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RÉSUMÉ 

 Avec lô®mergence dans plusieurs domaines de nouveaux types de mat®riaux, polym¯res et 
technologies qui ont révolutionné les infrastructures sociales et industriels, la demande pour des matériaux de 

nouvelle génération multifonctionnels à propriétés spécifiques enregistre une forte croissance. Notamment, les 

matériaux superhydrophobes et autoréparant ont connu une ascension fulgurante, au cours des dernières 

décennies. 

Dans des applications pour la vie quotidienne, les revêtements et les surfaces subissent de sévères 

contraintes m®caniques qui affectent lôint®grit® des structures ¨ long terme. Pourtant, il existe tr¯s peu de 

méthodes disponibles pour maintenir lôefficacit® et leur durabilit® lorsque les surfaces polym®riques sont 

abim®es. Ainsi, sôinspirant de m¯re nature et du potentiel auto-régénérassions des systèmes biologiques, des 

matériaux composites autoréparant ont été développé pour apporter une solution auto-réparatrice avec très peu 

voire aucune intervention humaine. 

Ici, la conception dôun rev°tement superhydrophobe multifonctionnel capable dôaugmenter la dur®e de 

vie effective des isolateurs ¨ haute tension est au cîur de notre préoccupation. Ce dernier vise à prévenir voire 

retarder les éventuels dommages mécaniques causés par les arcs électriques et les contournements résultant de 

problèmes de mouillabilité et de ces dommages. 

Dans un premier temps, un polydiméthylsiloxane dot® dôune terminaison en silanol t®l®ch®lique 

(DMS-S12) et un catalyseur (dilaurate de Dibutylétain, DBTL) ont été encapsulés séparément dans membrane 

de poly (mélamine-urée-formaldéhyde) via la technique de polymérisation en émulsion. L'encapsulation des 

matériaux du noyau ainsi que la morphologie de surface, la distribution de leur taille et la stabilité thermique 

des microcapsules ont été étudiées. Les microcapsules synthétisées présentaient un diamètre compris entre 10-

110 µm avec une morphologie sphérique et uniforme, et une stabilité thermique jusqu'à des températures 

élevées. Celles ont été incorporées par la suite à l'intérieur d'une matrice élastomérique de polydiméthylsiloxane 

(PDMS), dénommée SILGARD 184 pour former le revêtement composite. Le potentiel de cicatrisation du 

composite de silicone ainsi obtenu a été évalué en surveillant une réparation de fissure par microscopie 

électronique à balayage (MEB) et en mesurant l'ampleur de la récupération des propriétés mécaniques par des 

essais de traction.  

Dans un second temps, le revêtement développé a été appliqué par pulvérisation sur une variété de 

substrats notamment le verre, la porcelaine, l'aluminum et l'acier.  Le revêtement présent   un angle de contact 

de 163° et une hystérésis d'angle de contact de 2.3° avec d'excellentes propriétés autonettoyantes (évalué en 

pollution sèche et humide) et glaciophobes (faible adhérence à la glace et retard élevé du temps de congélation). 

La robustesse et la durabilité représentent généralement le talon d'Achille des matériaux superhydrophobes. 

Côest pourquoi un ensemble des essais m®caniques et chimiques ont ®t® effectu®s pour ®valuer la robustesse du 

revêtement final vis à vis des conditions réels. Les résultats recueillis ont confirmé la stabilité des propriétés du 

revêtement développé soumis à conditions extrêmes. 

Troisièmement, la performance du revêtement superhydrophobe final (SHP) sous contrainte électrique 

a été évaluée à l'aide de diverses méthodes tels que la spectroscopie diélectrique, des tests de mesure de tension 

d'amorçage, de condensation et des tests de plan incliné. Le revêtement SHP offrait une permittivité diélectrique 

et un facteur de perte inférieurs à ceux d'un échantillon vierge dans la plage de fréquences est comprise entre 

10-4 et 103 Hz. De plus, les résultats portant sur le courant de fuite ont montré que le revêtement réduisait avec 

succès le courant de fuite à sa surface dans des environnements à forte humidité. En plus, une augmentation de 

la tension de contournement dans diff®rentes conditions quôil sôagisse dôun ®tat sec, humide ou pollu® a ®t® 

observée. 

Enfin, les microcapsules autoréparants obtenues ont été adaptées/ redimensionnées pour être 

incorporées dans des revêtements de surface de manière à obtenir une couche mince grâce à certaines 

modifications des paramètres du procédé. Les observations MEB ont révélé des diamètres moyens de 18 et 16 

µm pour les microcapsules. Concernant l'évaluation de la capacité d'auto-guérissons, les revêtements ont été 

rayés et inspectés visuellement en utilisant l'imagerie par microscopie. La spectroscopie d'impédance 

électrochimique (EIS) a été également utilisée pour étudier quantitativement la fonction d'auto-guérissons du 

revêtement tel que préparé. L'efficacité d'auto-guérissons et l'indice de délaminage du revêtement ont été 

calculés à l'aide des données obtenues à partir des mesures EIS (résistance de transfert de charge (Rct) et 

impédance (Z0.01 Hz)). Les données ont montré des efficacités d'auto-guérissons allant jusqu'à 96% par rapport 

au revêtement superhydrophobe vierge. L'indice de délaminage des échantillons a également confirmé que la 

cicatrisation de la microfissure a lieu après 48 heures. 
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ABSTRACT 

With the emerging advancements in different fields of new materials, polymers, and technologies 

which have been revolutionary in industries, the demand for new generation of multi-functional materials with 

specific properties is highly growing. Superhydrophobic and self-healing materials are among these 

developments and have arisen as an unstoppable demand in the recent decades.  

In real world applications, coatings and surfaces are subjected to mechanical damages that are severe 

threat to the integrity of the structures. Once polymeric structures are damaged, there might be few limited 

methods available to sustain their functional lifetime. By the inspirations from mother nature and biological 

systems, the self-healing composite materials are designed to trigger a self-repair response without any or slight 

external human intervention.  

Herein, we aimed at designing a multifunctional superhydrophobic coating in order to increase the 

effective life-span of high-voltage insulators by preventing and/or delaying the possible arcing and flashover 

driven damages that originated from wettability issues and mechanical damages.  

Firstly, a telechelic silanol terminated polydimethylsiloxane (DMS-S12) and catalyst (Dibutyl tin 

dilaurate, DBTL) were encapsulated inside poly (melamine-urea-formaldehyde) shells separately via emulsion 

polymerization technique. The encapsulation of core materials, surface morphology and size distribution of 

microcapsules, and thermal stability of microcapsules were investigated. The synthesized microcapsules were 

obtained within a size range of 10-110 µm showing a spherical and uniform morphology, and thermal stability 

up to elevated temperatures. The microcapsules were incorporated inside a polydimethylsiloxane (PDMS) 

elastomer matrix, namely SILGARD 184, and the healing performance of the silicone composite was evaluated 

by monitoring a crack repair via scanning electron microscopy (SEM) and measuring the extent of recovery in 

mechanical properties via tensile and tear tests. The composites containing microcapsules depicted self-healing 

efficiencies of 67% and 55% calculated based on the recovered toughness and tearing energy of the healed 

samples.  

Secondly, a silicone-based superhydrophobic (SHP) coating was developed using spray coating 

method which was applicable to a variety of substrates including glass, porcelain, aluminum, and steel. The 

developed coating exhibited contact angle of 163° and contact angle hysteresis of 2.3° with excellent self-

cleaning (in both dry and wet pollution scenarios) and icephobic (low ice adhesion and high delay in freezing 

time) properties. Robustness and durability which are the Achilles heel of superhydrophobic materials were 

assessed via a set of mechanical and chemical testing techniques in which the great non-wetting properties of 

the as-prepared coating was shown to be maintained even after various extreme treatments, i.e., waterjet 

impacting, immersing in pollutants and acid/base solutions for 24 h, tape peeling test, and sandpaper abrasion. 

Thirdly, the performance of superhydrophobic coating under electrical stress was evaluated employing 

a variety of methods including dielectric spectroscopy analyses, flashover voltage measurements tests, 

condensation, and inclined plane tests. The SHP coating represented lower dielectric permittivity and loss factor 

compared to a pristine sample within the frequency range of 10-4 ï 103 Hz. Also, the leakage current results 

showed that the coating successfully reduced the leakage current on its surface in environments with high 

humidity. Moreover, the developed coating was able to increase flashover voltage in different conditions 

including dry, wet, and polluted states. 

Lastly, the obtained self-healing microcapsules were adapted for incorporation in thin layer surface 

coatings by some modifications in the process parameters. The SEM observations illustrated mean diameters 

of 18 and 16 µm for microcapsules. For the evaluation of self-healing ability, the scratched coatings were 

visually inspected using microscopy imaging. Electrochemical Impedance Spectroscopy (EIS) was employed 

to quantitatively investigate the self-healing function of the as-prepared coating. The self-healing efficiency and 

delamination index of the coating were calculated using the obtained data from EIS measurements (charge 

transfer resistance (Rct) and impedance (Z0.01 Hz)). The data showed self-healing efficiencies up to 96% 

compared to the blank superhydrophobic coating. The delamination index of the samples also confirmed the 

healing of the microcrack after 48 hours.  

Keywords: Extrinsic self-healing; Microencapsulation; Self-healing efficiency; Superhydrophobic coating; 

Water-repellency; Self-cleaning; Icephobicity; Mechanical durability; Polydimethylsiloxane; Porcelain 

insulators; Dielectric performance; Inclined plane test; Flashover voltage.
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INTRODUCTION  

Definition of Problem 

Outdoor insulators are of the main components in the high-voltage sectors, and their accurate 

function will guarantee the operational safety and efficiency of the electrical power in the transmission 

system; therefore these components must fulfil  particularly high demands in terms of electrical, 

mechanical and chemical reliability for several years [1], [2]. Insulators are used to mechanically support 

high-voltage conductors and electrically separate them from each other or ground and should resist 

normal operating electrical stresses without flashover failure.  

The main dielectric materials used for outdoor high voltage insulation are glass, porcelain, and 

composite polymeric materials. Ceramic insulators, made of porcelain and glass, have been used in the 

power utilities for over one century. These types of insulators demonstrate great mechanical performance 

and weathering resistance. Furthermore, they have outstanding resistance against electrical stresses 

degradation and discharge activities [3]. Due to their high surface energy, porcelain and glass insulators 

have always suffered from high degrees of wettability by water which leads to the formation of 

conductive films along the creepage way, resulting in higher values of surface leakage currents to stream 

on the wet surface [3]ï[6]. In cold regions of North America, Europe and Asia, transmission towers, 

conductors and high voltage insulators are every year exposed to ice accumulation causing severe 

damages, deformations, power outages, flashovers, compromising the reliability of power lines and 

telecommunication services, black outs and losses of millions of dollars [7]ï[10]. When ice and snow 

accumulate on exposed equipment and surfaces, the increased weight can deform or even make the 

structure collapse. The formation of ice along the insulators can cause flashovers due to bridging the 

shed spacing (distance between convolutions in the insulator surface) or creating a conductive film on 

the surface in which current passes through and facilitates short circuit [11], [12].  

The contamination flashover is also a major problem especially in industrial, coastal, and 

polluted regions and involves the propagation of arc across the surface of an electrolyte created by 

chemical residues, dust, or salts. The pollution not only affects the appearance and efficiency of the 
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power equipment, but also can increase the conductivity of the insulator surface and decrease the 

performance of insulators against leakage, arc, and discharge. The pollutants are usually inactive while 

staying dry, being active as they are exposed to different types of water (fog, dew, rain, snow, frost, 

condensation, etc.) and form a conductive layer on the surface [10].  

