite, a broad range of 

sandpapers, i.e., from #160 to #800 grit was used. Another mechanical test was a tape-peeling analysis during 

which the transparent tape was attached to the material surface with a constant force. We then peeled the tape 

from the surface. The procedure was repeated for 200 times. The WCA and CAH of the substrate were 

determined after every 40 cycles. For water jet test, a water jet was injected to the surface for 15 min at an 

angle of 30° from a syringe equipped with a needle (diameter = 0.9 mm). The durability of the nanocomposite 

against sandblasting was assessed using SiC particles having an average size of ~18.3 µm, that were projected 

at 0.13 MPa pressure for 1 min. Then, the surface was cleaned with the help of compressed air. The robustness 

of the nanocomposite under ultrasonication was examined using a Branson 2510 ultrasonication bath. 

To evaluate chemical stability, two methods of immersion and droplet evaporation were performed. The 

immersion test involved prepared samples being submerged in corrosive acidic (pH = 2) and alkaline (pH = 

12) solutions, as well as deionized water (pH = 7) as a reference, for five days at room temperature. We recorded 

the WCA and CAH daily. For the droplet evaporation technique, a droplet of deionized water, acidic (pH = 2) 

and alkaline (pH = 12) solutions was placed on the sample, and changes in the WCA were measured over 25 

min. The ultraviolet (UV) resistance of the prepared nanocomposites was surveyed by a QUV-accelerated 

weathering tester. Based on ASTM G154, UVA-340 fluorescent lamps were used to irradiate samples with the 

radiation energy of 0.89 W m-2 at 60 °C. 

4.4 Results and discussion 

4.4.1 Superhydrophobicity 

Here, we fabricated hierarchical micro-nanostructured superhydrophobic nanocomposites by dispersing two 

different fillers, i.e., micro-sized DE and nano-sized FS in the HTV-SR. No further surface treatment was 

required. As the specific particle concentration had a considerable effect on surface morphology, the wettability 

of the surface varied. We examined the influence of the amount of filler on the final WCA and CAH of the 
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surface and bulk of the nanocomposites. Wettability properties of seven mass ratios of micro-sized DE and 

nano-sized FS are presented in Table 4-1 and Figure 4-2 (a). The nomenclature of the samples is attributed to 

the type of the incorporated particle followed by its associated phr. For example, D70F50 represents a 

nanocomposite containing 70 phr of DE and 50 phr of FS. As shown in Figure 4-2 (b), the WCA and CAH of 

pristine HTV-SR were 110° and 46.6°, respectively. In terms of surface water-repellency, although the 

nanocomposites D30F90 and D40F80 had a WCA >150°, implying superhydrophobicity, a >10° CAH 

demonstrated an undesirable level of water-repellency. A DE/FS mass ratio above 50:70 gave rise to the water-

repellency—WCA >160° and CAH <5°—for the surface of prepared nanocomposites. This emphasizes the 

pivotal role of DE particles in achieving surface water-repellent properties due to their particular morphology. 

The specific structure of the DE particles is visible in Figure 4-2 (c). The DE particles used in this study possess 

various shapes, including tubular, annular, and planar forms; majority of DE particles contain numerous 

nanoscale holes on their structures. 

It should be noted, however, that the presence of FS particles is essential for creating the volumetric 

superhydrophobic nanocomposite. To measure the superhydrophobicity of the bulk material, the 

nanocomposites cut in half with a cutter blade, and the WCA and CAH of the bulk material were also measured. 

Unlike the surface of the material, a reduced DE/FS mass ratio enhanced the water-repellency of the bulk 

material; however, at a DE/FS mass ratio less than 50/70, the WCA and CAH gradually deteriorated.  Thus, at 

a high FS concentration, not only was there a low amount of DE particles available, but there was also a certain 

amount of overlap between the FS nanoparticles, causing roughness to decrease and the water-repellent 

properties of the bulk material to be reduced. Based on the WCA and CAH of the surface and bulk portions of 

the nanocomposites, relatively equal amounts of DE and FS are required to prepare a consistent volumetric 

superhydrophobic nanocomposite. Consequently, the special morphology of the DE particles as well as 

aggregated FS, together formed the micro-nanostructures vital for developing a volumetric superhydrophobic 

and water-repellent nanocomposite. 

We selected the nanocomposite D70F50, having a DE/FS mass ratio of 70:50, to demonstrate 

superhydrophobic properties. When the nanocomposite submerged in water using an external force, each one 

of the six surfaces glittered underneath the water, acting much like a silver mirror (Figure 4-2 (d)). The 

reflection of the light within the air layer trapped within the roughness features is responsible for the brightness 
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of the superhydrophobic surfaces. This observation verified the presence of solid-liquid-air composite 

interfaces forming the Cassie-Baxter wetting regime [20]. The 20-µL water droplets appeared to sustain the 

quasi-spherical shape on the top layer and cut surface of the superhydrophobic nanocomposite. It can be said 

that by cutting deep into the nanocomposite, not only did the superhydrophobicity not decrease, but a fresh 

superhydrophobic layer emerges. Moreover, the superb water-repellency behavior of the volumetric 

superhydrophobic nanocomposite can also be observed in Figure 4-2 (e) where the nanocomposite is 

surrounded by up to 5 mm of water meniscus (shown by red line arrows), a phenomenon known as the Moses 

effect. This is due to the remarkable superhydrophobicity of the substrate acting as a barrier and hindering the 

wetting of the nanocomposite under water. 

Table 4-1. Chemical composition and wettability properties of the HTV-SR nanocomposites. 

Type HTV-SR 

(phr) 

DE 

(phr) 

FS 

(phr) 

WCA of the 

surface (°) 

CAH of the 

surface (°) 

WCA of the 

bulk (°) 

CAH of the 

bulk (°) 

HTV-SR 100 0 0 110.0 ± 1.7 46.6 ± 2.4 112.5 ± 2.1 47.2 ± 2.5 

D30F90 100 30 90 152.1 ± 1.2 17.3 ± 1.5 155.8 ± 0.9 9.6 ± 1.3 

D40F80 100 40 80 156.6 ± 1.0 11.6 ± 1.2 158.4 ± 1.0 5.7 ± 0.5 

D50F70 100 50 70 159.8 ± 0.8 5.8 ± 1.0 159.2 ± 1.2 3.9 ± 1.0 

D60F60 100 60 60 162.7 ± 0.6 3.1 ± 0.8 161.3 ± 0.6 4.5 ± 0.8 

D70F50 100 70 50 163.1 ± 0.5 2.5 ± 0.9 157.3 ± 0.8 10.9 ± 0.6 

D80F40 100 80 40 164.2 ± 0.7 2.2 ± 0.6 155.9 ± 1.0 20.5 ± 0.7 

D90F30 100 90 30 163.1 ± 0.8 4.2 ± 0.5 152.0 ± 0.8 25.8 ± 0.9 
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Figure 4-2. (a) The effect of DE concentration on the WCA and CAH of the surface and bulk portions of the 

HTV-SR nanocomposite; (b) a water droplet showing the WCA and CAH of a pristine HTV-SR and a 

nanocomposite D70F50; (c) SEM image of DE particles (×1000); (d) demonstration of the mirror-like 

phenomenon surrounding the bulk nanocomposite D70F50; (e) demonstration of the Moses effect around the 

intact and cut surfaces showing up to ~5 mm of water meniscus (red arrows were used to guide the eyes). 
The blue water droplets illustrate the superhydrophobicity of the surfaces. 

4.4.2 Crosslinking density and hardness 

One of the basic measurements to describe the structural and physical properties of rubber materials is 

the swelling of the material in solvents such as toluene. The average molecular weight between two MC and 

crosslinking density are two main parameters determined by the swelling approach. The equilibrium of the 

osmotic pressure of the solvent and the elasticity of the polymer network specifies the swelling ratio, which 

represents the degree of elongated conformation of the polymeric chains. Thus, a high swelling ratio is related 

to an elevated MC, which leads to a low crosslinking density [382]. The swelling ratio, crosslinking density, 

and MC values of the fabricated nanocomposites are presented in Table 4-2. The crosslinking density of the 

nanocomposites, except for nanocomposites D30F90 and D40F80, was higher than that of the pristine HTV-

SR (1.63 × 10-4 mol cm-3). Three main chemical and physical interactions affected crosslinking density: the 
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chemical interactions among particles, the number of crosslinking points between silicone rubber chains, as 

well as the interfacial interaction between silicone rubber chains and particles [383]. The increased crosslinking 

density of superhydrophobic nanocomposites relative to that of pristine HTV-SR can be ascribed to the 

interfacial interactions between siloxane groups of DE particles and silicone rubber chains as well as the 

interaction among aggregated FS particles. The positive effect of adding particles on the enhancement of 

crosslinking density has been previously observed. Zabihi et al [384] reported an increase in the crosslinking 

density of epoxy by adding 10 wt.% iron nanoparticles, and Olad et al. [385] increased silica content to produce 

a higher crosslinking density. The crosslinking density of butadiene rubber filled with 45 phr silica enhanced 

from 2.25×10-4 to 4.28×10-4 mol cm-3 [386]. 

The increased amount of bound rubber can be related indirectly to the potential reinforcement and 

modulus of HTV-SR [387]. The correlation between the modulus of rubber materials at a low strain and the 

crosslinking density can be stated by E = 3νkT where ν, E, k, and T are the crosslinking density, modulus, 

Boltzmann constant, and temperature, respectively [388]. As such, it was the modulus of these prepared 

nanocomposites that was enhanced relative to the pristine HTV-SR. 

Although the crosslinking density of most produced nanocomposites was higher than that of pristine 

HTV-SR, the crosslinking density was reduced by gradually replacing DE particles with FS to the point where 

the crosslinking density of nanocomposites D30F90 and D40F80 was respectively 29% and 17% less than that 

of pristine HTV-SR. Regarding the nanoscale size of the FS, it could allow them to be located among the rubber 

chains and possibly restrict crosslinking reactions. This would lead to a reduced crosslinking density and an 

increase in MC. 

Hardness is another parameter required to be assessed when designing hybrid composites. To the best 

of our knowledge, such a criterion has not been assessed in previous investigations of superhydrophobic bulk 

materials [20, 209, 210]. The hardness test confirms whether the produced superhydrophobic bulk materials 

are physically stable enough to be used in real-life applications. The addition of particles into the HTV-SR 

enhanced hardness (Table 4-2). The hardness of sample D70F50 was 53% higher than that of pristine HTV-

SR. Increasing the mass ratio of DE/FS enhanced hardness values, following along the same trend as 

crosslinking density. For filled-rubber composites, the greater the crosslinking density, the greater the hardness. 

In other words, compared to an unfilled rubber, the addition of reinforcing fillers increases crosslinking density 
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followed by enhancement of hardness [389, 390]. In the highly filled-rubber composites produced in this study, 

three main factors favored higher hardness values for the nanocomposites: the greater amount of micro-sized 

DE as elastic solid particles, a high crosslinking density, and a restricted movement of HTV-SR chains by 

nano-sized FS fillers. 

Table 4-2. Analysis of crosslinking measurements obtained from the swelling test as well as hardness values 

for pristine HTV-SR and each produced nanocomposite. 