A coating layer is known as a universal solution to endow desired functions and properties to 

diverse substrate materials. Therefore, by properly designing an appropriate coating applicable on 

porcelain insulators, one can benefit from the outstanding characteristics of porcelain while its surface 

properties are governed by the coating layer.  

 

a) Collapse of transmission tower due to ice storm in Slovenia 2014 [13]; b) A flashover process by ice 

[14]; c) Discharges and dry bands on long rod insulators by pollution [15]; d) Discharges on 110-kV 

line insulators in Israel [15] (Reprinted with permission). 

Currently, room temperature vulcanized (RTV) silicone rubber coatings are employed to 

prevent contamination-related outages of power networks. Polydimethylsiloxane (PDMS) is one of the 

main components of RTV silicone rubber coatings, the molecular chains of which contain CH3ï groups 

providing a certain degree of hydrophobicity. Water contact angles on the surface of RTV silicone rubber 

coatings are around 110°, and such a low hydrophobic level cannot effectively prevent pollution 

accumulation on substrates. RTV insulator coatings, firstly developed for improving contamination 

flashover performance, have also been applied to enhance the performance of insulators against ice and 

snow [16]. However, the performed research has shown that at lower temperatures the effectiveness of 

these coatings reduce and they cannot effectively reduce ice accumulation on the insulator surface and 

prevent insulator icing flashovers [7], [8]. Over the past few decades, artificial nanocomposite 

superhydrophobic surfaces have been developed inspired by nature, and it has been shown that there is 

generally a good correlation between self-cleaning properties and superhydrophobicity. Also, a wide 
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range of studies in the literature correlated non-wettability and water repellency to icephobicity [17]ï

[19].  

Therefore, to optimize the maintenance and efficiency of outdoor insulation, application of 

superhydrophobic coatings to prevent icing and contamination-related concerns was proposed [9]. Some 

investigation on comparing performance of porcelain insulators with and without nano-coatings in the 

laboratory has shown that nano-coated distribution 33 kV post-insulators increased the flashover voltage 

up to 18% under artificial rain tests as per IEC 60060-1 [20], [21].  

Though there are numerous reports for fabricating superhydrophobic coatings, durability of 

such coatings (SHPCs) in operational conditions is still bottlenecking the transfer of this technology 

from laboratory to industrial applications. Hence, fabrication of a robust superhydrophobic coating 

against harsh chemical and mechanical conditions is of great importance.  

On the other hand, the coatings and surfaces are always subjected to mechanical damages, and 

microcracking can likely occur through normal usage, ultimately failing. The way to a system failure 

might begin with tiny, microscopic cracks as they propagate and coalesce, eventually ending in 

catastrophic and irreversible failures in terms of corrosion, electrical insulation, etc. These 

understandings and in-depth investigations have resulted to mechanisms of retard or repair of the freshly 

formed microscopic damages prior to failure or soliciting complicated and time-consuming conventional 

methods of surface repair [22]ï[24].  

Therefore, we employed two bio-inspired methodologies to develop a durable coating with self-

cleaning, icephobic, and self-healing properties for preventing/retarding the occurrence of severe 

damages in the insulation parts of the power system that originated from wettability issues and 

mechanical damages.  

For these purposes, in the first place, we designed a simple but robust superhydrophobic coating 

from silicone-based materials which is applicable via spraying on various substrates and more 

importantly porcelain and glass. The durability of the coating was thoroughly investigated using 

vigorous mechanical and chemical testing. Moreover, the dielectric properties of the coating, as well as 
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dry and wet flashover voltages (FoV), leakage currents, and resistance against tracking and erosion were 

also evaluated employing various test methods.  

Furthermore, we used the microencapsulation technique to synthesize microcapsules as the 

reservoirs for self-healing materials to introduce self-healing ability into the coatings thereby extending 

their working life as well as enhancing the safety and accuracy of the whole system.  

There are various methods to assess the self-healing performance of the system. The 

characterization methods are chosen based on the final application. In this thesis, we have used the self-

healing microcapsules inside two different systems. Firstly, in Chapter 3, we have developed a silicone 

composite, and the self-healing efficiency was evaluated via mechanical tests in which we could assess 

its performance after mechanical damages and healing process. In chapter 6, we used the self-healing 

microcapsules inside a superhydrophobic coating which is designed for insulator surfaces to prevent 

wetting driven flashovers. So, the performance of coating in a water bath could be a good indication of 

its function. Therefore, we chose the EIS measurements to quantify the self-healing efficiency of the 

developed self-healing superhydrophobic coating. 

This project is defined as an academic-industry collaboration to develop a durable self-healing 

superhydrophobic coating for high voltage outdoor insulators for Hydro Québec porcelain insulator 

sector.  
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Overview  

With the impressive discoveries and advancements of new materials obtained between the 20th 

and the 21st century which have been revolutionary in social structures and industries, the demand for 

new generation of materials with specific properties is highly growing. Superhydrophobic and self-

healing materials are among these developments and have arisen as an unstoppable demand in the recent 

decades.  

In real-world applications, all surfaces are subjected to mechanical damages. Once polymeric 

materials used as structural components are damaged, there might be only limited methods available to 

extend the functional lifetime of the material. An ideal repair method should be executed quickly and 

effectively on site, to eliminate the need for removing or replacing the component for repair. The idea 

of self-healing materials was originally inspired by living organisms and became possible after 

observations and technological developments of polymers. Currently, multiple methods exist for 

introducing self-healing ability to polymeric materials, while most of these methods require complicated 

structural designs on the backbone of polymeric materials. Owing to the existence of various materials 

and methods for preparation of microcapsules, and the possibility of incorporating them into diverse 

matrices, microencapsulation approach was chosen to impart self-healing capability into the coatings in 

this thesis.  

Wettability which is quantified by the contact angle value of a liquid droplet is one of the basic 

characteristics of solid surfaces. Since water is the most abundant liquid on earth and presents in different 

forms in the environment as rain, snow, and fog, the degree of wettability of solid surfaces by water is 

of great importance. Therefore, designing surfaces with different wettability has attracted tremendous 

attention in recent years, to achieve specific applications. Among these behaviors, superhydrophobic 

behavior, defined as the surfaces with contact angles larger than 150° and roll off angles of lower than 

10°, which leads to a non-wettable regime has shown promises in many fields of applications such as 

self-cleaning (washing down of pollutants under the natural forces of wind, rain), anti-icing (by 

prevent/delay ice formation and reduce ice adhesion strength), anti-corrosion, oil-water separation, etc. 

[25], [26]. Considering the insulation parts of the power equipment, water spreading, accumulation of 
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pollutants, and ice accretion on the surface is not favorable and therefore, application of 

superhydrophobic coatings on the surface of glass and porcelain insulators would be promising to 

prevent the wetting driven flashovers and their consequences [27].  

For superhydrophobicity, two criterions must be satisfied, namely lowering surface energy, and 

increasing surface roughness, in order to minimize the contact between water and the solid surface [18], 

[28]ï[31]. Among low surface energy polymers, silicone resins are preferable for developing 

superhydrophobic coatings due to numerous advantages in all aspects of thermal, chemical, and 

electrical resistance [32]. Also, surface roughness could be easily achieved via incorporating micro/nano 

particles into the polymeric matrix. The superhydrophobic coatings are fabricated by numerous methods, 

however, the main challenges bottlenecking their large-scale and industrial execution are complicated 

fabrication procedures, laboratory-scale application methods, and low mechanical durability [33].  

This thesis aims to develop a robust self-healing and superhydrophobic coating, via a simple 

procedure, and using spraying method for its application on high-voltage porcelain insulators. The 

developed coating must not have any adverse effect on the dielectric properties of the system. Therefore, 

it is necessary to precisely investigate the effect of coating on electrical performance.  
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Objectives 

The main objective of this project is to develop a durable superhydrophobic coating which 

contains self-healing microcapsules and can heal the mechanical damages and microcracks. The 

developed superhydrophobic coating can be applied on the glass and porcelain high voltage insulators 

to reduce the harmful consequences of pollution accumulation and ice accretion.  

To achieve the main goal, some secondary objectives should be met as presented: 

¶ Designing a suitable self-healing system (materials, processes, equipment). 

¶ Investigation of the healing ability of the microcapsules inside a silicone matrix through SEM 

observations of microcracks, and mechanical analysis methods. 

¶ Optimization of microcapsules to be used inside a thin silicone coating. 

¶ Selection of materials and processes to develop a superhydrophobic coating. 

¶ Investigation of the healing efficiency of microcracks in the superhydrophobic coating by 

incorporating appropriate healing agents. 

¶ Investigation of the self-cleaning and icephobic properties and durability of the coating. 

¶ Evaluation of electrical behavior of the developed coating by conducting different electrical 

analyses.  
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Originality Statement 

We live in an era of striking advancements in various domains of science and technology, where 

separate fields and specializations are overlapping into new horizons. This cooperative approach is 

emerging rapidly in polymer science, by employing the organic and physical chemistry, materials 

science, and biochemistry, as well as electrical and mechanical engineering, to collaborate and develop 

uniquely innovative materials. Here, we aimed at designing a multifunctional superhydrophobic coating 

in order to increase the effective life-span of high-voltage insulators by preventing and/or delaying the 

possible arcing and flashover driven damages. The originality of this work is classified in the subsequent 

paragraphs from various aspects.  

Firstly, most of the research efforts to enhance the pollution performance of insulators have 

been devoted to RTV silicone rubber coatings to treat the inherent hydrophilic characteristics of 

porcelain and glass with some degrees of hydrophobicity. In recent years, superhydrophobic materials 

with intrinsic self-cleaning properties, and enhanced icephobic performance have been introduced as 

promising alternatives to silicone [21]. Yet, the current research on the superhydrophobic surfaces in 

high voltage fields are primarily focused on bulk materials, while there are fewer reports on thin layer 

coatings.  In the present thesis, we focused on the development of a coating for applications in the high-

voltage porcelain insulator sector to enhance their performance in harsh environmental circumstances 

including extremely cold and polluted conditions. 

Secondly, as the coatings are prone to mechanical damages, by introducing self-healing 

microcapsules inside the matrix, the coating is capable of repairing the micro-scale damages which are 

likely to happen during its service life.  

Thirdly, all the structural components of the coating including healing agents, matrixes, and 

nano particles are silicone-based materials. The importance of this point is highlighted since fluorinated 

compounds are yet one of the integral components for robust non-wettable coatings, while the global 

concerns have risen on their application due to their environmental hazards. 
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Fourthly, the utilized materials and method in the current research work, emboss the developed 

coating with an enhancement in robustness by increasing the potential interactions and crosslinking sites 

between the nanoparticles and the matrix via a non-complicated approach in order to reduce the coatings 

delamination due to abrasion or erosion.  

To conclude, to the best of our knowledge, as a multifunctional coating, there are not much 

comprehensive research conducted on the development of simple but robust superhydrophobic coatings 

for porcelain insulators in which the icephobic, self-cleaning, and mechanical durability of the coating 

are investigated in parallel to precisely assessing its performance in terms of leakage current, flashover 

voltage, resistivity, and tracking and erosion resistance.    
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Thesis Outline 

In this context, a brief outline of the subsequent 5 body chapters composing this Ph.D. thesis is 

provided.  

Chapter 1. For the readers to get familiar with the general idea behind this study, a literature 

review is presented. The main materials used in high-voltage outdoor insulators and their pros and cons 

are firstly introduced. The fundamentals of wetting and superhydrophobicity are represented, and the 

various materials and methods for fabrication of superhydrophobic coatings are briefly discussed. To 

mention the most important characteristics of superhydrophobic materials, some of the main applications 

of superhydrophobic coatings are later introduced. The current commercial status of such coatings is 

stated following the major shortcomings of the superhydrophobic coatings which has led to this limited 

real-world application. As the main drawback of these coatings, the durability issue is discussed with 

more details and some of the new approaches for overcoming this challenge are represented.  

In the second part of the literature review, self-healing phenomena is introduced and the three 

general concepts for imparting self-healing ability into polymeric materials are presented, while the 

microencapsulation approach, as utilized in this work, is discussed more carefully. The common methods 

for characterizing self-healing ability are further explained in the final section of this chapter. 

Chapter 2. Microencapsulation method is the most reported mechanism to impart self-healing 

ability to a material. In this method, the microcracks could be repaired via releasing the active materials 

that are stored inside the reservoirs. The type of healing agent and its solidification mechanism could be 

varied based on the nature of the utilized materials, the environmental condition, and the final 

application.  In this chapter, self-healing microcapsules containing a OH-PDMS and the DBTL catalyst 

were synthesized via an emulsion polymerization technique. The microcapsules were characterized 

using various analyses including SEM, DSC, and FTIR, and incorporated inside a silicone matrix to 

observe the self-healing ability of the system. The self-healing process of the silicone composite was 

investigated using SEM observation of the crack filling, as well as tensile and tear tests to quantify its 

healing efficiency. The acquired results were published as ñDevelopment of a Dual Capsule Self-healing 
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Silicone Composite Using Silicone Chemistry and Poly(Melamine-Urea-Formaldehyde) Shellsò 

published in Journal of Applied Polymer Science [34].  

Chapter 3. In recent years, superhydrophobic coatings have gained extensive attention and are 

potentially applied in self-cleaning, anti-icing, anti-corrosion, anti-fogging, and oil-water separation 

applications. Here, an all -silicone superhydrophobic coating was developed using a silicone resin, fumed 

silica nanoparticles, and methyltriethoxysilane (MTES), that was applicable by spray on a variety of 

substrates. The wettability of coating was evaluated by contact angle goniometer, showing WCA of 163° 

and CAH of 2.3°. The self-cleaning of the coating was investigated using dry and wet pollution 

conditions. Both anti-icing (delay in ice formation) and de-icing (reduction of ice adhesion strength) 

performance of the coating were assessed, and the coating showed excellent icephobic properties. The 

existence of active functional groups on the incorporated materials in addition to the introduction of 

MTES could lead to the enhanced robustness of the coating through increasing the crosslink sites 

between the components. An extensive series of experiments were conducted to vigorously evaluate the 

resilience of the prepared coating and the results confirm the formation of a highly robust 

superhydrophobic coating. Furthermore, the coating showed high transparency that makes the developed 

method promising for a variety of applications. The obtained results were published as an article 

ñTransparent Non-Fluorinated Superhydrophobic Coating with Enhanced Anti-icing Performanceò  in 

the Progress in Organic Coating journal [35].  

Chapter 4. Based on the literature reviews on the investigation of electrical performance of the 

coatings and more specifically superhydrophobic coatings, some test methods and set-ups were designed 

to assess the function of the developed coating in terms of flashover voltage, leakage current, and 

tracking and erosion resistance. The dielectric properties of the coating were investigated via a 

broadband dielectric spectroscopy instrument to obtain the dielectric permittivity and tanŭ values. Also, 

an accelerated weathering test was performed to evaluate the effect of environmental conditions on the 

wettability of the coating. The obtained results are published as an article ñPerformance of a 

Nanotextured Superhydrophobic Coating Developed for High-voltage Outdoor Porcelain Insulatorsò in 

the Colloids and Surfaces A: Physicochemical and Engineering Aspects journal [36].  
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Chapter 5. Based on the obtained results in the previous chapters, the self-healing ability was 

introduced into the developed superhydrophobic coating by dispersing the as-prepared microcapsules 

inside the silicone matrix of the coating. In this chapter, the microcapsules were adapted for well-

dispersion in thin layer coatings (around 150-200 µm film thickness). For assessing the self-healing 

ability microscopic imaging of a microcrack as well as electrochemical impedance spectroscopy (EIS) 

were utilized. The self-healing efficiency and delamination index of the coating were calculated using 

the obtained EIS data.  

Conclusions. An overview of the important findings of this project is presented in the 

conclusion section. The most important results obtained in the papers are firstly presented in the same 

order as their presentation in this thesis. The general conclusions are provided afterwards. 

Recommendations. The thesis purpose was to develop a self-healing superhydrophobic 

coating for high voltage insulator sectors. Within the body chapters, the results, and discussions on the 

main objectives of the thesis were presented. In this section, specific measures or directions that can be 

taken for the future works are recommended based on the obtained results and literature reviews. 
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CHAPTER 1: LITERATURE REVIEW  

1.1 Introduction  

Porcelain is defined as a traditional ceramic made by heating raw materials based on clay, 

feldspathic materials and silica or alumina, and have been evolved in terms of design, manufacturing 

process and raw materials in order to fulfill the requirements of the electrical market [37]ï[39]. Electrical 

grade porcelain has been used in power lines for outdoor insulating for more than 150 years, owing to 

high hardness and mechanical strength, chemical, thermal and corrosion resistance, as well as great 

dielectric performance [40]. Other materials considered to produce electrical insulators were wood, 

mica, ebonite and glass, however, only porcelain and glass continued as raw materials for manufacturing 

outdoor insulators [38], [41]. Decades of in-service performance of porcelain insulators have 

demonstrated appropriate environmental aging in addition to excellent degradation resistance against 

electrical stress and discharge activities [42]. Critically, porcelain insulators have hydrophilic surface 

characteristics that can lead to being easily wetted by water and forming of a continuous conductive film 

along the creepage path, thus allowing high surface leakage currents to flow. To overcome these issues, 

polymeric insulators have been introduced and utilized at distribution voltage levels since the 1960ôs 

owing to better hydrophobic characteristics. Although several advantages of polymeric insulators, more 

specifically silicone rubber, such as great hydrophobic surface properties, resistance against vandalism, 

and reduced maintenance costs, the polymeric insulators have some deficiencies, which must be 

considered. For example, the life expectancy of composite insulators is sometimes difficult to estimate 

specifically in harsh environments, and the reliability of the polymer materials is unknown. The 

polymeric materials are susceptible to degradation under electric field stress, which may lead to failure. 

Hence, the performance of  polymeric materials in electric fields must be analyzed and the electric field 

distribution along the overhead insulator must be studied [3]ï[5], [38], [43], [44].  

As the range of transmission voltage increases, the severity of pollution and icing becomes 

crucial in determining the insulation level of porcelain insulators and the reliability of the network might 
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be compromised. The formation of a conductive layer by water or pollution on the surface of porcelain 

insulators results in the flow of a leakage current causing the formation of dry band arcing and a strong 

arcing or discharge can cause flashover across its surface [45]. The amount of leakage current through 

the insulator surface determines its performance. The insulation capability of the materials to withstand 

damage might diminish gradually by erosion. Higher magnitudes of leakage current could accelerate 

these conditions leading to the insulation failure [46], [47]. Therefore, imparting a hydrophobic 

characteristic to the surface by applying a hydrophobic coating, shows promises regarding easier 

removal of water and contaminations from the surface of insulators [48], [49].  RTV silicone rubber 

coatings, are the mostly used coatings for ceramic insulators due to their good dielectric properties, low 

thermal conductivities and high thermal stability over a wide temperature range, low chemical reactivity, 

good resistance against oxygen, UV and ozone and capability to be used under energized conditions 

making them a great alternative compared to greasing [50]ï[56]. However, the performance of RTV 

insulator coatings in harsh conditions is still far from ideal due to the low hydrophobic level that cannot 

effectively prevent ice and pollution accumulation [7], [8], [16].  

Superhydrophobic materials have been endorsed as research hotspots in recent years. These 

surfaces are recognized via their ultra-nonwetting behavior exhibiting a static water contact angle of 

more than 150ę and dynamic contact angle (contact angle hysteresis and sliding angle) of less than 10ę 

which can be achieved by a combination of low surface energy materials and micro-nanostructures. 

Superhydrophobic surfaces are shown to be promising candidates for numerous applications due to their 

significant water repellency and self-cleaning behavior such as anti-icing, water-oil separation, anti-bio-

fouling, anti-corrosion, solar panels, windows and anti-fogging surfaces, etc., [25], [57], [58]. Therefore, 

to optimize the maintenance and efficiency of outdoor insulation in cold and polluted conditions, the 

surface of porcelain could be coated by a superhydrophobic coating layer to impart non-wettable 

character thereby mitigate surface leakage current, surface discharges and flashover occurrence [9].  

While there are numerous studies on the fabrication of superhydrophobic coatings, yet 

durability of superhydrophobic surfaces (SHPSs) in operational conditions has restricted their industrial 
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and large-scale applications and most of the current endeavor in the field of superhydrophobicity, is 

dedicated to the methods and mechanisms to overcome this challenge.  

Furthermore, the polymeric materials are prone to microscale mechanical damages leading to 

big failures of the whole system over time [59]. This concern has led to comprehensive research on the 

mechanisms to decelerate and/or repair these microscopic defects before catastrophic damages.  

Smart self-healing materials could be able to address these issues, either intrinsically, or 

extrinsically via a pre-added healing agent. The incorporation of microcapsules was the first self-healing 

methodology and overall experimental results are yet suggesting this approach as the one with the 

highest potential of being used in real applications [60], [61]. 

In this chapter, firstly we have an introduction on wetting theories. The criterions for fabricating 

superhydrophobic coatings are explained after a quick look into the superhydrophobic surfaces in nature. 

We have a short glance on the commercial status of superhydrophobic coatings and their shortcomings. 

As the main challenge of superhydrophobic coatings, durability issues are surveyed more extensively 

and the methods to overcome this issue are provided. This chapter proceeds with the self-healing 

phenomenon, its timeline and development in polymeric material. The microencapsulation technique as 

the method employed within this work is introduced particularly in more detail. The characterization 

methods of self-healing are further represented in the final section of the chapter.  

1.2 Wettability and Superhydrophobicity  

Wettability is an important property for many surfaces in different industries and is governed 

by the intermolecular interactions between the contacting liquid and the solid surface. To quantify the 

degree of wettability of a solid by a specific liquid, contact angle (CA) of a given volume droplet is 

measured on the solid surface. Contact angle is defined as ñThe angle between the tangent to the solid 

surface and the tangent to the liquidīair interface at the contact line separating the three phasesò (as 

shown in Figure 1-1a) [33]. Surfaces could be categorized into superhydrophilic, hydrophilic, 

hydrophobic and superhydrophobic based on their water CA values. A superhydrophobic surface is a 

surface on which the WCA is higher than 150° and roll-off angle is less than 10° under ambient 
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conditions. The roll-off angle is referred to the inclination angle of the plane at which the droplet starts 

rolling. A small value of the roll-off angle could indicate a small contact angle hysteresis, CAH [33]. In 

order to better clarify the definition and criterions of superhydrophobicity, a brief introduction to wetting, 

contact angle, and contact angle hysteresis is presented in the following subsections.  

1.2.1 Wetting Regimes 

The wettability of a surface is characterized by the contact angle (CA) of a water droplet on the 

solid surface. Once the perimeter of a liquid droplet encounters a solid, three separated interfaces form 

among solid, liquid, and gas. Each of these interfaces have a specific energy, called the interfacial energy 

(Figure 1-1a), and is proportionate to their interfacial areas. Different wetting regimes and proposed 

equations are represented in Table 1-1. 