Type Swelling ratio Crosslinking density 

(mol cm-3) × 10-4 

MC 

(g/mol) 

Hardness 

(Shore A) 

HTV-SR 1.485 ± 0.002 1.63 ± 0.02 7076 ± 109 62.8 ± 0.7 

D30F90 0.848 ± 0.006 1.16 ± 0.06 9943 ± 452 92.0 ± 0.6 

D40F80 0.765 ± 0.005 1.35 ± 0.05 8519 ± 360 91.2 ± 0.9 

D50F70 0.668 ± 0.004 1.65 ± 0.04 6974 ± 278 92.1 ± 0.5 

D60F60 0.639 ± 0.003 1.76 ± 0.03 6540 ± 163 94.8 ± 0.6 

D70F50 0.595 ± 0.004 1.95 ± 0.04 5896 ± 271 96.1 ± 0.4 

D80F40 0.550 ± 0.002 2.18 ± 0.02 5263 ± 102 97.0 ± 0.4 

D90F30 0.562 ± 0.004 2.12 ± 0.04 5427 ± 265 97.2 ± 0.9 

 

4.4.3 Physical, chemical, and thermal characteristics 

The formation of roughness on the surface is one of two requirements for having superhydrophobic 

surfaces. With the help of profilometry and SEM analyses, we observed the presence of particles on the surface 

of the HTV-SR. The specific structure of the micro-sized DE particles along with the aggregated nano-sized 

FS were responsible for the non-wettability of the prepared nanocomposites. Given the favorable results for 

wettability, crosslinking density, and hardness, we also studied the surface morphology of the pristine HTV-

SR and nanocomposites D60F60, D70F50, and D80F40 (Figure 4-3 (a–h)). The root mean square (RMS) 

roughness value represents the standard deviation of the distribution of surface roughness height within the 

scanned area. Pristine HTV-SR had a relatively smooth surface roughness with the RMS and arithmetic average 

(Ra) roughness values of 1.761 and 1.461 µm, respectively. After the incorporation of particles, hierarchical 

micro-nanostructures were created on the substrate. Due to the shape and variable size of the micro-sized DE 

particles, the increased mass ratio of DE/FS increased the roughness values. Sample D80F40—having 80 phr 

micro-sized DE and 40 phr nano-sized FS—produced 70% and 62% higher RMS and mean roughness values, 

respectively, than those of the pristine HTV-SR. 
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As for the other parameters, Skewness (Rsq) and kurtosis (Rku) coefficients were also compared. Rsq 

describes the symmetry level of the surface heights distribution relative to the mean. A Rsq of zero represents 

a flawless, symmetric surface roughness having an equal presence of protrusions and depressions. A positive 

Rsq value testifies to high protrusions dominating the surface, while a negative Rsq represents a surface 

dominated by deep depressions [391]. Rsq gradually increased as particles were added. When the mass ratio of 

DE/FS was enhanced, the Rsq increased until a maximum value of -0.413, indicating the dominance of deep 

depressions. This surface pattern originated from the agglomeration of DE particles of various shapes and sizes 

in the matrix. 

Rku reflects the distribution of protrusions and depressions as well as the sharpness of the surface 

roughness features. A value of Rku >3 illustrates a surface having spiky protrusions and/or sharp depressions, 

while a value of <3 reflects a more compressed distribution of roughness features compared to a Gaussian 

distribution [392]. A Rku = 3.190 for a high mass ratio illustrated a relatively high number of spiky surface 

features with the presence of a high amount of DE particles. We directly observed the enhanced surface 

roughness at a high mass ratio using FESEM analysis (Figure 4-3 (e–h)). As shown in Figure 4-3 (h), the 

abundance of DE particles on the surface is responsible for the high surface roughness. As well, we also 

observed submicron-scale fiber-like morphologies that had fiber diameters <200 nm in the higher 

magnification images. These fiber-like morphologies are caused by the orientation and filamentation of long 

polymer chain structures of SR molecules produced at specific pressures and temperatures near the mold 

surface. The higher roughness and the specific shape of DE particles were responsible for the 

superhydrophobicity of the nanocomposites. 

The cryogenically fractured surfaces of the pristine HTV-SR and nanocomposites are displayed in 

Figure 4-3 (i–l). Compared to the pristine HTV-SR, the fractured surface of nanocomposites demonstrated 

rougher and more irregular surfaces having a great number of micro-sized depressions. This pattern is produced 

by the interfacial debonding of the fillers and HTV-SR. Stress concentrations at the interface of fillers and 

matrix initiated numerous cracks along the nanocomposite that can propagate and result in fracturing. 

Moreover, the numerous nano-sized FS particles within nanocomposite D60F60 produced a rougher fracture 

surface having more wave-like structures in comparison to the other nanocomposites. This stemmed from the 

higher number of nano-sized FS particles that created greater concentrations of stress to produce a greater 
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debonding effect. All these depressions and roughness features create the superhydrophobicity of the bulk 

material. 

 

Figure 4-3. Surface profiles and roughness values of (a) pristine HTV-SR and the nanocomposites (b) 

D60F60, (c) D70F50, and (d) D80F40; FESEM images of the surface of (e) the pristine HTV-SR and the 

nanocomposites (f) D60F60, (g) D70F50, and (h) D80F40; FESEM images of the cross section of (i) pristine 

HTV-SR and nanocomposites (j) D60F60, (k) D70F50, and (l) D80F40. All images (e–l) are at ×1000 

magnification. 

Moreover, the FESEM images of nanocomposites at ×10000 magnification reveal the dispersion of 

nano-sized FS on the surface and within the bulk material (Figure 4-4). It can be seen that the prime particles 

as well as agglomerates <200 nm are distributed uniformly within the matrix and are located on the DE 
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structures. The presence of nano-holes on both the surface and cross-sections of the nanocomposites stems 

from the specific yet diverse structural features of the DE particles (see Figure 4-4(c)). Clusters of holes on 

each surface correspond to a single DE particle of a specific structure. Although we expected an incompatibility 

of the hydrophobic HTV-SR matrix and the hydrophilic DE particles, we observed no clear gaps or interfaces 

between the HTV-SR and DE; the lack of the features reflects their compatibility and interfacial adhesion. 

When the HTV-SR and DE were solution-blended together at a high temperature (70 °C), the reaction between 

the methyl groups of silicone rubber and the siloxane groups of DE likely improved the matrix-particle 

compatibility. 

 

Figure 4-4. FESEM images of the surface of nanocomposites (a) D60F60, (b) D70F50, and (c) D80F40; 

FESEM images of the cross section of nanocomposites (d) D60F60, (e) D70F50, and (f) D80F40. All images 

(a–f) are at ×10000 magnification. 

The addition of diverse particles affects the chemical characterization of the composites. As expected, 

we observed that all five nanocomposites showed similar FTIR spectra. For brevity, we only present the FTIR 

spectra of the pristine HTV-SR, the nanocomposite D70F50, and the fillers alone (Figure 4-5 (a)). As most of 

the DE is amorphous silica, its FTIR spectra is identical to FS and indicates two absorption bands at 799 and 

1062 cm-1 that correspond to siloxane groups. We did not observe any hydroxyl absorption bands in the FTIR 

spectra of DE, as we had placed DE particles in an oven for 24 h prior to conducting the FTIR test. The 

volumetric superhydrophobic nanocomposite showed virtually identical FTIR spectra to the reference matrix. 

There are two broad absorption spectra at around 790–840 and 1000–1110 cm-1 that are assigned to the 

symmetric and asymmetric stretching vibrations of Si–O–Si. The remaining spectra common between HTV-
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SR and nanocomposites are related to the stretching and bending modes of C–H in CH3 (approximately 2961 

and 1410 cm-1), symmetric CH3 deformation in Si–CH3 (1258 cm-1), and Si–O bonds in Si–(CH3)2 (785 cm-1) 

[21, 296, 393]. Adding fillers reduced the intensity of the absorption peaks compared to the pristine HTV-SR, 

with the absorption peaks reducing in intensity to become more similar to the absorption peaks of the fillers 

themselves. Given the high-volume percentage of FS, the fillers had a dominant effect on the chemical 

composition of the nanocomposite. On the other hand, comparing the percentage of absorption peaks of the 

HTV-SR and nanocomposite, we detected the greatest reduction in the relative intensity of absorption peaks at 

1258 cm-1 and 2961 cm-1. This observation can be attributed to the reaction between the methyl groups of the 

HTV-SR and the siloxane groups of DE particles. 

TGA to evaluate the thermal stability of the pristine HTV-SR and nanocomposite D70F50. As expected, 

the nanocomposite demonstrated substantially enhanced thermal stability with the addition of inorganic 

particles. The T10% and T50% temperatures of pristine HTV-SR and nanocomposite D70F50—corresponding to 

respective 10% and 50% weight loss—are demonstrated in Figure 4-5 (b). After adding the particles, T10% was 

significantly enhanced from 447 °C to 553 °C; a pattern that can be related to the enhanced interfacial 

interaction between the fillers and HTV-SR. Given the good thermal stability of both the DE and FS fillers, the 

~33% weight loss of the nanocomposite should result from the decomposition of the HTV-SR matrix that is 

much less than that of the pristine HTV-SR (~69% weight loss). Finally, the TGA results confirm the stability 

of nanocomposite up to 500 °C, a temperature that fulfills most of the indoor and outdoor requirements for 

materials. The TGA curves of nanocomposite D60F60 and D80F40 are presented in the supplementary 

materials (Figure AII-3). 

Given its marked water-repellency and hardness, the volumetric superhydrophobic HTV-SR/DE/FS 

nanocomposite having a DE/FS mass ratio of 70/50 was preferentially chosen for the subsequent analyses of 

mechanochemical robustness. 
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Figure 4-5. (a) FTIR spectra of the pristine HTV-SR and nanocomposite D70F50 (inset shows the FTIR 

spectra of FS and DE); (b) TGA curve of the pristine HTV-SR and nanocomposite D70F50. 

4.4.4 Mechanochemical robustness 

As one of the aims of this study is to fabricate super-durable volumetric superhydrophobic 

nanocomposites, we undertook a comprehensive study of the long-term mechanochemical robustness of the 

prepared robust volumetric superhydrophobic nanocomposite. These tests included mechanical durability as 

well as chemical and UV resistance. The mechanical robustness of the prepared nanocomposites was assessed 

by a series of tests: sandpaper abrasion, knife scratching, tape peeling, water jet impact, sandblasting, and 

ultrasonication. 

In the sandpaper test, an abrasion cycle consisted of dragging the sample along the sandpaper for 20 cm 

under a specific abrasion force applied on sample. Regardless of the abrasion force, i.e. 5 kPa or 25 kPa, or 

sandpaper grit, i.e. #160, #320 and #800, after 250 abrasion cycles the WCA of superhydrophobic 

nanocomposite remained almost >160° and CAH <5° (Figure 4-6 (b and c)). This resistance to abrasion 

outperformed many other existing superhydrophobic surfaces. Chen et al. [394] reported a WCA of ~150° and 

sliding angle of ~25° after 40 abrasion cycles for a superhydrophobic multilayer coating. Wang et al. [395] 

fabricated a mechanically robust superhydrophobic steel surface where the WCA reduced to 152° and CAH 

increased to 8° after a 110-cm abrasion distance. Another mechanically robust superhydrophobic coating lost 

superhydrophobicity after a 200-cm abrasion distance using #180 sandpaper [396]. 

The abrasion procedure could have been continued to a point that all nanocomposites had worn out, yet 

where the nanocomposite remained superhydrophobic. Thus, we can name this material as an abrasion-

insensitive superhydrophobic nanocomposite. The restored superhydrophobicity signified the emergence of a 
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fresh superhydrophobic layer on the surface after each abrasion cycle. The freshly exposed surface morphology 

of the nanocomposite after 250 abrasion cycles with #320 sandpaper is shown in Figure AII-5 in ESI. The 

morphology of the abraded surface differed from the intact surface, yet the abraded surface remained covered 

by numerous depressions and protrusions. These features were responsible for the continued water-repellency 

properties. 

The volumetric superhydrophobic nanocomposite also a retained favorable water-repellency after being 

subjected to knife scratching, tape peeling, water jet impact, and sandblasting tests. In knife scratching test, the 

surface was scratched in multiple directiones by a brand-new cutter blade. Water droplets continued to roll off 

the surface after the scratching (Figure 4-6 (d)). We also performed a multiple mechanical approach—knife 

scratching, finger pressing, and tape peeling. Nevertheless, we observed no visible changes to water-repellency. 

We subjected the nanocomposite to cycles of adhesion/peeling of adhesive tape. After 200 cycles, as shown in 

Figure 4-6 (e and f), the WCA and CAH of the nanocomposite was not altered. 

Two impact tests also failed to eliminate the water-repellency of the nanosurface. A red-colored water 

jet arriving at the superhydrophobic surface at an angle of about 30° impacted the superhydrophobic 

nanocomposite and was fully repelled at about 16° (Figure 4-6 (g). After 15 min of testing, the surface remained 

intact and dry, confirming the stability of the air trapped among the micro-nanostructures on the surface of the 

volumetric superhydrophobic nanocomposite. During sandblasting, the superhydrophobic nanocomposite was 

also blasted vigorously by SiC particles for 1 min (at a pressure of 20 psi from ~25 cm distance) followed by 

the application of compressed air to remove all particles. The sandblasted nanocomposite retained a high WCA 

and its superhydrophobic characteristics (Figure 4-6 (h)). 

We also performed ultrasonication of the volumetric superhydrophobic nanocomposites in water. In 

ultrasonication, the ultrasonic frequency (>20 kHz) is transformed into energy and applied to the immersed 

nanocomposite. This procedure can be highly destructive to surface micro-nanostructures. We subjected the 

submerged samples to ultrasonication for various lengths of time, after which we withdrew the samples from 

the water bath and dried them in an oven at 80 °C for 1 hr. After 1 h of ultrasonication, we observed a slight 

change in WCA and CAH; however, the nanocomposite maintained its superhydrophobic characteristics, i.e., 

WCA >150° and CAH <10°. By lengthening the ultrasonication to 2 h, the WCA reached 150° and the CAH 

increased to about 20°. This deterioration in water-repellency may relate to the formation of hydrogen bonds 
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due to the reaction between the water molecules and the DE particles on the sample surface, as well as the 

damage sustained to the surface micro/nanostructures due to the high-frequency energy of ultrasonication. The 

lost superhydrophobicity of the ultrasonicated nanocomposite was partly restored after being heated at 80 °C 

for 24 h—we observed a WCA of 154.6° and a CAH of 9.4 °—due to the hydrophobic recovery ability of 

silicone rubber. Through hydrophobic recovery, the migrated low molecular weight siloxane (LMWS) covered 

the hydrogen bonds that were produced on the surface after ultrasonication. To reinstate instantly the 

micro/nanostructures of the nanocomposite lost due to the high-frequency energy, we removed the upper layer 

through sanding or cutting. We achieved a WCA of 163.7° and a CAH of 2.8°. We repeated this two-step 

procedure, i.e., 2-h ultrasonication followed by surface abrasion, five times. As shown in Figure 4-6 (i), we 

obtained a WCA >160° and a CAH <5° after each ultrasonication–abrasion cycle. 

All these tests confirm the mechanical robustness of the produced volumetric SH nanocomposite under 

various harsh conditions and its restoring ability. The presence of embedded DE and FS particles within the 

bulk material provides a source of regenerative surface micro/nanostructures (Figure 4-7). The regeneration of 

favorable micro/nanostructure roughnesses, corresponding to the exposed DE and FS particles on the surface, 

ensures a continuous superhydrophobicity. Once water-repellency and roughness features have deteriorated, 

they can be regenerated endlessly by abrading the surface. The entire process can be repeated until the 

nanocomposite is completely worn out. This feature provides a range of possibilities for the real-life application 

of these fabricated volumetric SH nanocomposite. 
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Figure 4-6. (a)–(c) Sandpaper abrasion of the nanocomposite D70F50; (a) an image of the sandpaper 

abrasion apparatus; (b) WCA and CAH of the nanocomposite abraded by #160, #320, and #800 sandpaper 

after 250 abrasion cycles at a 5 kPa abrasion force; (c) WCA and CAH of the nanocomposite abraded by 

#160, #320, and #800 sandpaper after 250 abrasion cycles at a 25 kPa abrasion force; (d) knife scratching 

test; (e) tape peeling test; (f) WCA and CAH of the nanocomposite after multiple cycles of tape peeling; (g) 

water jet impact test; (h) sandblasting test; (i) WCA and CAH of the nanocomposite after several repeated 

cycles of ultrasonication and abrasion. Insets demonstrate the wettability of the nanocomposite after the 

associated tests. 
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Figure 4-7. Schematic illustration of the volumetric superhydrophobic nanocomposite containing DE 

and FS particles. 

In addition to the mechanical robustness, the chemical, thermal, and UV resistance of the prepared 

volumetric superhydrophobic nanocomposites are also important for use of these materials in real-life 

conditions. To assess chemical stability, we studied two methods of immersion and droplet evaporation (Figure 

4-8 (a and b)). As an aggressive experiment, an immersion test was conducted. After five days of continuous 

contact with deionized water, the WCA and CAH of the sample remained almost constant, i.e., >160° and <4°, 

respectively. In acidic and alkaline solutions, the same results were observed so the WCA was >155° and the 

CAH was <6° after five days. During the immersion process, we observed neither the formation of 

adsorption/wetting film on the surface of the samples nor any chemical interactions with the deionized water 

or the acidic and alkaline solutions that altered the non-wetting properties of the samples. 

In the droplet evaporation technique, although the size of the droplets gradually decreased due to 

evaporation, the WCA remained >154°. These observations demonstrated the consistency of the Cassie-Baxter 

regime on the surfaces, but they also testified to the remarkable chemical stability of the nanocomposite when 

subjected to these three different wetting media. In the Cassie-Baxter wetting regime, the presence of air 

pockets among the roughness asperities severely limits the contact area between the substrate and solution; 

thus, the deterioration of the WCA and CAH values is effectively delayed for an extended period. 

To ensure the persistent superhydrophobicity of the nanocomposite at high temperatures, we assessed 

the thermal stability of pristine and superhydrophobic nanocomposites by heating the samples at different 

temperatures in a furnace for 2 hr followed by their cooling to room temperature (Figure 4-8 (c)). The WCA 

of pristine HTV-SR decreased gradually from 116° to 105° as the temperature increased to 300 °C. At 400 °C, 

the WCA decreased rapidly to 81°, while the nanocomposite retained its superhydrophobicity with the WCA 
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and CAH of the superhydrophobic nanocomposite remaining almost unchanged even after thermal annealing 

at 400 °C for 2 h. Thus, the presence of micro- and nanoparticles enhanced the thermal stability of the 

nanocomposite and produced a long-lasting superhydrophobic nanocomposite. 

Given the ability of silicone rubber to recover its hydrophobicity, we applied air plasma to the 

superhydrophobic nanocomposite using an atmospheric-pressure plasma system. Immediately after treatment, 

the non-wettable superhydrophobic characteristic became superhydrophilic and fully wetted during contact 

with a single water droplet (Figure 4-8 (d)). This observation is caused by the oxidation of methyl groups with 

O2 in the plasma stream and the formation of hydrophilic hydroxyl groups on the surface. Interestingly, 

however, thanks to the migration of low molecular weight siloxane oligomers from the bulk to the surface as 

well as reorientation of hydroxyl groups from the surface into the bulk material [397], the superhydrophobicity 

of the nanocomposite was restored after four days. We performed five cycles of plasma treatment and four 

days of recovery, and the WCA remained >160°. 

To evaluate the performance of volumetric superhydrophobic nanocomposites in outdoor applications, 

we then exposed our sample to UV irradiation at 70 °C for 300 h. These conditions correspond to about two 

years of exposure to UV-light radiation under natural conditions in Toronto, Ontario [398]. The WCA and 

CAH of the samples remained constant (Figure 4-8 (e)), confirming the excellent UV stability of both the 

pristine HTV-SR and nanocomposite due to the high binding energy of the (SiO)x functional groups of silicone 

rubber that hinder exceeding chain scission [399]. 

Moreover, the presence of some voids and free volumes on the surface and within the bulk material may 

produce several paths for the diffusion of water into the nanocomposite and thereby accelerate aging, while 

also deteriorating the chemical and mechanical properties of nanocomposites [400]. To ascertain the water 

absorption of the prepared superhydrophobic nanocomposite compared to that of the pristine SR, we left the 

samples submerged in deionized water for 10 days. Every two days, we withdrew the samples from the water, 

wiped off each side of the immersed sample with tissue, and then weighed the samples. Water absorption was 

calculated as follows: 

𝑀 =  
𝑚2−𝑚1

𝑚1
× 100                                                                                                                                            4-4 

where M is the water absorption capacity, and m1 and m2 are the weights of the sample before and after 

water absorption, respectively. The pristine HTV-SR showed up to 14% water absorption, a value indicating 
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the diffusion of water into the free volumes among the polymeric chains (Figure 4-8 (f)). Due to the volumetric 

superhydrophobicity, water absorption into the nanocomposite after 10 days was almost zero. In typical 

superhydrophobic surfaces, water is absorbed through the non-water-repellent side of the samples. However, 

in this study, due to the great water-repellency of the whole bulk of the sample material, the water uptake of 

the prepared nanocomposite was nil. 
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Figure 4-8. (a) Changes in WCA and CAH of the nanocomposite D70F50 over time during its immersion in 

deionized water and the acidic and alkaline solutions; (b) contact angle of droplets of deionized water and 

the acidic and alkaline solution during the droplet evaporation test (inset images show the WCA during 

evaporation of the water droplet); (c) WCA of the nanocomposite and pristine HTV-SR after heating for 2 h 

at different temperatures; (d) hydrophobic recovery of the nanocomposite following each cycle of plasma 

treatment; (e) WCA and CAH of the nanocomposite relative to the pristine HTV-SR as a function of the 

duration of UV irradiation; (f) water uptake of the pristine HTV-SR and superhydrophobic nanocomposite in 

relation to the duration of the sample immersion. 
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4.4.5 Self-cleaning 

Self-cleaning is a characteristic of superhydrophobic surfaces that stems from the high water-repellency 

and rolling of water droplets over the superhydrophobic substrate. Due to the usual hydrophilic nature of 

contaminants, the adhesion between water droplets and contamination particles is greater than that between the 

superhydrophobic surface and the contamination [24, 215]. Consequently, the contamination can easily adhere 

to the round-shaped water droplets rolling off the surface and be removed from the material surface [219]. 

High WCA, low CAH, low adhesion force, and an adequate particle size are necessary for creating a 

self-cleaning surface [221]. As we are using superhydrophobic substrates, three of these conditions are already 

attained. To assess the effect of particle size of the contaminant on the self-cleaning characteristic of the 

volumetric superhydrophobic nanocomposite, we tested the self-cleaning properties of the superhydrophobic 

nanocomposite using hydrophilic SiC particles having diameters of 50 µm and 18 µm. The particles were 

spread uniformly over the surface of the nanocomposites that were placed with a 10° tilt angle. As shown in 

Figure 4-9, we used a syringe needle to place 20-µL water droplets onto the contaminated surface. Regardless 

of particle size, all particles adhered easily to the water droplets and resulted in a completely clean 

superhydrophobic surface. 