 

Figure 1-1. CA of water droplet on (a) flat surface with interfacial energies, (b) surface with 

roughness in Wenzel state, (c) surface with roughness in Cassie-Baxter state. 

Youngôs equation defines the static WCA on an ideal surface (Figure 1-1a) [62], whereas most 

actual surfaces are not perfectly smooth. There are several models to determine the wetting state of a 

liquid droplet on a rough surface. Among the classical models, the Wenzel, and the CassieïBaxter 

models are the mostly known models. Wenzel model predicts the WCA of a droplet where the liquid 

penetrates the interstices between protrusions and touches the base of the protrusions (Figure 1-1b) [63]. 

Mathematically, this equation states that roughening the surface leads to an increase in the WCA if the 

material is already hydrophobic — ωπЈ, whereas increasing the roughness for a hydrophilic material 

will tend to make the surface more hydrophilic.  
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Table 1-1. Different wetting regimes, equations and the conditions applied for wetting states. 

Model Equation Parameters Conditions 

Young [62] 

ÃÏÓ—
‎ ‎

‎
 ‎ , ‎ , and ‎  

interfacial energies 

of the s-v, s-l, and l-

v interfaces, —  the 

equilibrium CA 

Ideal surface 

(chemically and 

physically 

homogeneous) (Eq. 1-1) 

Wenzel [63] 

ὧέί— ὶὧέί— 

ὶ
ὃ

ὃ
 

Liquid penetrates 

the interstices 

between 

protrusions and 

touches the base of 

the protrusions 

(Eq. 1-2) 

Cassie-

Baxter [64] 

ὧέί— Ὢὧέί— Ὢ ρ 
Ὢ  fraction of solid-

liquid interface 

Composite 

interface of solid 

and air (Eq. 1-3) 

Modified 

Cassie-

Baxter [65] 

ÃÏÓ— ὶὪὧέί— Ὢ ρ 

ὶ
ὃ

ὃ
 

Microstructured or 

hierarchically 

rough surfaces, 

lower/macro-

CassieīBaxter and 

upper/micro-

Wenzel 

(Eq. 1-4) 

Cassie-Baxter model is related to an equilibrium state in which the liquid sits on top of the 

asperities and the air pockets, producing a composite interface (Figure 1-1c) [66]. In the heterogenous 

wetting regimes, increasing the surface roughness results in an increase in the amount of trapped air in 

the structures and a smaller Ὢ  which is responsible for increasing the WCA value. However, the fully  

Cassie-Baxter equation is only an approximation of the real WCA and is only reliable for specific 

geometries [67], [68]. For microstructured or hierarchically rough surfaces, the Cassie-Baxter equation 

could be modified according to Wenzel equation [65]. This equation can also predict a mixed wetting 

state (lower/macro-CassieïBaxter and upper/micro-Wenzel). Interestingly, a hydrophobic behavior of 

the structured surface (—  > 90°) even if the pristine material is hydrophilic (i.e., — ωπЈ), would be 

achievable if the following condition is satisfied [65], [69]. 

Ὢ ὶÃÏÓ— ρ ὶÃÏÓ—ϳ                                                                                                        (Eq. 1-5)                                 
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1.2.2  Contact Angle Hysteresis 

Ideal surface in the Young`s equation is rigid, flat on an atomic scale, and chemically 

homogeneous which is not affected by vapor or liquid adsorption or any chemical interaction while most 

practical systems are far from the ideal surface conditions [62], [70]. Contact angle hysteresis (CAH) is 

an important parameter for studying surface wettability and is generally due to the deviation of the 

surface from being ideal. CAH has two aspects of thermodynamic and dynamic [71]ï[73]. The more 

important sources of CAH`s thermodynamic aspect is either the presence of surface roughness or 

chemical heterogeneity of the substrates. The presence of any contamination on the surface by foreign 

materials as well as the drop size effect are the remaining sources of deviation [74]ï[76]. This 

phenomena is responsible for the formation of different metastable states for the liquid droplet and leads 

to the discrepancies in CA measurements [77]. Therefore, CAH is  defined as the difference between the 

advancing and receding CAs of a water droplet and represents the ability of a droplet to move or roll on 

a surface [78], [79].  

Advancing CA, — , could be represented by the angle when the volume of the droplet is 

increased through an attached needle and the three-phase contact line advances on a fresh solid surface; 

whereas — is a measure of solidïliquid cohesion [80]. Receding CA, —ȟ is the minimum value of the 

CA before the three-phase line is broken while the volume of a previously formed droplet on the substrate 

is reduced by suction through the needle. — is always smaller than or equal to the advancing CA and is 

mostly connected with the strength of liquid-solid adhesion [28], [76], [81]. Given an ideal, atomically 

smooth, and chemically homogeneous surface, — — and CAH = 0°; however, on real surfaces, CAH 

can be quite large [33]. 

Since the CAH, i.e., —  and —, depends on the surface roughness (shapes, sizes, and 

configurations of the pillars) as well as the chemical heterogeneity of the surface it should be noted that 

a single apparent ɗ is not sufficient and reporting of the advancing and receding angles are mandatory 

for characterizing a solid surface [33], [82]. 
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The dynamic component of the CAH is time-dependent and is mainly due to chemical 

interactions between the liquid and solid, penetration of the liquid into the solidôs pores, and 

reorientations on the surface [77]. For some polymers with extensive polar groups or hydrogen bonding 

in their structures, CA might be changed by time due to some chain reorientations of functional groups. 

As an example, in a polymer backbone chain, the hydroxyl groups are re-oriented in a way to locate at 

the farthest possible distance from the hydrophobic air phase at the interface of solid and air. Though, 

by placing a water droplet on its surface, the hydroxyl groups revolve to form hydrogen bonding with 

the  liquid water, in which, the time-dependent kinetic change in CA could be reported by measuring the 

extent of the reorientation of the chains on the polymer surface [33], [83]. 

1.3 Fabrication of Superhydrophobic Coatings  

1.3.1 Inspiration from Nature 

With the advent of nanotechnology and nanomaterials, numerous investigations have been 

devoted to simulating the natural phenomenon for practical applications. Artificial superhydrophobic 

surfaces are fabricated inspiring from nature, more commonly lotus leaf (Nelumbo nucifera plant) which 

has been the symbol of purity in ancient religions for thousands of years, and is a species that typically 

grows in swamps and shallow waters in eastern Asia and eastern North America [84], [85].  

The surface of the lotus leaves are mainly covered with a range of different epicuticular wax 

crystalloids made from a mixture of large hydrocarbon molecules with ïCïO and ïCïH bonds, having 

a strong phobia of being wet [86]. On the other hand, their surface is highly roughened owing to the 

papillose epidermal cells, forming microscale asperities or papillae. In addition, the surface of each 

papilla is also covered with submicron asperities leading to hierarchical micro- and nano-sized 

structures. When water droplets reach to the surface of a lotus leaf, it readily sits on the peaks of the 

nanostructures, while air bubbles fill in the valleys under the droplet, leading to the considerable 

superhydrophobic behavior. The water droplets on the leaves could remove the contaminant particles 

when rolling off, resulting in the so-called self-cleaning ability, also referred to as the lotus effect. Other 

examples of non-wettable surfaces in nature include rice leaves, planthopper insects, duck feathers, and 
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butterfly wings. Their corrugated surfaces provide the presence of air pockets in the structures that 

prevent water from completely wetting the surface. Study and simulation of biological objects with 

desired properties is referred to as ñbiomimeticsò, which comes from the Greek word biomimesis 

meaning to mimic life [85], [87]. Figure 1-2 shows SEM pictures of some natural superhydrophobic 

surfaces. The SEM observation of the lotus leaf clearly shows that the surface is covered with 3-10 µm 

protrusions, decorated with 70-100 nm particles of the wax, and a lot of nano-sticks with the average 

diameter of about 50 nm randomly distributed on the subsurface layer (Figure 1-2b, c) [88].  

A similar non-wetting behavior is also observed on the rice leaf (Figure 1-2 d-f). The rice leaf 

surface is covered with papillae, measuring diameter of about 5ï8 µm, arranged in parallel order (Figure 

1-2e), which is the main difference from the surface structure of lotus leaf. However, the sub-layer of 

the surface is much more similar to the lotus structure with innumerable pins with nanometric scales 

distributed evenly to enhance the amount of air trapped in the structures.  [89]. We can also mention the 

planthopper among the insects with the same hierarchical patterns in its hindwings showing 

superhydrophobic properties as shown in Figure 1-2 g-i [90]. These pillars, and non-wettable property 

on insects in general, serve a variety of purposes, including prevention of water (and thus weight) 

accumulation, exhibiting low adhesion to external particles, promoting the rolling of droplet and remove 

sticking contaminants, and discouraging bacterial growth [90], [91].  

 

Figure 1-2. A-c) SEM images of lotus leaf [88]; d-f) SEM images of rice leaf [89]; g-i) SEM images of 

hindwings of the planthopper insect [90] (Reprinted with permission). 
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1.3.2 Criterions for Superhydrophobicity  

The in-depth research on natural superhydrophobic surfaces led to a comprehensive conclusion 

for mimicking the ultra-nonwetting behavior, as synthetic superhydrophobic surfaces were developed 

after the 1990s.  For achieving superhydrophobicity, two criterions are required to be satisfied, namely 

a low surface energy chemistry, and existence of physical roughness. The maximum CA obtained for 

water on a flat surface by reducing the surface energy is reported to be about 120° and was achieved for 

n-Perfluoroeicosan (C20F42)-coated glass. The researchers stated that the closest hexagonal packed -

CF3 groups provide the lowest possible surface energy of 6.7 mJ/m2 which is much smaller than that of 

PTFE (22 mJ/m2) [92]. Though it is possible to fabricate roughened surfaces with low surface energy 

and wettability angles of up to 170° [93]ï[95]. 

Based on the field of application and feasibility, we can benefit from the superhydrophobic 

characteristics in two ways; we can fabricate a superhydrophobic bulk material, and/or we can apply a 

superhydrophobic coating on any used surface. Applying a coating layer is a universal solution to endow 

specific characteristics to a prefabricated surface.  In this thesis we mainly focus on the development of 

superhydrophobic coatings, considering both criterions. Firstly, we introduce the prevailing materials 

and then we have a brief discussion on the conventional fabrication and application methods for 

achieving a superhydrophobic coating.  

1.3.3 Materials for Fabricating Superhydrophobic Coatings 

Materials that can be employed for chemical modifications should possess intrinsically low 

surface energy. Polysiloxanes (īSiïOïSiï groups), fluorocarbons (CF2/CF3), and nonpolar materials 

(containing bulky CH2/CH3 groups) are great examples of low surface energy materials due to their 

nonpolar chemistry, and closely packed stable atomic structures [28]. Superhydrophobic composite 

coatings are usually fabricated using a film-former and micro/nanoparticles. The roughness could be 

achieved either by incorporation of variety of micro and/or nanoparticles, and transition metal and their 

oxides that are able to grow nano-morphologies on the surface by creating various oxide complexes and 

forming coordination bonds with ligands, such as water, ammonia, and chloride ions [96], [97].  Cross-
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linkable polymers such as epoxy [98]ï[100], polyurethane [101], [102], polydimethylsiloxane [103], 

acrylic resin [102], [104], etc., are used as the film-formers to bond nanoparticles, and offer intended 

properties for the application.  

It is possible to fine-tune the superhydrophobicity of a coating by changing its surface 

functionality, which intrinsically depended on its synthesis methods. In addition, orientation ordering 

and packing density of the functional groups could also imperatively affect the surface energy [28].  

1.3.3.1 Fluorinated Compounds 

Fluorinated compounds including fluorocarbons and fluorosilicones have been proved to show 

the lowest surface energy among various organic materials (16-18 mN/m), which has made them 

superior for fabrication of superhydrophobic and oleophobic surfaces. Since surface energy is associated 

with the formation or failure of adhesive bonds [105], these extraordinary properties are driven by the 

high bonding energy of fluor atoms along with the dispersive intermolecular force of the C-F bonds 

[106]ï[108]. In addition to their extremely low surface energy, fluorinated compounds show anti-

biofouling properties and excellent oxidative, thermal, and chemical resistance, as well as barrier and 

corrosion resistance [109], [110].  

Pan et.al, fabricated a smart superhydrophobic surface composed of an array of shape memory 

micropillars, which were coated by pH-responsive microcapsules of fluoroalkylsilane. The low surface 

energy of the surface could be restored after acid stimuli and breakage of microcapsules, while the shape 

memory array was repaired by heat treatment and thus the superhydrophobicity of the surface could be 

regenerated [111].  

Despite extraordinary characteristics of fluorinated compounds, their application is under 

global debate because in spite of their high costs, they have shown adverse consequences for the 

biological species and biomagnification in food webs [112], [113]. These compounds could be degraded  

into smaller molecules of perfluorooctanoic acid and perfluorooctane sulfonate, making them easily bio-

accumulate in the living organisms [114], [115].  

https://www.sciencedirect.com/topics/chemistry/perfluorooctanoic-acid
https://www.sciencedirect.com/topics/chemistry/perfluorooctane
https://www.sciencedirect.com/topics/chemistry/sulfonate
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The increasing global awareness of the environmental effects of fluorinated compounds, has 

prompted researchers to develop non-fluorinated superhydrophobic materials using other low surface 

energy materials and more specifically silicone-based materials, fatty acids and long chain alkanes, 

waxes, carbon nanomaterials, etc. [116]. 

1.3.3.2  Silicones 

The second group of materials which is well-established in the fabrication of non-wettable 

surfaces is silicone containing compounds. The classification of silicones is very wide [117] and beyond 

the scope of this thesis.  Silanes and silicones are utilized in the fabrication of superhydrophobic in three 

main categories including nanoparticles for constructing micro-/nanostructures, alkyl silanes as coupling 

agents for surface treatment to decrease the surface energy, and organosilicone polymers as binders.  

Incorporation of micro and nanoparticles are one of the easiest ways to impart hierarchical 

structure for developing superhydrophobic coatings and surfaces. Silica particles are attractive options 

for this purpose thanks to their low toxicity, optical transparency, and low environmental impacts [25]. 

Their roles and applications are discussed later in section 1.3.3.3.  

Silanes containing hydrolysable groups (e.g., Si-Cl, Si-NH-Si, Si-OCH3 and Si-OCH2CH3), are 

able to form silanols via reacting with water, that could be grafted to the hydroxyl groups at the interface 

of substrates. Also, the alkyl groups of silanes decrease the surface tension and could be used as active 

sites for surface treatment. Due to the high variety of these compounds, there are numerous possibilities 

to tailor the coatings properties by altering the reactive groups of silanes, the alkyl groups and reaction 

conditions [118]. 

Among silicone polymers, those containing highly stable Si-O bonds, with two monovalent 

organic radicals attached to each silicon atom, namely as polydimethylsiloxanes (PDMS) have been 

widely used in many protective coatings due to owing unique characteristics such as biocompatibility, 

great thermal, chemical and weathering stability, dielectric resistance, high air permeability, and low 

surface energy (surface tension of PDMS is shown to be around 20 mN/m [119]). Besides, PDMS-type 

silicones are normally flexible polymers with relatively low Tg (around -120°C). These outstanding 
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properties have made them a promising matrix in automobile industry, outdoor insulation, aerospace, 

and medical devices [120], [121]. Structural modification of the organosiloxanes is quite simple as their 

end-groups could be substituted with various reactive organofunctional groups, thereby offering more 

flexible tailor-designed chemistries and reactions for the resultant polymers along with controlling 

molecular weight yielding and varying physicochemical properties. These substituents could be inert, 

such as methyl, phenyl and 3,3,3-trifluoropropyl, or reactive such as vinyl, epoxy, alkoxy, hydroxyl, 

alkylamino groups, etc. For constructing silicones containing block copolymers, inert backbones are 

favorable while for crosslinked networks backbones with reactive groups could be preferred [32], [122].  

Besides, PDMS are usually easy to process and multi-scale structures with high stability can be 

fabricated using various methods of templating [123], lithography [124], or pulsed laser etching [125]. 

Moreover, PDMS superhydrophobic thin films containing nanoparticles can be coated onto diverse 

substrates by either spray-coating, dip-coating or grafting, etc. Though PDMSs are more cost effective 

compared to fluorinated compounds they are yet more expensive than some other organic compounds. 

These higher costs in addition to their low cohesive strength are among factors that might limit their 

applications in certain fields (Average costs for PDMS are about $6 per kilogram, $30 per kilogram for 

PTFE emulsion with solid content of 60%, and $36.5 per kilogram for PVDF powder) [116]. Most 

PDMS are commercially available as block reactive and non-reactive copolymers from Dow Corning, 

GELEST, Sigma Aldrich and Fluorochem, etc. 

1.3.3.3  Nanoparticles 

Deposition of nanoparticles (NPs) on the substrate is a feasible way to govern the wettability 

of surface and impart superhydrophobic property by the formation of micro-/nanostructures to maintain 

air pockets underneath water droplets, forming a stable non-wetting Cassie-Baxter state. NPs could be 

introduced to the surface prior to the low surface energy binder application, or being well dispersed in a 

mixture of binder and solvent in order to spontaneously self-assemble during solvent evaporation [116]. 

The role of inorganic particles such as silicon oxide (SiO2) [126], titanium oxide (TiO2) [127], zinc oxide 

(ZnO) [128], etc. are investigated and exhibited in numerous studies on the superhydrophobic properties 

of coatings. These particles not only introduce roughness as one criterion of superhydrophobicity but 

https://www.sciencedirect.com/topics/materials-science/copolymer
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thin-films


 

25 

 

impart multiple physical and chemical characteristics to the coatings. Surface roughness can be enhanced 

by incorporating particles of different size ranges, which will further improve the robustness of the 

structures and water repellency.  

Silica NPs are the most used nanoparticles in the preparation of superhydrophobic coatings due 

to their low toxicity, optical transparency, and low environmental impacts [25]. Silica NPs are often 

formed by hydrolytic condensation of a silica precursor, mainly tetraethyl orthosilicate (TEOS), via the 

Stöber method [129]. Since these particles are naturally hydrophilic, they can be functionalized with 

different silanes [130]ï[137] and fluorosilanes [138]ï[142] to insert hydrophobicity to their nature in 

order to be incorporated in superhydrophobic applications. 

Kenig et.al, [137] developed a superhydrophobic coating on glass through a one-step dip 

coating process. They immersed glass slides into the reaction vessel and added different molar ratios of 

TEOS:alkyl trimethoxysilane (ATMS) obtaining a WCA of 150°. They found that the simultaneous 

addition of TEOS and a long chain low surface energy co-precursor in appropriate concentrations could 

lead to the formation of spherical superhydrophobic silica NPs, making the process favorable for being 

directly taken place in-situ and on any compatibilized substrate. 

In another study, Wang and coworkers reported the preparation of superhydrophobic coating 

based on a fluorosilicone resin as the matrix and silica NPs. The developed coating was cured at room 

temperature and obtained by dispersing 1H, 1H, 2H, 2H perfluorooctyltriethoxysilane modified silica 

NPs in fluorosilicone resin. They also studied the effect of nano silica concentration and its dispersion 

on the non-wettability properties of the coating and figured out that silica content and dispersion time 

highly influence on the morphology and topography of the nanocomposite coating by reuniting 

configuration of NPs on the surface. Figure 1-3 shows the surface morphology and wetting behavior of 

coatings based on the silica content and dispersion time [143].  
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Figure 1-3. Fabrication of superhydrophobic coating using silica NPs with different dispersion times 

(in DnCm, n represents the dispersion time and m is silica percentage in formulation); a) SEM images 

of D15C25, D60C25 and D120C25; b) Formation of the nanocomposite coating in short (15 minutes) 

and long dispersion (120 minutes) times and the final diameter of particles; c) CA and SA values for 

different conditions [143] (Reprinted from Open Access). 

NPs of transition metals oxides possess unique physical, chemical, and electrical properties 

originating from loosely bound electrons of d-orbitals in their valence shell are also utilized in the 

fabrication of superhydrophobic surfaces. Among these particles are titanium, manganese, tungsten, 

zinc, copper, vanadium, cobalt, rhodium, and molybdenum oxides, that have attracted more attention. 

Owing to variable oxidation states of transition metals, these materials can form different transition oxide 

complexes by coordinate bonds with water, ammonia and chloride ions making them unique engineered 

materials in many industrial fields [96].  

1.3.3.4 Paraffins, Fatty Acids and Green Chemicals 

In addition to the silicones and fluorocarbon, other organic materials containing long 

hydrocarbon chains, termed as paraffin in many fields, have been used to prepare superhydrophobic 

surfaces as it has been employed widely in nature [144]. In a recent study, Li et al. [145] demonstrated 

a simple method to create adhesive superhydrophobic coatings by dispersing silica NPs (50 nm) and 

paraffin wax in ethanol to form a network via covalent bonding. They sprayed the obtained mixture 

followed by solvent evaporation. The resultant superhydrophobic coating exhibited a WCA of 157.8° 

with enhanced resistance against tape peeling and linear abrasion. 
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Fatty acids are another group of biological macromolecules consisting of long hydrocarbon 

chains terminating with carboxylic acid groups that are the primary components of lipids. Their physical 

and chemical properties could be varied based on their chain lengths and degree of saturation. Fatty acids 

are mostly insoluble in water and hydrophobic in nature. Among the common fatty acids, stearic acid 

has been frequently used in the preparation of superhydrophobic coatings and hydrophobic surface 

treatments [146]ï[148]. 

There are also other various organic materials used for the fabrication of superhydrophobic 

surfaces including polyvinyl alcohol (PVA), polyvinyl chloride (PVC), polymethylmethacrylate 

(PMMA), poly (lactic acid) (PLA), and polystyrene (PS).  

In the recent years, the demand for bio-safe, eco-friendly, and sustainable processes with lower 

potential environmental footprint has been aroused and superhydrophobic materials are not excluded 

within this global approach. In case of process, these approaches are mainly focusing on the processing 

methods that could help to conserve resources like water and energy (e.g., The curing steps do not 

consume excess heat or radiation, or release pollutants) [149], [150]. In case of materials, the term 

ecofriendly could be used for the ingredients which are biocompatible, biodegradable, and are not 

considered as pollutants for the environment.  On the other hand, it should be considered that using 

special compounds are sometimes inevitable to achieve specific characteristics, e.g., long-chain 

fluorocarbons for superhydrophobicity and oleophobicity. Since there is no known green alternative for 

them yet, it would be recommended to replace those long-chain persistent polymers with that of low 

chain length (C6 chemistry) which are dispersed in waterborne carriers in order to reduce the 

environmental hazards [150].  Naderizadeh and coworkers [151] developed superhydrophobic coatings 

for reducing bacterial adhesion and utilized fluorinated acrylic copolymer having environmentally 

approved C-6 chemistry in which the coatings were shown to be biocompatible based on human HeLa 

cells viability tests.  