To assess the self-cleaning property of volumetric superhydrophobic nanocomposites under wet 

conditions, we prepared a 30 g L-1 dirty solution, containing water and silicon carbide particles that had an 

average diameter of 18 µm mixed in water. We submerged the samples in the dirty solution and vigorously 

shook the sample in the dirty solution for several seconds before removing the samples. As shown in Videos 4 

and 5 in the ESI, dirty layers formed on the pristine HTV-SR and covered all sides of the sample, whereas the 

entire volumetric superhydrophobic nanocomposite remained clean. This observation emphasized the self-

cleaning and dirt-repelling ability of the prepared nanocomposites on all exposed surfaces. 
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Figure 4-9. Self-cleaning ability of the volumetric superhydrophobic nanocomposite D70F50. (a) SiC 

particles having a size of 50 µm and (b) SiC particles having a size of 18 µm. A clean surface was observed 

in the final images of the rows. 

4.5 Conclusion 

Durable superhydrophobic materials are in high demand for applications in real-life situations. Here, 

we fabricated an ultra-robust, non-fluorinated, volumetric superhydrophobic and self-cleaning HTV-SR/ 

micro-sized-DE/ nano-sized-FS nanocomposite. In addition to superhydrophobicity, hardness and crosslinking 

density of the SR were enhanced by the adding of nano/microparticles to the HTV-SR, confirming the physical 

stability of the nanocomposite. The superhydrophobicity of the prepared nanocomposite was retained despite 

multiple aggressive mechanical, chemical, and UV analyses. After 250 cycles of sandpaper abrasion under the 

5.0 kPa and 25.0 kPa abrasion forces with various sandpaper grits, WCA and CAH remained at ~160° and <5°. 

Following abrasion, the surface micro-nanostructures were replaced by fresh micro-nanostructures consisting 

of DE and agglomerated FS particles as well as channel-like structures induced by the sandpaper. Moreover, 

knife scratching, tape peeling, water jet impact and sandblasting experiments did not affect the water-repellent 

properties of the prepared microcomposite. The superhydrophobic nanocomposite also demonstrated 

outstanding chemical and UV resistance. Water uptake by superhydrophobic nanocomposite remained almost 

nil even after 10 days of submersion. 
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5.1 Abstract 

Materials having fluorocarbon bonds are among the best candidates for the fabrication of 

superhydrophobic surfaces. Here, two facile, non-expensive, and industrialized approaches were described to 

produce superhydrophobic Teflon materials having ultra-water-repellency, icephobic, and self-cleaning 

properties. Direct replication and plasma-treatment approaches produced Teflon sheets having very different 

surface patterns, i.e. microstructures and micro-nanostructures. Neither approach altered the chemical 

composition of the original Teflon surfaces. Rice leaf–like microstructures were produced on the replicated 

surface, whereas lotus leaf–like hierarchical micro-nanostructures characterized the plasma-treated surface. 

Water droplets rolled off the micro-nanostructured surfaces ~10% faster than off the microstructured surfaces. 

The micro-nanostructured surface also produced more rebounds for a water droplet during the impact test. 

Although both surfaces possessed similar self-cleaning properties, the micro-nanostructured surface reduced 

ice adhesion to a greater degree than the microstructured surface. The more effective ice repellency of the 

micro-nanostructured surface was due to its surface morphology that reduced the interlocking of ice inside the 

surface asperities. However, the microstructured surface delayed considerably the onset of freezing of a water 

droplet due to the larger micro-air pockets trapped within its surface asperities. 

Keywords: Teflon surface; icephobic; self-cleaning; surface morphology; freezing delay; ice adhesion 

reduction. 
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5.2 Introduction 

Icing phenomena on outdoor equipment such as transmission cables, aircraft, wind turbines, and 

telecommunication towers can lead to their mechanical failure and their becoming safety hazards. To reduce 

this damage to vulnerable outdoor infrastructure, attempts have been made to create anti-icing/icephobic 

surfaces [234, 265, 276, 401-405]. Icephobic surfaces are normally defined by an ice adhesion strength of 

<100 kPa [406]. In reality, two main categories of de-icing and anti-icing techniques exist and differ in their 

ice adhesion requirements. The first is composed of active methods where thermal or mechanical energy is 

used to de-ice. The second represents passive methods where no external energy is applied [407]. For the 

passive removal of ice, a much lower ice adhesion strength (<20 kPa) is required [406]. 

Superhydrophobic surfaces having a water contact angle (WCA) >150° and a contact angle hysteresis 

(CAH) <10° can be created through a combination of low surface energy materials and micro- and/or 

nanostructured surface topography [408]. This combination leads to the trapping of air pockets in the 

depressions on the surface and produces a composite air-liquid-solid interface. This interface increases WCA 

and decreases CAH to produce a Cassie-Baxter state [51]. Such non-wetting surfaces are among the best 

candidates for delaying ice formation and reducing the energy needed for de-icing. Superhydrophobic surfaces 

having various surface roughness—microstructures, nanostructures, hierarchical structures—demonstrate 

different icing behaviors during both ice formation and de-icing [238, 313, 317, 350, 409-413]. These various 

icing behaviors are due to (a) the amount of heat transfer through the trapped air in between the surface 

asperities [313, 410], (b) the effect of surface roughness on the heterogeneous nucleation rate of ice at the 

water-solid interface [313, 317], and (c) the interlocking of created ice within the surface asperities [238, 350, 

412]. 

Over the last decade, multiple approaches have been used to create superhydrophobic surfaces [13, 35, 

110, 414-423]. The direct replication and plasma-treatment methods are compatible with industrial applications. 

They do not require complex engineering procedures or a long fabrication time [103, 262]. Moreover, these 

approaches can fabricate superhydrophobic surfaces on a wide range of materials [34, 424]. 

Polytetrafluoroethylene (PTFE) is a polymer that has extremely low surface energy (18.6 mN/m at 20 °C) 

making PTFE a promising candidate for fabricating superhydrophobic surfaces [425]. Previous studies have 

described creating superhydrophobic surfaces using a PTFE coating generated by sputtering [14, 426, 427]. 
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Here, however, fabrication of superhydrophobic PTFE materials, e.g. Teflon sheets, films, composites was 

studied [428-430]. 

Two different facile, low-cost methods were employed to produce self-cleaning and icephobic Teflon 

materials through the processes of direct replication and atmospheric-pressure plasma. Although using a 

plasma technique is a commonly applied method for creating superhydrophobic PTFE materials, it has always 

been limited to non-atmospheric low-pressure plasma, e.g. Ar, CF4, N2, and O2 plasmas [164, 431]. To the best 

of our knowledge, neither atmospheric-pressure plasma nor direct replication has yet been used for producing 

icephobic and self-cleaning PTFE materials. Through our novel approach, two very different surface 

morphologies, i.e. microstructured rice leaf–like grooves by direct replication and hierarchical micro-

nanostructured lotus leaf–like pattern by plasma treatment were obtained. Despite similar self-cleaning abilities, 

the structures differed in their icing behaviors. 

5.3 Materials and methods 

5.3.1 Fabrication of superhydrophobic Teflon surfaces 

Superhydrophobic samples were produced using Teflon® (Groupe POLYALTO, QC, Canada) sheets 

of 30 mm × 50 mm × 2 mm. The templates for the direct replication were produced using aluminum alloy 5052 

and a wet chemical etching method. The etching was carried out by submerging the template in a 10 wt.% HCl 

solution for various times. The etched templates were then cleaned ultrasonically using a mixture of acetone, 

ethanol, and distilled water to remove any residual particles from the surface. Various etching times of 10, 15, 

20, 25, and 30 min were examined to produce microstructured aluminum templates. The results of WCA and 

CAH for Teflon surfaces replicated on the produced aluminum templates at various etching times are presented 

in Table 5-1. The best results in terms of superhydrophobicity of replicated Teflon surface were achieved for 

the etching time of 20 min.  

Table 5-1. The results of WCA and CAH for Teflon surfaces replicated on the produced aluminum templates 

at various etching times. 

Etching time of the 

template (min) 

WCA of the replicated Teflon 

surface (º) 

CAH of the replicated 

Teflon surface (º) 

10 120.5 ± 2.3 29.8 ± 1.1 

15 148.3 ± 1.9 16.5 ± 2.5 

20 166.6 ± 1.2 4.2 ± 1.1 

25 153.2 ± 1.5 13.4 ± 2.3 

30 158.5 ± 2.6 10.5 ± 2.2 
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A press machine (Carver Inc., USA) was used for the direct replication of created patterns on the Teflon 

surfaces. The machine has two temperature-controllable platens, and the temperature range varies from ambient 

temperature to 350 °C. The platen temperatures were set at 280 °C, and the Teflon sheet was placed on the 

lower platen to soften. After 5 min, the aluminum template was placed carefully on the Teflon sheet and the 

platens were fastened using a hydraulic pump. A pressure of 170 kPa was applied for 10 min to soften the 

Teflon sheet and therefore replicate the aluminum template patterns faithfully. After this step, the platens were 

opened, and the Teflon sheet was detached from the template. 

An AS400 atmospheric-pressure plasma machine (Plasmatreat GmbH, Germany) working in the pulsed 

mode was employed to create structures on the Teflon sheets. The compressed air was used as it is an abundant 

and inexpensive plasma gas. The flow rate was set at 2000 L·h-1. The speed of the movable plasma jet was 2 

m·min-1. The distance between the plasma nozzle and substrate was fixed at 8 mm and set the plasma frequency 

at 21 kHz. As the system works in a pulsed mode, the pulsed power-cycle time was set at 100, which represents 

an equal time of being on and off. 

5.3.2 Surface characterization and water-repellency properties 

Scanning electron microscopy (SEM) (JSM-6480 LV SEM manufactured by JEOL Japan) was 

employed to observe the surfaces of the produced surfaces. To enhance imaging quality, the Teflon surfaces 

were coated with a thin layer of gold-palladium alloy prior to analysis. To better observe surface topography, 

a 25° angle view was used for each measurement. An optical profiler (Profil3D Filmetrics, USA) measured 

surface roughness. The line and area roughness values were calculated based on ASME B46.1 2D and ASME 

B46.1 3D standards, respectively. 

WCA and CAH were determined using a Kruss™ DSA100 goniometer set at 25 ± 0.5 °C. A 4-µL 

deionized (DI) water droplet was deposited onto the sample surface, and the WCA was measured using the 

Young-Laplace approximation. The CAH was defined as the difference between the advancing and receding 

contact angles when the water droplet moved on the surface. WCA was measured at five points on each sample, 

and each measurement was repeated five times to ensure accuracy. The average value and standard deviation 

for each sample were reported. To evaluate whether our approaches altered the chemical composition of the 

Teflon surfaces, a Cary 630 Fourier transform infrared spectroscopy (FTIR) Spectrometer (Agilant, USA) in 

ATR (attenuated total reflection) mode was used to analyze the chemical functions of the produced surfaces. 
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Water-repellency was evaluated through droplet roll-off and impact tests. The behavior of water 

droplets rolling off surfaces inclined at 10° was assessed. Using a syringe, a water droplet was placed gently 

onto the surface. The droplet had no initial velocity. 

Water droplet impacts were recorded using a high-speed camera (FASTCAM SA1.1 by Photron) at a 

framing rate of 5400 fps, and all impact experiments were conducted at a constant temperature of 22 °C. The 

DI water droplets had a volume of 20-µL with a diameter of ca. 3.4 mm and were released with zero initial 

velocity from 12 cm above the surface. 