Another safety concern is brought up by inorganic oxide particles, as they are not biodegradable 

and have been found to be toxic when produced at small length scales and aspect ratios [152]. The recent 

investigations on natural compounds that do not release toxic by-products would be helpful for future 
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applications (e.g., biological monomers, macromolecular polymers from biomass, cellulose, natural 

proteins and waxes, cellulosic fillers, plant compounds or components, such as Lycopodium spores, 

which are ideal to create texture due to hydrophobic nature and high surface area) [113], [115], [144], 

[146], [152], [153]. However, these investigations still need to be improved significantly but can 

certainly open new avenues for technological advancement in water-repellent coatings with small 

adverse environmental consequences.  

1.3.4 Fabrication and Synthesis Methods 

Different physical and chemical deposition methods are used for producing superhydrophobic 

surfaces via depositing a thin layer of a low surface energy mixture on the substrates. Representative 

chemical deposition methods include sol-gel, chemical vapor deposition (CVD), layer-by-layer 

deposition (LBL), and electrophoretic deposition, which are the most reported methods in the literature. 

The synthesized coatings could also be applied on different types of substrates via spraying, spin coating 

and dip coating methods. The most common synthesis and application methods for achieving 

superhydrophobic coatings are introduced and discussed in this section.  

1.3.4.1 Sol-gel Method 

Sol-gel method is one of the most popular and well-established techniques to synthesize 

superhydrophobic coatings. The solïgel method is based on solution hydrolysis and condensation 

reactions in which a macromolecular network is obtained [154]. In this method, a precursor (chemically 

active compound) undergoes a rapid hydrolysis, and an active hydroxyl is generated, leading to the 

formation of a colloidal solution (sol) and a three-dimensional network (gel). The gel is formed due to 

the impregnation of the sol onto the solvent, followed by aging, drying, and thermal curing based on the 

reaction condition. The precursor is converted into a glassy material when undergoing hydrolysis and 

polycondensation reactions, forming a layer on the substrate and could show superhydrophobic 

properties due to the presence of several nano-pore structures produced by the removal of the solvent. 

The composition of the coating can be adjusted by controlling the solïgel chemistry. Alkoxides or 

organically modified alkoxides and organosilanes are employed as the reactive precursors in the sol-gel 
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systems and can be used alone or in combination. Solïgel method has also been employed for producing 

nanomaterials, micro and nanoparticles with the possibility of controlling particle size, distribution, 

morphology, and surface porosity. SiO2 and TiO2 NPs have been frequently used in developing 

superhydrophobic surfaces via the solïgel method [25], [95], [149], [155]. Following this method, Ke et 

al. [156] developed a highly transparent superhydrophobic coating via sol-gel method using TEOS as 

the silica precursor to prepare the Si(OH)4 sol, and added different amounts of SiO2 nano-particles, 

showing optical transparency of 91% and a haze of 2.4% that was only <1% lower than the bare 

substrate. The as-prepared coating showed a WCA of 154° in the optimum condition. Also, due to the 

surface decoration with fluorosilane, the coating showed oleophobicity with an oleic acid CA of 130°. 

However, one of the key disadvantages of the sol-gel method is the high cost of used raw materials [157].  

1.3.4.2 Chemical Vapor Deposition (CVD) 

The Chemical Vapor Deposition (CVD) is a technique used for depositing a film on a substrate 

from a gas-phase precursor in which, the materials and substrate are placed in a chamber that is filled 

with the gaseous precursors in order to let them react and deposit on the surface. The major drawbacks 

of CVD are low deposition rate and high film-forming temperatures. Also, this method is not suitable 

for the preparation of large sized superhydrophobic surfaces [158]. 

1.3.4.3 Electrochemical Processes 

Another deposition-base technique to fabricate superhydrophobic coatings, is based on using 

electric fields to deposit the layers of solid metal or its compound on electrically conductive substrates 

and is called electrochemical method in general [159]. There are four types of electrochemical processes 

used in the fabrication of superhydrophobic surfaces, namely, anodization, electrodeposition of 

conducting polymers, electrodeposition of metals and metal oxides, and electroless galvanic deposition 

[97], [158], [160], [161].  
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1.3.4.4 Layer-by-Layer Assembly (LBL) 

The LBL deposition is another advanced technique to produce multilayered superhydrophobic 

surfaces and is a substrate-independence method using a solution-dipping process and a multilayered 

film is prepared by dipping the charged substrate into a solution containing an opposite charged material 

[162]. This process leads to building up multiple layers of coating which is responsible for the formation 

of a rough surface through multiple weak interactions (such as charge-transfer interactions, electrostatic 

interactions, hydrogen-bonding, cationïdipole interactions) [25], [163]. The addition of nano 

or microparticles could also be used to improve the wettability and surface roughness of the fabricated 

films. This method offers the advantage of a precise control over the thickness, thereby being used to 

fabricate transparent coatings [95]. 

1.3.4.5  Spin Coating 

Spin-coating is a common application method for applying uniform and high-quality 

superhydrophobic coatings on surfaces. The typical spin-coating process normally begins with the 

deposition of a small quantity of the coating mixture on the substrate which is fixed via vacuuming. The 

entire system then rotates with a controlled speed and time until the excess liquid flies off through the 

edges of the substrate, and a coating with desired thickness is obtained [149], [164]. Spin coating is 

applicable on planar substrates using different mixtures of NPs, solvents and binders, or even without 

NPs [116]. Following this method, an organic/inorganic hybrid coating consisting of long-fluorine 

groups and hydrophobic silica NPs was fabricated. The hybrid coating synthesized via sol-gel method 

using a glycidyl organosilane, inherited the advantages of their self-designed resin (hardness and 

transparency) as well as the  hydrophobic NPs showing WCA of 160.1° and SA of 7°. The coating 

exhibited outstanding mechanical properties and WCA of 140° after 200 tape peeling cycles, and high 

transparency of average of 93.6% [165], [166].  

1.3.4.6  Dip Coating 

Another technique used to apply a superhydrophobic coating on a substrate is using the dip 

coating method and is mostly used on textile and meshes [167]ï[169]. This method also offers 

https://www.sciencedirect.com/topics/chemistry/microparticle
https://www.sciencedirect.com/topics/chemistry/wettability
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controllability and uniformity of thickness, as well as being waste-free and easy to scale-up. In this 

method, the substrate is immersed in a bath containing the superhydrophobic mixture, lifted out with a 

constant velocity, and cured at optimal condition. Dip-coating method is applicable for a variety of 

substrates including planar, and 3D structural objects [116], [170]ï[172].  

In order to obtain superhydrophobic films with robust mechanical property, Hu et al. [173] used 

hydroxy acrylic resin and commercial SiO2 NPs. The organic-inorganic superhydrophobic composite 

films were obtained by dip-coating an obtained dispersion of above materials on substrates with a 

withdrawal rate of 2.5 cm/min on various substrates such as glass, paper, cloth and aluminum. The WCA 

and SA of the dip-coated films reached Ḑ170° and about 2°, respectively. 

1.3.4.7 Spray Coating 

Spray coating which involves an atomizer nozzle to spray a desired mixture on a surface, is an 

attractive application method in industries and large scale productions as it does not require sophisticated 

equipment and can be utilized to treat a variety of objects with different geometries and sizes [174]. 

There are several reports of superhydrophobic coatings in the literature applied via spray coating [175]ï

[179]. It is noteworthy that for achieving a desirable surface wettability it is essential to delicately design 

the formula in different aspects including the solvent type and ratio, dispersion of the filler, viscosity, 

and rheology of the mixture, etc. [116].  

Spraying method was utilized to fabricate superhydrophobic coating on a variety of substrates 

such as glass, filter paper, copper sheets, polyethylene terephthalate (PET) films, using silica particles 

in micron and nano sizes to obtain a dual scale roughness morphology inside an epoxy-PDMS hybrid 

matrix [180]. The developed coating showed desirable non-wettability properties (CA: 161°, SA: 3.5°, 

advancing CA: 150.7°, and receding CA: 148.2°), that could withstand 75 sandpaper abrasion cycles, 

hand kneading, tape peeling and knife scraping. Also, in the buoyancy test, a coated filter paper could 

bear 39 times its own gravity.  

The assembly of particles and surface morphology can be controlled through tuning of 

the evaporation rate of solvents, in a way that slower evaporation might lead to the formation of 

https://www.sciencedirect.com/topics/physics-and-astronomy/superhydrophobic
https://www.sciencedirect.com/topics/physics-and-astronomy/strength-of-materials
https://www.sciencedirect.com/topics/materials-science/composite-films
https://www.sciencedirect.com/topics/materials-science/composite-films
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/evaporation-rate
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larger concavities on the substrate surface. For example, Elzaabalawy et al. [181] fabricated a 

superhydrophobic epoxy-silicone hybrid coating and showed 28 wt.% of nano silica provided 

appropriate balance of durability and non-wettability. They used ethanol and acetone to investigate the 

effect of solvent volatility on the hierarchical structure, and it was found that a spray mixture of ethanol 

with lower solvent volatility compared to acetone could result in an enhanced surface microstructure, 

consequently improving the water repellency characteristics.  

Li et.al. [174] utilized spray coating method to prepare superhydrophobic coating using silane 

functionalized silica particles and different binders including Polymethylmethacrylate, polystyrene, 

Siloxane-based materials (SYLGARD 184 Silicone Elastomer, hydrogen silsesquioxane resin (HSQ), 

DOWSIL OE-6370 M Optical Encapsulant, DOWSIL OE-6630 Optical Encapsulant) and Polyurethane 

to investigate the effect of binder-filler interactions on the morphology and non-wetting properties of 

the surface. The researchers used the Hansen solubility parameter to estimate the aggregation of a filler 

in a binder due to partial phase separations. This theory is based on the idea of óôlike dissolves likeôô and 

the materials with similar polar, dispersive and hydrogen bond energies are considered similar within 

this theory. Regardless of the used binder, superhydrophobic coatings were prepared by tuning the 

binder-filler ratio and the solvent (Figure 1-4). Their results confirmed that the length of silane used for 

surface treatment of NPs effects on the silica solubility parameters resulting in the alteration of the 

microstructure of a spray-coated PDMS-silica composite. They showed that for hydrophobic polymers, 

the load of filler required to achieve superhydrophobicity is correlated with the relative energy difference 

between the binder and filler; while higher filler loads are necessary for intrinsically hydrophilic binders 

to achieve superhydrophobicity.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/concavity


 

33 

 

 

Figure 1-4. a) Developing superhydrophobic coating with different binders and silica NPs by Hansen 

solubility theory; b) Superhydrophobicity phase diagram (plotted as red) vs. filler load. Green markers 

indicate the conditions that give superhydrophobicity. The black solid line depicts the boundary 

between the superhydrophobic and the not superhydrophobic coatings. The red dashed line shows the 

trend of red vs filler load with the outlier conditions (i.e., the two hydrophilic binders) excluded; WCA 

on the utilized binders d) Abrasion test on the DOWSIL OE-6370 M Optical Encapsulant/decyl-SiO2 

coating with 30% filler load and NeverWet [174], (Reprinted with permission). 

It is also possible to pre-fabricate surface roughness through etching techniques while an ultra-

thin layer of a low surface energy material is applied on the surface structures in order to achieve a 

superhydrophobic surface without the incorporation of NPs [182].  

Owing to the great advantages of the spray coating method, especially in industrial applications, 

in this thesis spray coating is employed to fabricate the superhydrophobic coating. 