5.3.3 Icephobic and self-cleaning properties 

Icephobic properties of the produced samples were determined using a homemade push-off instrument. 

This test measures the shear stress at which ice is detached from the surface. The selected approach is 

particularly useful where small samples or more complicated geometries are tested. In this test, a thin 

cylindrical plastic mold, 1-cm in diameter, is placed on the substrate and then filled with DI water to form an 

ice cylinder by remaining in a cold chamber at -10 °C for 24 h prior to the testing. The test sample is then 

placed on the holder and fixed by two screws (Figure 5-1). By starting the test using a remote computer-

controlled interface, the motor turns the screw at a fixed rate of 0.05 mm·s-1 so that the sample holder is pushed 

gradually toward the force gage. The force gage measures the shear force ten times per second until the ice is 

detached. Therefore, the adhesion stress can be calculated by knowing the maximum force and the icing area. 

 
Figure 5-1. Schema of the push-off test procedure. 

The freezing delay time was determined using the cold chamber of the Kruss™ DSA100 goniometer 

where sample stage temperature can reach -30 °C. 

To assess the self-cleaning properties of the produced Teflon surfaces, kaolin powder having a chemical 

composition of Al2Si2O5(OH)4 was applied as the artificial contaminant. Equal amounts of kaolin powder were 

scattered homogeneously on the pristine, replicated, and plasma-treated Teflon surfaces using a 60-mesh sieve. 

Prior to conducting the self-cleaning test, the kaolin powder was allowed to set onto the surface for 30 min. 

Then a water droplet fixed to a syringe needle tip was used to sweep the kaolin powder off the Teflon surface 
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at a speed of 16.6 ± 0.1 cm·s-1. The images were captured by a high-quality digital camera (PowerShot SX50 

HS, Canon). 

The self-cleaning abilities of the produced superhydrophobic Teflon surfaces were also examined 

through the cleaning of a dried droplet containing a solution of several contaminants. A 24-g·L-1 dirty solution 

consisting of carbon black, kaolin, and salt in water was prepared for use as a contaminant. The solution was 

thoroughly mixed for 1 h, and before any sedimentation could occur, a droplet was placed gently onto each 

surface using a syringe to release ca. 3-mm-diameter droplets. The surfaces were then dried under ambient 

conditions for 3 h to evaporate the water and then cleaned with water droplets. 

5.4 Results and discussion 

5.4.1 Surface morphology 

The surface morphology of the produced surfaces was examined using scanning electron microscopy. 

SEM images show the different surface roughness created on the Teflon surfaces by the direct replication 

method and plasma treatment. Compared to the pristine Teflon surface (Figure 5-2 (. SEM images of (a) pristine, 

(b) microstructured, and (c) micro-nanostructured surfaces.a)), the replicated Teflon surface (Figure 5-2 (b)) 

possesses microstructured patterns set by the aluminum template, whereas the plasma-treated Teflon surface 

(Figure 5-2 (c)) obtained very different patterns of surface structure. 

 
Figure 5-2. SEM images of (a) pristine, (b) microstructured, and (c) micro-nanostructured surfaces. 

To better understand the precise nature of the surface roughness, SEM images at a higher magnification 

of the replicated Teflon surface (Figure 5-3 (a–c)) and plasma-treated Teflon surface (Figure 5-3 (d–f)) were 

employed. The rice leaf–like grooves created on the replicated Teflon surface ranged widely in size, from 

several micrometers to tens of micrometers in width. The unidirectional patterns did not lead to anisotropic 

wettability properties for the microstructured Teflon surface, although such unidirectional patterns, e.g. rice 

leaves, usually show anisotropic rolling behavior [432]. The difference between CAH of the replicated Teflon 
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surface in parallel and perpendicular groove direction was less than 5% showing no significant difference in 

CAH. This is logical as there are enough microstructures in between two adjacent grooves to establish a Cassie-

Baxter wetting regime (See Figure 5-4 (b), profilometry results). In contrast, lotus leaf–like patterns were 

created on the plasma-treated Teflon surfaces comprised of both micro and nanostructures. The nanostructures 

are superimposed on each microstructure in a lotus leaf–like pattern. This hierarchical structure produces the 

ultra-water-repellent properties of the plasma-treated Teflon surface. 

 
Figure 5-3. SEM images of the microstructured surface at a (a) 1000×, (b) 2000×, and (c) 5000× 

magnification; SEM images of the micro-nanostructured surface at (d) 1000×, (e) 2000×, and (f) 5000× 

magnification. 

A profilometry technique was applied to evaluate the roughness of the pristine, replicated, and plasma-

treated Teflon surfaces. A 400 × 400 µm2 area of each surface was analyzed (Figure 5-4). Both 1D roughness 

(line roughness) and 2D roughness (area roughness) values are reported for comparison purposes (Table 5-2). 
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The root mean square of the replicated Teflon surface was significantly greater than that of the pristine 

Teflon surface (5.88× for line roughness and 1.95× for area roughness), whereas the plasma treatment led to a 

remarkable reduction in surface roughness (4.35× for line roughness and 9.80× for area roughness). The 

skewness coefficient (Ssk), which represents the degree of symmetry of the surface height about the mean plane 

[433], is lowest for the micro-nanostructured plasma-treated surface (Ssk = -0.15). It should be noted that zero 

skewness represents a fully symmetrical height distribution, positive skewness represents more peaks than 

valleys, and negative skewness indicates more valleys than peaks [434-436]. Consequently, via its decreased 

surface roughness, plasma treatment produced not only a smoother surface but also a more uniform surface 

where the height distribution was symmetric. This resulted in the occurrence of lotus leaf–like micro-

nanostructures. On the other hand, comparing the kurtosis coefficient (Sku)—describing the sharpness of the 

probability density of the profile [435]—of the three manufactured surfaces revealed that the microstructured 

surface (Sku > 3) was a jagged surface having a relatively great number of high peaks and low valleys. The 

pristine and micro-nanostructured surfaces had a Sku < 3 and possessed a limited number of high peaks and low 

valleys. The grooves observed in the SEM images were also evident in the replicated surface of the profilometry 

results. These grooves are responsible for the increase in the roughness values of the replicated surface. 
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Figure 5-4. 3D surface profiles of the (a) pristine, (b) microstructured, and (c) micro-nanostructured 

surfaces and (d) comparison of their 2D surface profiles. 

 

Table 5-2. Area and line roughness values obtained from profilometry analysis. 

 Pristine 

surface 

Microstructured 

surface 

Micro-nanostructured 

surface 

Area roughness (µm)    

Maximum peak to valley height (St) 44.78 59.08 3.54 

Arithmetic mean height (Sa) 3.60 6.68 0.36 

Root mean square height (Sq) 4.41 8.58 0.45 

Skewness (Ssk) 0.47 0.48 -0.15 

Kurtosis (Sku) 2.57 3.31 2.86 

Line roughness (µm)    

Maximum peak to valley height (Rt) 5.17 26.45 1.35 

Arithmetic mean deviation (Ra) 0.60 3.39 0.13 

Root mean square deviation (Rq) 0.74 4.35 0.17 

 

5.4.2 Superhydrophobicity 

Pristine Teflon is a hydrophobic material having a WCA and CAH of 108.3 ± 1.7° and 44 ± 2°, 

respectively. Both microstructured replicated and micro-nanostructured plasma-treated Teflon surfaces had a 
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WCA of >150° and a CAH of <10° representing their superhydrophobic behavior (Table 5-3). Although the 

microstructured surface showed a slightly higher WCA than the micro-nanostructured surface, the CAH of the 

microstructured surface was higher; therefore, the roll-off properties of the micro-nanostructured surfaces was 

slightly better than that of the replicated microstructure surfaces (See Section 5.4.4). 

Table 5-3. Water contact angle (WCA) and contact angle hysteresis (CAH) of pristine, microstructured, and 

micro-nanostructured surfaces. 

 Pristine surface Microstructured surface Micro-nanostructured surface 

WCA (º) 108.3 ± 1.7 166.0 ± 1.2 163.2 ± 0.8 

CAH (º) 44.0 ± 2.0 4.2 ± 1.1 2.3 ± 0.4 

 

5.4.3 Fourier transform infrared spectroscopy (FTIR) 

The chemical composition of the prepared superhydrophobic surfaces was assessed by means of 

ATR/FTIR spectroscopy. The FTIR spectra of the pristine Teflon surface was found to be identical to the 

produced superhydrophobic surfaces (Figure 5-5). The two broad large absorption peaks observed around 1150 

and 1200 cm-1 can be attributed to the asymmetric and symmetric CF2 stretching vibrations, respectively. The 

bands at 2349 and 1960 cm-1 can be assigned to a combination band associated with the CF2 backbone and 

terminal double bonds in the form of ─CF═CF2 [431, 437]. No additional peaks were observed in the FTIR 

spectrum of superhydrophobic surfaces. This confirms that there were neither hydroxyl bonds due to the 

reaction of Teflon with oxygen in the micro-nanostructured plasma-treated surface nor a reaction between the 

Teflon and aluminum substrate in the microstructured replicated surface. Thus, as the chemical composition of 

the Teflon surfaces was not altered by the treatment processes, the creation of surface roughness was the sole 

cause of the superhydrophobicity of the prepared surfaces. 
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Figure 5-5. FTIR spectra of the (1) pristine, (2) microstructured, and (3) micro-nanostructured surfaces. 

5.4.4 Water-repellency properties 

Water droplets placed on the superhydrophobic Teflon surfaces rolled rapidly off the surface (Figure 

5-6). In contrast, the pristine Teflon surface was wetted easily by the water droplet, yet no movement of the 

droplet on the surface was observed. The water droplet rolled off the micro-nanostructured surface more 

quickly (average velocity of 16.6 ± 0.1 cm·s-1) than the microstructured surface (14.9 ± 0.2 cm·s-1), a difference 

of 10.2%. 

In sum, although microstructures replicated directly onto the Teflon surface led to a higher WCA, the 

microstructures also slowed water droplet movement across the surface. This pattern could also be predicted 

by the slightly higher CAH of the microstructure surface. The higher velocity of the water droplet on the 

plasma-treated Teflon surface can be related to the hierarchical structures, i.e. the presence of nanostructures 

superimposed on the microstructures. Although both microstructured and micro-nanostructured surfaces 

produced a WCA >150°, Long et al. [438] showed that the sliding angle of micro-nanostructured surfaces is 

lower. The sliding angle of the microstructured surfaces increased considerably more than that of the micro-

nanostructured surfaces due to the stronger adhesion of microstructured surfaces to water [438]. This greater 

water-repellency of hierarchically structured surfaces has been observed in multiple studies [439-442]. 
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Figure 5-6. Consecutive images of dyed water droplets leaving the (a) pristine, (b) microstructured, and (c) 

micro-nanostructured surfaces, demonstrating the water-repellency of each surface. 

5.4.5 Water droplet impact 

For outdoor applications, the behavior of superhydrophobic surfaces must be assessed in relation to 

impact of raindrops. When a water droplet impacts a superhydrophobic surface, the spherical shape of the 

droplet is altered throughout four stages: contact, spreading, retraction or recoiling, and rebounding [443]. 

Following the initial contact, the spreading process occurs whereby energy is consumed through dissipation of 

the kinetic energy of the water droplet. The dissipation of kinetic energy takes place due to the impact, 

overcoming resistance from viscosity, and converting kinetic energy into surface energy. Therefore, the 

behavior of the solid surface is determined by the amount of energy dissipated, which is mostly defined by the 

surface properties. The portion of kinetic energy that is not dissipated during the spreading stage causes 

retraction and rebounding [300]. Finally, the water droplet ceases to rebound once all kinetic energy is 

dissipated from the droplet throughout the repeating rebounding stages, and the droplet then remains in place 

and does not move. 

On the pristine Teflon surface, the water droplet rebounded partially off the surface (Figure 5-7 (a)). 

Due to its hydrophobicity and comparatively high surface adhesion, the water droplet’s initial energy was 

dissipated, and it could not rebound fully from the surface. Once the water droplet impacted and spread fully 

across the microstructured surface, a wavy interface between the air and water was observed. This observation 

differed from that observed for the micro-nanostructured surface. This difference may be due to the high 

surface roughness of the microstructured surface relative to the micro-nanostructured surface [443]. 

On the superhydrophobic surfaces, the small amount of energy dissipation produced the retraction and 

rebounding stages. The retraction was observed immediately after the droplet reached its maximum spread 
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diameter. The droplet bounced off the surfaces without being pinned onto them. At the beginning of the 

rebound stage, a Worthington jet [444] (Figure 5-7 (b–c)), during which a droplet breaks up into a core droplet 

and some satellite droplets was observed. Both microstructured and micro-nanostructured surfaces had contact 

times of 17–19 ms (the time that the droplet is in contact with the surface before bouncing off [444]). 

Four rebounds on the microstructured surface were observed; the maximum height of the droplet 

decreased steadily for each successive rebounding stage. The impacting droplet illustrated eight complete 

rebounds on the micro-nanostructured surface. The surface energy of microstructured and micro-

nanostructured surfaces was 10.07 ± 1.80 mJ·m-2 (dispersal: 8.15 mJ·m-2, polar: 1.91 mJ·m-2) and 6.08 ± 0.90 

mJ·m-2 (dispersal: 4.79 mJ·m-2, polar: 1.30 mJ·m-2) respectively, as measured by a contact angle measurement 

apparatus. Greater energy dissipation was expected for the microstructured surface due to its higher surface 

energy. The polar component of the surface energy was almost equal for both surfaces. Therefore, most of the 

difference between the microstructured and micro-nanostructured surfaces in terms of surface energy came 

from difference in their dispersal components. Apart from different surface energies of these surfaces, the 

different rebounding behaviors were also related to differences in surface roughness. Microstructured surfaces 

having deeper valleys allowed the water droplet to penetrate partially into the microstructures; thus, greater 

energy dissipation occurred. Hierarchical micro-nanostructures on a plasma-treated surface, however, ensured 

minimal contact between the droplet and the surface. 

The consistency of the Cassie-Baxter regime was confirmed by observing droplets rebounding 

repeatedly on both superhydrophobic surfaces, and by observing that the water droplet did not become pinned 

to the surfaces until there was a complete dissipation of energy. 
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Figure 5-7. Time-lapse imagery of a water droplet impacting a (a) pristine, (b) microstructured, and (c) 

micro-nanostructured surface. 

5.4.6 Icephobicity 

The extremely low surface energy of fluorinated polymers has made them an appealing candidate for 

water-repellent and anti-icing applications. One of the more useful parameters for evaluating anti-icing 

properties is ice adhesion strength to the surface. In general, ice adhesion shear strength is measured via 

centrifuging an ice-covered sample [401, 426, 445-447] or applying a tensile strength [402, 447, 448] or push-

off test [350, 447, 449-452]. Each approach can estimate the ice adhesion strength for a given surface [453]. 

The measured ice adhesion strength and ice adhesion reduction factor (ARF) of the superhydrophobic Teflon 

surfaces were compared to those of a pristine Teflon surface (Figure 5-8). ARF is defined as the ratio between 

ice adhesion strength of the pristine Teflon surface and that of the produced superhydrophobic Teflon surface. 

The ice adhesion strength of the pristine Teflon surface was around 50 kPa, demonstrating its low ice adhesion 

strength compared to that of an uncoated aluminum substrate (the ice adhesion strength on bare aluminum alloy 

6061 is 800–1072 kPa [450, 453] for bulk water ice). 

Whether superhydrophobicity enhances or reduces icephobicity has been a point of contention. Some 

studies have shown a reduction of ice adhesion strength on superhydrophobic surfaces [401, 445, 454, 455], 

whereas others have observed an increase [350, 453, 456, 457]. In this study, an ice adhesion strength of ca. 

18 kPa for microstructured surfaces and ca. 9 kPa for micro-nanostructured surfaces was observed. These 
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values are respectively 2.8× and 5.6× lower than the ice adhesion strength of the pristine Teflon surface. It can 

be claimed that the prepared Teflon surfaces having an ice adhesion strength <20 kPa are considered as 

appropriate surfaces for the passive removal of ice [406]. This pattern of ice adhesion strength can be explained 

by the high water-repellency [453] of the surface and the presence of air pockets trapped among the micro- and 

nanostructures based on the Cassie-Baxter model [51, 350]. 

A positive correlation of CAH with ice adhesion strength was also observed as micro-nanostructured 

surfaces showed a lower CAH than microstructured surfaces. The correlation between CAH and ice adhesion 

strength on rough surfaces of similar chemistry has been observed previously [458]. The lower ARF of 

microstructured surfaces compared to micro-nanostructured surfaces can be attributed to the mechanical 

interlocking of ice with the micro-scale grooves. This mechanical interlocking increases the contact area 

between the ice and the microstructures thereby increasing ice adhesion [456]. The ultra-pristine and uniform 

surface of the micro-nanostructured Teflon caused the least contact between the ice and the surface and thus 

produced the lowest ice adhesion strength. 

 
Figure 5-8. Ice adhesion strength and adhesion reduction factor (ARF) for pristine, microstructured, 

and micro-nanostructured surfaces. 

The delay in the onset of freezing, i.e. the initiation of water droplet freezing on the surface, also 

provides a good assessment of the icephobic behavior of the superhydrophobic surfaces. A superhydrophobic 

surface having a longer freezing delay has a greater anti-icing potential, i.e. less ice accumulation over time 

[459]. Surface roughness also affected considerably freezing delay; interestingly, these results differed from 
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those obtained in the analysis of ice adhesion strength when freezing delay was assessed for the pristine, 

replicated, and plasma-treated Teflon surfaces at freezing temperatures of -10 °C, -15 °C, and -20 °C (Table 

5-4). 

The freezing delay for the pristine Teflon surface was less than that for superhydrophobic surfaces due 

to the high contact area between the water droplet and the pristine Teflon surface caused by the lower WCA of 

the pristine Teflon surface. A large contact area means a high thermal conductivity leading to a short freezing 

delay for the pristine Teflon surface. Among the two superhydrophobic Teflon surfaces, the microstructured 

surface delayed freezing the longest. At all tested temperatures, water droplets placed on the microstructured 

surface froze markedly later than droplets on the micro-nanostructured surface. In the freezing process of a 

droplet on the surface, the micro-air pockets play the most important role because they act as thermal barriers 

to delay droplet freezing [103, 459]. Thermodynamically speaking, the water droplet loses its energy according 

to [410, 460]: 

𝛿𝑄 =  𝜌𝑤𝐶𝑝(𝑡0 − 𝑡𝑠) =  ∆ℎ. 𝑡 

where 𝛿𝑄 is the droplet’s reduced energy, 𝜌𝑤 is the water density, 𝐶𝑝 is the water specific heat capacity, 

𝑡0 is the droplet’s temperature at the initial point, 𝑡𝑠 is the droplet’s final temperature, ∆ℎ is heat loss of the 

water droplet over time, and 𝑡 is time. Considering 𝛿𝑄 as a constant value, a longer freezing time requires ∆ℎ 

to be as small as possible. This can be obtained through the trapping of a large amount of air that can act as 

thermal insulation. 

Thanks to the profilometry technique, the volume of trapped air for each surface was estimated. This 

approach is based on the total volume of the holes and voids within the asperities of each surface. If ν is defined 

as the ratio between the volume of the trapped air in the produced surface to that of the pristine surface, 

νmicrostructured and νmicro-nanostructured are 3.93 and 0.11, respectively. Therefore, the slower freezing process of the 

microstructured surface can be attributed to ~36× more trapped air pockets within the microstructured surface 

than within the micro-nanostructured surface. It should be noted that the uniform nanostructures on the plasma-

treated Teflon surface trapped even fewer air pockets than did the pristine Teflon surface. Nevertheless, the 

freezing delay tests showed that the micro-nanostructured surface delayed the onset of freezing more than the 

pristine surface. Although the superhydrophobic, micro-nanostructured surface had fewer pockets of trapped 

air, the minimal contact area between the water droplet and surface delayed the onset of freezing. The pristine 
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hydrophobic surface having a rather larger water-surface contact area produced the quickest freezing process. 

Therefore, micro-air pockets have less influence on delaying freezing than water-surface contact area when 

comparing superhydrophobic and hydrophobic surfaces. In other words, the lower WCA of a hydrophobic 

surface is more important for freezing delay than a greater number of trapped air pockets. 

Consequently, it was observed that the delay in the freezing of a water droplet on microstructured 

surfaces was ~2× longer than for micro-nanostructured surfaces and ~4× longer than for pristine surfaces at all 

tested temperatures (Table 5-4Table 5-4). 

Table 5-4. Freezing delay in seconds of the pristine, microstructured, and micro-nanostructured surfaces at 

various temperatures. 

Temperature (ºC) Freezing delay (s) 

Pristine surface Microstructured surface Micro-nanostructured surface 

-10 829 ± 97 3753 ± 525 1536 ± 168 

-15 395 ± 36 1632 ± 131 698 ± 90 

-20 160 ± 19 338 ± 13 231 ± 28 

 

5.4.7 Self-cleaning properties 

The self-cleaning property of the produced Teflon surfaces was investigated using kaolin contaminant. 

A water droplet fixed to the syringe needle tip was used to sweep the powder off the Teflon surfaces. On the 

pristine Teflon surface, the water droplet stuck to the contaminated kaolin-covered surface upon contact (Figure 

5-9 (a–c)). On both the microstructured (Figure 5-9 (d–f)) and micro-nanostructured (Figure 5-9 (g–i)) surfaces, 

no trace of the contaminant remained along the water droplet path following its passage across the surface. 

This is due to the greater adhesion of kaolin particles to the water droplet than to the superhydrophobic Teflon 

surfaces, benefiting from a low CAH. Therefore, kaolin particles easily adhere to the water droplet and are 

removed as the water droplet sweeps across the superhydrophobic surfaces. 
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Figure 5-9. Self-cleaning properties of the (a-c) pristine, (d-f) microstructured and (g-i) micro-

nanostructured surfaces examined by water droplet sweeping. 

On the pristine Teflon surface, the contaminant droplet, once dried, left a completely flat deposit, 

whereas on the superhydrophobic Teflon surfaces, the droplet maintained its initial spherical shape (Figure 

5-10 (b, f, and j)). To evaluate the self-cleaning performance of the Teflon surfaces, water droplets were then 

applied to remove the deposited contaminants (Figure 5-10 (c, g, and k)). A single droplet was sufficient to 

remove thoroughly the dried contaminant from the superhydrophobic Teflon surfaces (Figure 5-10 (h and l)) 

and all traces of the contaminant were removed from the superhydrophobic surfaces. However, the application 

of multiple water droplets could not remove the dried contaminants from the pristine Teflon surface; the 

contaminants were fixed onto the surface (Figure 5-10 (d)). 
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Figure 5-10. Self-cleaning evaluation of (a–d) pristine, (e–h) microstructured, and (i–l) micro-

nanostructured surfaces by observing of the cleaning of a dried contaminant solution using a water droplet. 