1.4 Application of Superhydrophobic Coatings 

Superhydrophobic coatings have shown to be promising candidates as multifunctional coatings 

in different fields. The main applications of these surfaces are shown in Figure 1-5, and briefly explained 

in the following subsections.  
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Figure 1-5. Most important applications of superhydrophobic coatings.  

 

1.4.1 Self-cleaning 

Self-cleaning has gained remarkable attention due to its distinct features and inclusive range of 

applications in different fields. Self-cleaning behavior is defined as the ability of a surface to keep itself 

clean without any external force which is stable under severe environmental conditions over an intended 

period.  

Self-cleaning coatings are generally classified into two major categories: hydrophilic and 

superhydrophobic. In a hydrophilic coating, the water carries away the dirt and other impurities through 

spreading over the surface. Also, some inorganic oxides, such as TiO2, can chemically decompose the 

organic pollutant due to their photocatalytic activity and are helpful in this self-cleaning mechanism. In 

the superhydrophobic self-cleaning technique, inspired by the lotus plant, the water droplets can slide 

and roll over the surfaces consequently cleaning them by scrolling down and picking up the pollutants 

on their way down [183]. The self-cleaning property of the lotus leaves is caused by its extraordinary 

surface structure which can reduce the adhesion of water droplets to the surface, and the rolling water 

droplets can remove dirt particles [184], [185]. For electrical insulation sectors, as the formation of water 

film on the surface could increase the chance of arcing and flashover, the superhydrophobic self-cleaning 

mechanism is more favorable. 
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1.4.2 Icephobicity 

Literature reviews of common strategies to encounter icing problems can be categorized into 

two main groups; liquid trapping surfaces and air-trapping surfaces [186]. The first strategy is inspired 

by Nepentheôs pitcher plants and is fabricated by infusing a non-freezing lubricating liquid into 

micro/nano-porous substrate, in which a thin, ultra-smooth lubricating layer is produced that enhances 

the surface mobility of liquid drops and facilitates the elimination of the ice. The second strategy "air 

trapping" is the mechanism based on superhydrophobic behavior and is utilized in this thesis. 

There are at least three different approaches to characterize icephobicity of a surface. First, low 

adhesion force between ice and a solid surface which is mostly quantified by measuring the critical shear 

stress; where, the critical shear stress is referred to the magnitude of shear stress which is required to 

move a given amount of ice on the surface [187]ï[189]. Second, the ability of a surface to prevent or 

delay ice formation characterized by time delay of heterogeneous ice nucleation [190]ï[192]. Third, 

repelling small bouncing-off droplets at subfreezing temperatures signifying the condition of rain, fog, 

etc. in order to prevent enough contact time and condition for ice formation [193].  

Regarding to these three approaches, an icephobic surface is a surface which 1) can decrease 

the heterogeneous nucleation temperature, 2) prevents or delay freezing of incoming water, and 3) shows 

small ice adhesion strength if any ice is formed on the surface so that it can be easily removed [186].  

Icephobic-superhydrophobic mechanism is mostly based on the rapid removal of water prior to 

freezing. This strategy functions by preventing the nucleation of ice and helps rapidly eliminate water 

droplets arriving on the surface. It has been shown that superhydrophobic surfaces can potentially retard 

ice nucleation on the solid surface by decreasing both contact time and contact area and also increasing 

droplet roll-off [194], [195]. It has been found that a CAH less than 10°, a micro/nano surface structure 

with nanospikes and surface roughness in the range of 10ï80 nm, are appropriate for automatic ice 

sliding at ī20ÁC at a tilting angle of 30Á [196]. A minimized water-solid contact area which is resulted 

by the formation of rough superhydrophobic structures leads to reduced heat transfer paths in such 
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surfaces. In another word, compared to the hydrophilic surfaces, the interface of SHP surface and water 

droplets are endowed with higher temperature lowering the probability of droplet freezing [197].  

On the contrary, some investigations have raised questions concerning the use of SHPSs for 

icephobic applications [198]ï[200]. Condensation frosting is one of the major concerns of SHPSs 

because condensed microdroplets can penetrate into the pores and structures of the surface causing a 

sticky Wenzel state [199], [200]. 

1.4.3 Corrosion Resistance 

Metal is an important type of engineering material for industries and equipment, however, 

corrosion has been always one of their most related challenging concerns, by bringing about large 

damages and monetary loss. Therefore, anti-corrosion mechanisms should be considered as of the top 

priorities requiring special care in their application. Long-term exposure to pollutants and moisture may 

increase the corrosion of the metals, resulting in considerable reduction of its service life or even safety 

hazards [120]. Numerous methods including chemical conversion coatings, sacrificial anodic coatings 

or metal painting, and cathodic protection have been proposed and utilized to prevent or reduce the 

corrosion rate of surfaces [201]. Recently application of a layer of superhydrophobic coatings on the 

material surface has shown promise in this area by decreasing corrosion rate on various metals such as 

aluminum [202], steel [203], copper [204], etc. When the surface of the metal which is in contact with a 

corrosive solution is coated with a superhydrophobic coating, the reduction in corrosion rate could be 

observed owing to the trapped air in the surface grooves acting as an inherent isolator hindering the 

direct contact between the surface and the media and inhibiting the corrosive ions movement [201], 

[205], [206]. Besides, Wang et al. [207] claimed that the presence of long-chain hydrocarbons can also 

play a key role in the anticorrosion performance of superhydrophobic coatings.  

1.5 Commercial Status of Superhydrophobic Coatings 

The global demand for superhydrophobic coatings in the practical fields has noticeably grown 

in the recent years yet expects to grow further in the upcoming years. It is anticipated that the global 

market may rise to an impressive value of around 37 million USD by 2024 while being 2.9 million USD 

https://www.sciencedirect.com/topics/materials-science/cathodic-protection


 

37 

 

in 2015 [208]. Table 1-2 presents some of the companies producing superhydrophobic coatings with the 

largest market shares. 

Table 1-2. Examples of some prominent companies that are commercially manufacturing 

superhydrophobic products in the market [149], (Reprinted with permission). 

Company Trade name Product features Potential 

substrates 

NeverWet LLC  

(USA) 

NeverWet® Durable, drying in 30 minutes 

Spray application 

Metal, wood, Plastics, 

concrete, asphalt, 

fiberglass, canvas 

Lotus Leaf 

Coatings, Inc. 

(USA) 

HydroFoeTM Stable under ambient condition, 

ultraviolet, lotus-like structure, 6 

months shelf life at room 

temperature and applicable using 

dip, spin, spray, or blade coating 

Paper, steel, wood 

Aculon® 

Technology 

(USA) 

Aculon® Repels water, dust, oil, and dirt Optical and display 

devices and 

smartphones, stainless 

steel, and aluminum 

cans 

Xiamen Hehoo 

Tech. Co., Ltd. 

(China) 

TUORMAT® Fluorine-free and silicone-

based; Spray application, shelf 

life of 3 years 

Fiber and garment, 

footwear, and leather 

NICCA Chemical 

Co., Ltd. (Japan) 

NEOSEED® Spray application, fluorine-free 

and biodegradable, retaining 

breathability 

Textile and fabric 

surfaces 

Daikin Chemical 

Europe GmbH 

(Germany) 

Unidyne® PFOS-free and PFOA-free, 

water and oil repellency, stain 

release, resistance to liquid 

chemicals 

Surgical gowns, 

medical drapes, packs, 

face masks, and 

sterilization wipes 

 

Though the future prospect of the superhydrophobic coating market seems to be promising, on 

one hand, most of the current commercially available products are still suffering from very low durability 

compared to the minimum standards of the conventional coatings, as well as being intolerant against 

high temperatures and corrosive mediums.  

On the other hand, there are a small number of companies currently manufacturing 

superhydrophobic coatings and specifically fluorine-free coatings. Fluorinated polymers such as Teflon, 
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polyvinyl fluoride, or polyvinylidene fluoride are still used in industries on large scales. However, it is 

expected that fluorinated compounds will be replaced by silicone-based materials in the near future.  

1.6 Shortcomings of Current Superhydrophobic Coatings 

Unless the outstanding function of the superhydrophobic coatings in various fields, there are 

still many concerns that need to be fully addressed in order to transfer these technologies into the real-

world applications within acceptable functionality.  

Generally speaking, the starting materials which are used in the fabrication and synthesis of 

superhydrophobic coatings and surfaces are quite costly. In many cases, the fabrication techniques 

involve tedious multistep processes and require complicated facilities that are only applicable for small 

surfaces [209]. In addition, the application of nano and microparticles in the process of fabrication of 

these coatings, oblige the industries to facilitate the working environments with appropriate ventilation 

systems, as well as powerful mixing utilities. Therefore, it is necessary to develop some simple and cost-

effective methods that can be used to form superhydrophobic coatings on various substrates. Among the 

application methods, spray coating and dip coating methods have shown to be very promising. In 

addition, as mentioned in Section 1.3.3.4, it is better to find natural and ecofriendly building blocks for 

the fabrication of SHP coatings.  

Durability issues have always been the Achillôs heel of large-scale application of 

superhydrophobic coatings. Mechanical robustness of superhydrophobic coatings is highly dependent 

on the robustness of the micro- and nano-structures on the surface, while these structures could be easily 

damaged via abrasion, erosion, impact, etc. [128], [210]. This mechanical fragility is the main reason 

for an irreversible loss in the SH properties of the coating indicated by a decrease in WCA and an 

increase in CAH and sticking of water droplets on such locations. For this purpose, it is crucial to wisely 

select the utilized matrix and nanomaterials and precisely control the formulation and ratios, in order to 

have the highest interaction between the materials [33]. 

Another challenge in the SHP coatings, is related to the condensation of water droplets inside 

the coatingôs structures. Most of the as-prepared SHP coatings do not show superhydrophobic behavior 
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in sub-zero temperatures, as they are not water vapor repellent, as well. When the temperature is well 

below the dew point, water condensation occurs on the surface of superhydrophobic coating and a 

significant transition in the non-wetting behavior of the coating is observed [211], [212]. Active 

strategies to encounter condensation frosting on SHP surfaces include the use of electric heating, 

oscillation, and antifreeze chemical substances [197], [213], [214]. The application of electric heating is 

considered as the most widely used approach to prevent frost formation or to melt the formed frost but 

it is costly due to the huge consumption of energy [197].  

The impacting water droplets such as heavy rains could also have a similar detrimental effect 

on the non-wetting behavior of SH coatings by impregnation of water droplets into the surface structures 

and occurrence of Cassie to Wenzel transitions [215].  

Considering the self-cleaning and anti-icing applications of superhydrophobic coatings, glass 

windows, solar cells, windows of surveillance cameras, and mirrors are examples of the target markets 

of these coatings. For a superhydrophobic coating to be an appropriate candidate for such surfaces, the 

optical transparency is of great importance. As discussed earlier, roughening is favorable to induce 

nonwetting characteristics to chemically functionalized surfaces and coatings, via introducing trapped 

air pockets within the peak-and-valley topography. However, the size of hierarchical micro- and nano-

roughness must be finely controlled to restrain the intrusion of water and maintain essential volume of 

air pockets for a stable Cassie-Baxter regime [216]. The formation of roughness, increases the light 

scattering in a media because of Mie scattering specially if the roughness size exceeds the wavelength 

of light [217], [218]. Consequently, from the perspective of surface roughness, superhydrophobicity and 

transparency are generally in conflict. The other factor affecting on the amount of scattered light from a 

surface is related to its refractive index. Therefore, to guarantee the formation of a simultaneous 

transparent and robust superhydrophobic coating, the precise manipulation of roughness size and the 

material selection are extremely crucial [219]. It is shown for superhydrophobic coating to become 

optically transparent, adjusting the mean size of the rough particles on the surface below 100 nm is 

optimal as the refraction intensity at the interface of air and coating is reduced [220].  
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Within an investigation for developing transparent superhydrophobic coating, impact and the 

waterjet resistance were evaluated for a coating composed of silica particles and bis-phenol A epoxy 

resin on glass plates [221]. The NPs were deposited and self-assembled on the surface of semi-cured 

epoxy films and were then placed in the oven for accomplishing the curing process. The obtained 

transparent superhydrophobic coating was able to resist water drops released at a speed of 4.47 m/s and 

water jet impact at a speed of 8.6 m/s (with a Weber number of ~ 2500), thereby satisfying the conditions 

of a heavy rain.  