5.5 Conclusion 

The effects of surface roughness on water-repellency, water droplet impact, ice adhesion strength, 

freezing delay, and self-cleaning properties of the superhydrophobic Teflon materials were assessed. The direct 

replication method resulted in microstructured rice leaf–like grooves having high peaks, whereas the 

atmospheric plasma treatment created hierarchical micro-nanostructured lotus leaf–like patterns. FTIR analysis 

showed that the produced superhydrophobic surfaces maintained spectra typical of Teflon, and thus neither 

method altered the chemical composition of the original Teflon surface. Although the microstructured surface 

had a higher WCA than the micro-nanostructured surface, the water droplets rolled off the micro-

nanostructured surface slightly faster due to its lower CAH. Moreover, the observed differences in the 

rebounding behavior of water droplets on the surfaces were due to the difference in surface energies as well as 

the difference in surface roughness. It also confirmed the consistency of the Cassie-Baxter regime on 

superhydrophobic surfaces. There was a significant reduction in ice adhesion strength of the microstructured 

and micro-nanostructured surfaces by a factor of 2.8× and 5.6×, respectively. This confirmed that the 

microstructured surface, due to a greater contact area and mechanical interlocking, had higher ice adhesion 

than the micro-nanostructured surface. On the other hand, the deep grooves created on the microstructured 
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surface produced a large amount of micro-air pockets  (~4× more than the pristine surface). This resulted in a 

significant water droplet freezing delay at all tested temperatures. The fabricated surfaces also showed a self-

cleaning capability, able to self-clean deposits of a wet and dry contaminant. 
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CONCLUSIONS 

In the following, an overview of the important findings of this project is presented as both partial and 

general conclusions. As the partial conclusion, the important results obtained in the papers are separately 

provided in the same order as their presentation in this thesis. The general conclusions are provided afterwards. 

Evaluation of Atmospheric-Pressure Plasma Parameters to Achieve Superhydrophobic and Self-

cleaning HTV Silicone Rubber Surfaces via a Single-Step, Eco-Friendly Approach 

➢ Firstly, we employed atmospheric-pressure air plasma treatment as a simple, industrially 

applicable, and eco-friendly approach to produce desirable micro-nanostructures on low 

surface energy HTV-SR surfaces. The best water-repellent superhydrophobic surface had 

WCA and CAH of 163.0° and 2.2° respectively. 

➢ The effect of significant plasma parameters on the non-wettability of the plasma-treated HTV-

SR surfaces was evaluated through a DoE method and the three independent factors of 

reference voltage, plasma jet speed and gas flow rate, each at three levels. According to the 

ANOVA, plasma jet speed as well as the interaction of the reference voltage and plasma jet 

speed were deemed the most significant factors affecting WCA and CAH results, respectively. 

At a constant gas flow rate, the increase in reference voltage and/or a decrease in plasma jet 

speed had a similar effect of increasing the WCA. 

➢ During plasma treatment, the surface undergoes both physical and chemical modification, and 

both changes impact the final surface wettability. In accordance with the increase of reference 

voltage, the FTIR analyses highlighted the gradual elimination of hydroxyl groups due to the 

decomposition of ATH fillers under the high temperatures of plasma treatment. 

➢ The formation of micro-nanostructures on the surface was confirmed via SEM and AFM 

analyses. SEM images illustrated the micro-scale coral-like clusters covered with nano-scale 

protrusions after plasma treatment. By increasing the reference voltage, the size and 

coalescence of clusters increased and resulted in a reduction of space between clusters and the 

creation of micro-roughness on the substrate. 



 

148 

➢ Based on AFM analysis, the enhanced nano-scale roughness was apparent for the plasma-

treated surface that favors the entrapped air pockets within the surface roughnesss. This 

observation resulted in the lower adhesion of water droplets onto the surface and the increased 

water-repellency of the substrate. 

➢ Furthermore, under particular plasma conditions, i.e., low reference voltage and high plasma 

jet speed, slippery hydrophobic surfaces having a simultaneous low WCA and low CAH were 

achieved. The comparatively smooth surface of slippery hydrophobic samples responsible for 

low CAH was also confirmed by AFM analysis. 

➢ The prepared superhydrophobic surfaces showed considerable water-repellency as well as self-

cleaning property under both wet and dry contamination scenarios. 

Icephobicity and durability assessment of superhydrophobic surfaces: the role of surface roughness and 

the ice adhesion measurement technique 

➢ In this article, the icephobicity and durability of the produced plasma-treated superhydrophobic 

surfaces were evaluated. 

➢ The consistent Cassie-Baxter regime was observed during the evaporation of 4-µL water 

droplet placed on the plasma-treated surface where the water droplet preserved its initial 

marble-like shape even at the late stages. 

➢ The anti-icing property was studied based on the delay in the freezing time. At -20 °C, the 

superhydrophobic surface having abundant nano-scale structures covered the micro-scale 

roughnesses and showed greater anti-icing property compared to pristine HTV-SR, i.e., ~60% 

reduction in freezing delay, stemmed from entrapped air pockets among the surface asperities. 

➢ The centrifuge and push-off tests were used to evaluate the de-icing properties. The remarkable 

ice adhesion reduction up to 75.3% and 68.3% was attained for superhydrophobic surface in 

push-off and centrifuge tests, respectively. This relates to the low interlocking of ice into the 

surface structures which results in reduced ice adhesion strength. 

➢ After 7 cycles of repetitive icing/de-icing, although the WCA and CAH did not show 

significant changes, the ice adhesion reduction decreased to 62.2% and 30.8% in push-off and 
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centrifuge tests, respectively. It might be resulted from the gradual elimination of nano-scale 

roughnesses. 

➢ The produced superhydrophobic surfaces showed great mechanical durability against finger-

press, tape-peeling, water droplet impact and sandblasting tests. Whilst mechanical abrasion 

and ultrasonication tests were more destructive for the plasma-treated surfaces. 

➢ The notable chemical durability and UV resistance of the produced plasma-treated surfaces 

were also illustrated. 

A Non-Fluorinated Mechanochemically-Robust Volumetric Superhydrophobic Nanocomposite 

➢ Given the high demand for durable superhydrophobic materials in real-life applications, we 

developed an ultra-robust, non-expensive, non-fluorinated, volumetric superhydrophobic 

nanocomposite. The embedded micro-sized DE and nano-sized FS particles within the HTV-

SR matrix were responsible for the enhanced surface and bulk water-repellency of the 

nanocomposite. 

➢ Increasing the mass ratio of DE/FS had a positive effect on the surface water-repellency while 

decreasing of the mass ratio improved the bulk water-repellency. 

➢ By the addition of particles, the hardness and crosslinking density of the HTV-SR 

nanocomposites were enhanced confirming the physical stability of the nanocomposite. The 

increased crosslinking density of superhydrophobic nanocomposites relative to that of pristine 

HTV-SR can be ascribed to the interfacial interactions between siloxane groups of DE particles 

and silicone rubber chains as well as the interaction among aggregated FS particles. 

➢ With the help of profilometry and FESEM analyses, we observed the presence of particles on 

the surface of the nanocomposite. The specific structure of the micro-sized DE particles along 

with the aggregated nano-sized FS were responsible for the non-wettability of the prepared 

nanocomposites. 

➢ Considering the similarity of the FTIR absorption spectra of particles and matrix, the shape 

and position of the absorption peaks showed negligible changes while their intensity 

considerably reduced. 
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➢ The mechanochemical robustness of produced superhydrophobic nanocomposites was 

vigorously assessed based on multiple aggressive mechanical, chemical, and UV analyses. 

➢ Regardless of the abrasion force, i.e. 5 kPa or 25 kPa, or sandpaper grit, i.e. #160, #320 and 

#800, after 250 abrasion cycles the WCA of superhydrophobic nanocomposite remained 

almost >160° and CAH <5°. Following abrasion, the surface roughness was replaced by fresh 

micro-nanostructures consisting of DE and agglomerated FS particles as well as channel-like 

structures induced by the sandpaper. 

➢ Knife scratching, tape peeling, water jet impact and sandblasting experiments did not affect 

the water-repellent properties of the prepared nanocomposite. 

➢ Although the 2-hour ultrasonication deteriorated the superhydrophobicity of the 

nanocomposite, the surface water-repellency could be recovered via sanding or cutting the 

outermost layer. This feature provides an outstanding opportunity for real-life applications of 

the fabricated volumetric superhydrophobic nanocomposites. Once the water-repellency and 

roughness features have deteriorated, they can be endlessly regenerated by abrasion so as to 

preserve a super-robust superhydrophobic surface. 

➢ The superhydrophobic nanocomposite also demonstrated outstanding chemical stability, UV 

resistance, and self-cleaning property as well. 

A Comparative Study of the Icephobic and Self-Cleaning Properties of Teflon Materials Having 

Different Surface Morphologies 

➢ As one of the well-known hydrophobic thermoplastic materials, the effect of plasma treatment 

on the water-repellency, water droplet impact, icephobicity and self-cleaning of the Teflon 

materials was assessed. 

➢ The atmospheric-pressure plasma treatment created hierarchical micro-nanostructured lotus 

leaf–like patterns on Teflon surface. Whilst the FTIR analysis showed that the plasma 

treatment did not alter the chemical composition of the Teflon material. 
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➢ Compared to WCA, CAH had more effect on the speed of water droplet rolling off the surface. 

In other words, the water droplets roll off faster on the superhydrophobic surfaces having lower 

CAH than the surface having a higher WCA. 

➢ Due to the low surface energy and hierarchical micro-nanostructured superhydrophobic Teflon 

surface, the minimal contact between the water droplet and the surface led to its outstanding 

behavior against water droplet impact. The impacting droplet illustrated eight complete 

rebounds on the produced micro-nanostructured Teflon surface. 

➢ There was a significant reduction in ice adhesion strength of the plasma-treated micro-

nanostructured surface by a factor of 5.6×. Moreover, the delay in the freezing of water droplet 

on the micro-nanostructured surface was ~2× longer than for pristine surface. 

➢ The fabricated surfaces also showed a self-cleaning capability, able to self-clean deposits of a 

wet and dry contaminants. 

General conclusions 

In the current thesis, to address the catastrophic risks of the failure of high-voltage insulators due to ice 

and pollution accumulation on their surfaces, two different approaches are opted to effectively create artificial 

self-cleaning/superhydrophobic surfaces to enhance the water-repellency of the engineered silicone rubber and 

Teflon materials. Initially, the atmospheric-pressure air plasma treatment was used to produce self-

cleaning/superhydrophobic high-temperature vulcanized silicone rubber (HTV-SR) surfaces via etching 

technique. To determine the effect of various plasma parameters on the non-wettability of the treated HTV-SR 

surfaces, we applied a design of experiment (DoE) method based on the three significant and independent 

factors of reference voltage, plasma jet speed and gas flow rate, each at three levels. Due to the formation of 

coral-like micro-nanostructures on the plasma-treated surface, a substantial enhancement in the water-

repellency of HTV-SR surfaces, i.e., static water contact angle (WCA) >160° and a contact angle hysteresis 

(CAH) <3°, was obtained. The consistency of the Cassie-Baxter regime was confirmed by various analyses 

including increasing the volume of droplet, pressure test and droplet impact. The self-cleaning behavior of the 

superhydrophobic samples was verified based on wet and dry methods. Moreover, the notable delayed ice 

formation and considerable low ice adhesion strength of the plasma-treated HTV-SR surfaces illustrated their 
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remarkable anti-icing and de-icing capabilities. Relatively good mechanical durability and substantial chemical 

stability were also observed after multiple tests. 

Secondly, regarding the poor mechanochemical robustness of superhydrophobic surfaces susceptible to 

damage, a non-fluorinated volumetric superhydrophobic nanocomposite was produced through embedding 

diatomaceous earth and fumed silica particles into the HTV-SR matrix. In addition to creating 

superhydrophobicity through each face and every layer of the nanocomposites, we enhanced the hardness and 

crosslinking density of the HTV-SR—confirming its physical stability—by adding micro-nanoparticles to the 

HTV-SR. Regarding the mechanochemical robustness of the developed nanocomposite, multiple severe 

mechanical and chemical tests did not considerably affect the surface water repellency. If the 

superhydrophobicity of the nanocomposite was deteriorated by means of any test, the water-repellency could 

be restored by removing the outermost layer owing to the presence of embedded low surface energy micro-

nanostructures within the entire body of the nanocomposite. The superhydrophobic nanocomposite also 

demonstrated outstanding UV resistance and self-cleaning ability.  

Thirdly, we produced plasma-treated superhydrophobic Teflon surfaces possessing ultra-water-

repellent, icephobic and self-cleaning properties. Formation of the lotus leaf-like hierarchical micro-

nanostructures on the plasma-treated Teflon surface was responsible for its surface water-repellency as well as 

remarkable low ice adhesion strength. Given the results of speed of water droplet rolling off and water droplet 

impact on the superhydrophobic surface, the CAH had more effect on the surface water repellency than WCA 

values. Moreover, the fabricated surfaces also showed a self-cleaning capability, able to self-clean deposits of 

a wet and dry contaminant. 



 

 

RECOMMENDATIONS 

In this Ph.D. thesis, superhydrophobic surfaces were produced based on two different approaches, i.e., 

creation of surface roughness using atmospheric-pressure plasma treatment and fabrication of damage-tolerant 

volumetric superhydrophobic nanocomposite. The prepared surfaces demonstrated significant 

superhydrophobicity, self-cleaning, icephobicity, and mechanochemical robustness. Nevertheless, there are 

still several suggestions worth considering for further investigations. These recommendations are presented as 

follows. 

➢ A thorough investigation on the influence of all plasma operating parameters on the non-

wettability as well as icephobicity of silicone rubber surfaces could be conducted. Regarding 

the preliminary analyses, we have selected three significant plasma operating parameters 

which have pronounced effect on the surface water-repellency. However, other parameters and 

their interactions, such as distance between nozzle and substrate, cycle time, and plasma 

frequency, may affect not only the superhydrophobicity but the icephobic properties of the 

treated surface. 

➢ To reduce the destructive temperature of outlet plasma stream and achieve a homogenous 

treatment, a rotating plasma nozzle can be employed. In case of rotating jet, the forced-

convection heat transfer diminishes the gas temperature. Moreover, manipulation of torch 

speed in rotating plasma nuzzle can alter the final plasma homogeneity and, in some point, 

improve it. 

➢ To realize ordered surface structures using atmospheric-pressure plasma system, the target 

surface can be covered by metallic meshes having various openings which results in fabrication 

of structures with different dimensions. Unlike nonordered surface structures, ordered structure 

provide the opportunity of studying several wettability related phenomena. To achieve this 

goal, the enhancement of the homogeneity of the plasma jet and reducing the plasma 

temperature are among the main challenges. To address these problems, using the rotating 

plasma jet can be a promising alternative as the rotating jet has relatively more homogeneity 

as well as much lower plasma gas temperature rather than conventional plasma jet. 
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➢ In this project, we used air as the plasma gas because of the industrial and environmental 

concerns. However, the type of plasma gas and its flow rate are also of great importance in 

plasma treatment. Certain plasma particles react with certain atoms or certain phases on the 

surface which have different effect on the achieved results in terms of surface morphology and 

subsequent non-wettability. An interesting subject for further studies can be the investigation 

of the effect of various plasma gases e.g. Ar, O2, N2, and CF4 on multiple properties including 

surface roughness, wettability, and icephobicity. 

➢ The study of the mechanical and electrical properties of the produced superhydrophobic 

nanocomposites is enticing to acquire a better understanding of their functionality for high-

voltage insulator application. To this end, tensile, compression and impact strength as the 

mechanical properties, and volume resistivity, dielectric property, tracking and erosion 

resistance and breakdown strength as the electrical properties can be evaluated. 

➢ One of the appealing applications of the superhydrophobic surfaces is known as oil-water 

separation. Throughout this project, we observed that the produced superhydrophobic 

nanocomposites demonstrate the ability to selectively absorb oil from water. The oil/water 

separation efficiency under various conditions can be studied. In addition, it is recommended 

to enhance the separation efficiency by creating micro-pores within the bulk material. 
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Figure AI-1. SEM images after the 7th icing/de-icing cycle in the centrifuge test at two magnifications for (a-

1 & a-2) µCM and (b-1 & b-2) APP-treated surfaces. 
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Table AI-5. Ice adhesion reduction factor (ARF) of the µCM and APP-treated surfaces relative to the ice 

adhesion strength of an aluminum surface (A 6061) for push-off and centrifuge tests 

A
d
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(A
R

F
) 

Icing/de-icing 

cycles 

1 2 3 4 5 6 7 

p
u

sh
-o

ff
 µCM 9.0 ± 1.3 10.1 ± 0.9 8.2 ± 1.1 9.9 ± 1.1 10.6 ± 2.2 8.7 ± 2.1 9.5 ± 0.9 

APP 25.2 ± 2.6 23.7 ± 2.1 23.2 ± 1.0 20.4 ± 2.0 18.6 ± 1.9 18.3 ± 1.8 18.0 ± 1.8 

ce
n

tr
if

u
g

e µCM 8.7 ± 1.2 7.4 ± 0.8 7.8 ± 0.6 6.4 ± 0.9 7.2 ± 1.3 8.9 ± 1.4 6.4 ± 1.1 

APP 19.2 ± 2.2 16.2 ± 2.1 13.3 ± 2.6 11.8 ± 1.0 9.9 ± 0.6 9.2 ± 0.9 8.9 ± 0.9 

 

Here, the ARF is defined as: 

τ (bare aluminum)/τ (superhydrophobic silicone rubber). 

It should be noted that the τ (bare aluminum) was measured as 810 ± 125 kPa. 

Table AI-6. Water contact angle and contact angle hysteresis of the µCM and APP-treated surfaces before 

and after push-off and centrifuge tests. 

 Before icing/de-icing cycles After 7 icing/de-icing cycles 

WCA (°) CAH (°) WCA (°) CAH (°) 

µCM 166.6 ± 1.9 0.6 ± 0.3 163.6 ± 1.0 4.7 ± 0.1 

APP 165.8 ± 1.3 1.1 ± 0.6 164.0 ± 0.1 3.9 ± 0.7 
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Figure AI-2. Photographs of the 1st icing/de-icing cycle of the (a, d) pristine, (b, e) µCM, and (c, f) APP-

treated surfaces after ice accumulation and after ice removal in the centrifuge test. Photographs of the 7st 

icing/de-icing cycle of the (g, j) pristine, (h, k) µCM, and (i, l) APP-treated surfaces after ice accumulation 

and after ice removal in the centrifuge test. 

 

Figure AI-3. (a) Recovered WCA as a function of time for the sandpaper-abrasion test for the µCM and APP-

treated surfaces abraded at 6.4 kPa; (b) recovered WCA and CAH as a function of time for the finger-press 

tests for the µCM and APP-treated surfaces; and (c) recovered WCA and CAH as a function of time for the 

µCM sample immersed in acidic and alkaline solutions. 
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Figure AI-4. SEM images of the APP-treated surface after the ultrasonication test at a magnification of (a) 

×5000 and (b) ×15000. 

 

Figure AI-5. SEM images of a sandblasted (a-1 & a-2) µCM surface and (b-1 & b-2) APP-treated surface at 

two magnifications. 

To study the durability of the produced surfaces against UV-light radiation, we selected the average 

annual sunlight energy in a normal direction for a site in Toronto, Ontario, reported as 8.1–13.4 MJ.m-2 [461]. 

Given that only 3–6% of natural sunlight reaching the Earth’s surface falls within the UV region, the annual 

mean of UV radiant exposure was calculated as follows: 
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0.05 × 13.4 MJ.m-2 = 670,000 J·m-2  

Therefore, to simulate the same amount of energy attaining the surfaces by UVA-340 fluorescent lamps 

in the QUV accelerated weathering tester, requires almost 209 h: 

Time = 670,000 J.m-2 / 0.89 W.m-2 = 209 h 
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Figure AII-1. WCA of nanocomposites having different mass fractions of (a) micro-sized DE and (b) nano-

sized FS. 

The volumetric superhydrophobic nanocomposites were developed using both micro-sized DE and 

nano-sized FS particles. It was observed that the specific mass ratio of DE/FS had a great influence on the final 

non-wettability of the nanocomposite. Thus, the effect of particle/HTV-SR ratios on the WCA of 

nanocomposite was also studied as shown in Figure S1. The composites that contained only one type of 

particles did not exhibit any superhydrophobic properties. Increasing the DE content enhanced the WCA; the 

WCA attained a maximum value of 144°, a value that remained below that of the definition of 

superhydrophobicity. In terms of FS nano-scale particles, a maximum WCA of 130° was achieved at the 

mailto:Elham.vazirinasab1@uqac.ca
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concentration >120 phr. These results confirmed that the superhydrophobic nanocomposite cannot be obtained 

by adding solely one type of particle. Therefore, we used a combination of micro-scale DE and nano-scale FS 

to develop the volumetric superhydrophobic nanocomposite. 

 

Figure AII-2. FESEM images of the surface of nanocomposites (a) D60F60, (b) D70F50, and (c) D80F40 

(all images at ×50,000). 

FESEM images at high magnification confirmed the presence of FS particles in the range of 100 nm on 

the surface of DE. The results illustrated the good compatibility of FS and DE within the HTV-SR matrix. 

 

Figure AII-3. TGA and DTGA curves of the nanocomposites (a) D60F60 and (b) D80F40. 
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Figure AII-4. (a) Photograph and (b) SEM of a superhydrophobic coating of nanocomposite D70F50 based 

on dip-coating method followed by toluene evaporation at low pressure and curing at high temperature 

(×1000 magnification); (c) water droplets as quasi-spheres on the powdered nanocomposite D70F50 before 

compression molding. 

Nanocomposite D70F50 was also applied as a coating on a glass slide using a dip-coating approach to 

examine its water-repellency and bulk durability. As shown in Figure S4a, regardless of the existence of cracks 

along the surface, the quasi-spherical shape of water droplets suspended on the surface established the 

superhydrophobicity of the coating. Moreover, the glitter of the nanocomposite beneath the water droplets 

stems from light reflection due to the presence of a thin air layer trapped within the interface of nanocomposite 

and water droplets. In terms of durability, neither abrasion nor immersion in acidic and basic solutions affected 

the long-term superhydrophobicity of the coating. 

There is another interesting phenomenon, called liquid “marbles”, that forms due to the partially 

modified DE with HTV-SR. By gently moving the water droplets over the powder bed of nanocomposite 

D70F50 before curing, the powder was absorbed on the liquid/air interface, thereby creating these liquid 

marbles (Figure S4d). They are some nonwetting and nonstick droplets capable of preserving their semi-

spherical shape on the solid surface. 
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Figure AII-5. SEM images of nanocomposite N70F50 (a–b) before and after abrasion using (c–d) #180, (e–f) 

#320, (g–h) #800 grit sandpapers, and (i-j) #1200 grit sandpapers. 
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