1.7 Durability  of Superhydrophobic Coatings  

Owing to the undeniable durability drawbacks of the superhydrophobic coatings, it is crucial to 

have a more comprehensive survey on the origin and characterization methods in order to invent methods 

and mechanisms for its enhancement. For this purpose, in the subsequent sections, we have discussed 

the mentioned headlines in more detail.  

1.7.1 Definition and Importance 

Robust and durable are alternatively used in the literature referring to the stability of 

superhydrophobic properties against harsh conditions such as wear, abrasion, impact, UV, chemicals, 

etc. Robust superhydrophobicity is a must to meet industrial criteria for commercial products. 

Nowadays, thanks to the numerous fabrication techniques and new materials, endowing 

superhydrophobic characteristic to a surface is not challenging anymore; therefore, in the recent years, 

major effort has been made in elucidating the mechanisms of wetting transitions, design strategies and 

fabrication techniques of superhydrophobicity to enhance the durability of superhydrophobic coatings. 

However, in the majority of reports, as the abrasion, either physical or chemical, surpasses a certain 

value, the non-wettability is permanently lost [222].  

The existence of a hierarchical surface topography creates a large extent of trapped air in the 

interface of water/SH surface. Therefore, only a small portion of the overall area is in contact with water, 

and even small mechanical loads generate high local pressures to the structures, thereby leading to 

deterioration in the surface patterns altering its superhydrophobicity [223]. 
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A loss in the superhydrophobic behavior could be explained by considering a Cassie to Wenzel 

transition, and for a surface to become superhydrophobic again, this transition must go in the reverse 

direction. Thermodynamically speaking, it is shown that the corresponding equilibrium point of the 

Wenzel state is much lower compared to the Cassie state. Also, the energetic barrier for a transition from 

Wenzel to Cassie is much larger than the opposite direction. This point of view can explain why the 

reverse transition from Wenzel to Cassie (i.e., recovering superhydrophobicity once it is lost) is very 

challenging and requires excess energy to be triggered [224], [225]. Due to this matter of fact, the 

importance of robustness and durability is extremely highlighted in the literature when speaking about 

superhydrophobic surfaces and coatings.  

1.7.2 Durability Assessment 

Depending on the sought-after application, the durability of the coating is characterized by 

means of mechanical, physical, and chemical analysis. One of the biggest challenges for robustness 

evaluation of superhydrophobic coatings is the lack of standard and universal methods for this purpose, 

making it extremely difficult to have a meaningful comparison on the obtained data.  

For investigating mechanical durability, the effect of abrasion, wear or impact on the chemistry 

and topography of the coating could be evaluated. Researchers have employed different apparatus and 

test conditions, while the most commonly used methods include sandpaper abrasion, bending, drop 

impinging, knife-scratch, pencil hardness, finger pressing, tape-peeling test, and falling sand grains test 

[226], [227]. Among these tests, the sandpaper abrasion test is more widely used for evaluating 

mechanical robustness as it seems straightforward to visualize the robustness of superhydrophobicity. 

However, there is not any defined standard for superhydrophobic coatings in order to unify the test 

conditions like the grit size of the sandpaper, the direction and distance of drag, speed, applied force, the 

size of the contact area, etc., causing the interpretation and repeatability of the data to be in question and 

more importantly vague from the perspective of quantitative characterization. 

Chemical stability of superhydrophobic coatings is usually assessed via exposing the 

superhydrophobic coating to corrosive media with different pH levels or salt concentration, and UV light 
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irradiation. The wettability of the coatings after these tests could exhibit the chemical robustness of the 

coating. The superhydrophobic coatings are supposed to show acceptable performance in corrosion tests 

as mentioned in Section 1.4.3 owing to the presence of air cavities and reduced contact area. The UV-

resistance of superhydrophobic coatings is mostly investigated via an accelerated QUV weathering test 

while monitoring its degradation process in time. As a matter of fact, the superhydrophobicity of the 

coating is lost once the coating is decomposed, which is basically more related to the inherent 

characteristics of the incorporated materials, and could be fine-tuned by the proper selection of the 

coating composition [228]ï[230].  

Tiwari`s group developed an all-organic superhydrophobic nanocomposite coating with high 

mechanical robustness that could be applied by spraying or brushing. Firstly, they synthesized a 

fluorinated amine curing agent to graft fluor groups to an epoxy backbone. Then, a perfluoropolyether 

was blended with the fluorinated-epoxy resin to further enhance the hydrophobicity and enhance the 

mechanical flexibility of the epoxy matrix. Finally, polytetrafluoroethylene (PTFE) NPs were 

incorporated into the resin to obtain the superhydrophobic nanocomposite coating. The developed 

coating (as shown in Figure 1-6) with WCA of  ╔ 158° showed mechanical robustness under cyclic tape 

peeling and Taber abrasion, as well as sustaining highly corrosive media [231]. 

 

Figure 1-6. a) Multiple steps of the fabrication of a robust perfluorinated epoxy nanocomposite 

coating and the SEM image of the coating; b)Tape peeling and abrasion tests for evaluation of 

mechanical durability of coating via contact angle goniometry and SEM observations after test cycles; 

c) Assessment of chemical durability of coating [231], (Reprinted with permission). 
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It should be considered that the robustness of superhydrophobic coatings should be mostly 

evaluated based on the meaningfulness of a test method for a specific end-use application. For example, 

when a coating is used for indoor applications, the exhausting cycles of sand grain test or long-term UV 

exposures might not be applicable to assess its overall performance. Also, it is well known that 

robustness results obtained via various tests are governed by different characteristics of the coatings and 

these results could not be alternatively used without considering their main functions. In particular, 

stability of a coating against tape peeling test is more related to the adhesion and cohesion interactions 

between the coating/substrate or coating`s composition itself; while the data from scratching or 

indentation-based methods are mainly dominated by the hardness and stiffness of the material [232], 

[233].  

1.7.3 Durability Enhancement 

The most common methodologies for enhancing the robustness of superhydrophobic coatings 

could be categorized in two active and passive strategies. The passive strategies mainly focus on the 

retention and strengthening the superhydrophobic properties against wear or harsh conditions and 

include those intrinsically employing abrasion resistive and stable materials, increasing the crosslinking 

sites and interactions between the components, or adding elastic compositions to soften the applied 

stress. While the active strategies attempt to induce regeneration of the superhydrophobicity after its loss 

via self-repair strategies [234]. However, using multiple strategies in a coating could be helpful to insure 

different aspects of robustness.  

From a theoretical point of view, mechanical robustness and superhydrophobicity are 

conflicting and nanostructures having high aspect ratios are severely sensitive to impact forces [235]. 

For a surface to be superhydrophobic, high aspect ratio and thereby less contact area is required leading 

to high contact pressure. Increasing these local contact pressures will be responsible for the abrasion of 

the surface protrusions by surpassing the materials yield stress, and an irretrievable loss in ultra-non 

wettability will occur. It has been shown that crater-like structures consisting of a network of pores 

would withstand the mechanical shear forces up to an extremely large amounts compared to a surface 

with needle-like structure [235]ï[237]. Recalling the hierarchical micro/nano Cassie state argument 
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from previous sections, designing surface patterns with dual scales roughness is a common strategy for 

enhancing the mechanical stability of superhydrophobic surfaces in which the microscale structures 

could bear the mechanical load and protect the much more fragile nanoscale structures from being 

abraded [238]ï[240].   

It is well known that one of the initial principles of applying a coating on a surface, is related 

to the proper adhesion between the coating layer and the substrate, highly influencing the mechanical 

properties. A defect in the adhesion or cohesion properties of a coating, will lead to the failure of the 

whole system, whether it is superhydrophobic or not. A strong adhesion is generally a means of forming 

strong interactions at the interface. Hence, increasing the possible interaction sites and crosslinking 

between the existing functional groups could significantly enhance the mechanical stability of 

superhydrophobic coatings applied on their desired substrates. Among the possible interactions, the 

chemical bonding is able to provide higher stability compared to physical adsorption or deposition, 

leading to much more strengthened superhydrophobic coating [241], [242]. This strategy is of high 

potential in the fabrics and textile industries via the incorporation of silanes containing hydrolysable 

groups that can form silanol thereby covalently bond to hydroxyl groups on the fabrics [243]ï[245]. 

Glass is another substantial substrate which could be treated with silanes to induce superhydrophobic 

character on its surface. The glass surface is covered by Si-OH groups making glass to be hydrophilic 

in its common form. When using such alkyl silanes or fluoroalkyl silanes with the proper reaction 

condition, the generated siloxane groups from the hydrolysis reaction of the alkyl silane can undergo a 

reaction with the Si-OH of the glass surface, resulting in the attachment of long alkyl chain groups to 

the glass surface and transformation of Si-OH into the Si-O-Si bonds, thus inducing hydrophobic 

properties to glass [246], [247].  

Zhang et al. [248] proposed a strategy to increase the interfacial adhesion of an epoxy based 

superhydrophobic coating (WCA = 160°, SA Ò 2°) with polycarbonate (PC) substrates, via solvent 

induced crystallization of PC in the presence of acetone. It was found that the acetone-induced 

crystallization and roughening of PC leads to a firm bonding of superhydrophobic coating onto the 

surface of PC substrates. Epoxy resin was utilized as the matrix to bond the fluorinated silica NPs (F-
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SiO2 NPs) onto the roughened polycarbonate. The fabrication procedure consisted of fluorination of 

silica particles and preparation of F-SiO2 NP/Epoxy dispersions in acetone, followed by submerging of 

PC sheets, dripping off and curing. They also compared the as-prepared coating with commercial 

NeverWet® coatings, and their results showed enhanced interfacial adhesion, excellent 

chemical/mechanical stability, and anti-icing property, implying its potential for outdoor applications. 

The interaction between the particles and the matrix is another crucial factor affecting the 

robustness of superhydrophobic coatings. A weak interaction will be responsible for the nanostructures 

to be removed easily via abrasion or erosion leading to superhydrophobic failure. The mechanical 

properties of the nanomaterials, resistance of the matrix against wearing and adhesion of the coating to 

the substrate are other factors which should be considered to design such coatings to enhance their life-

time and efficiency in order to obtain a mechanical durable superhydrophobic surface [249]. Compared 

to brittle and hard materials, elastomeric materials can buffer the peak stress via elastic deformation, 

thereby avoiding irreversible damage, and making them favorable options to design mechanically robust 

superhydrophobic coatings, while the adhesion with the substrate can also be improved through 

dispersing energy with deformation [250]. Among elastic polymers, PDMS and related elastic 

components are the most reported candidates and incorporation of suitable amounts of NPs would 

enhance their resistance against mechanical wear [251], [252]. 

Ming et al. [253] reported a procedure in order to increase the possible crosslinking sites in a 

hierarchically roughened superhydrophobic coating using raspberry-like silica particles and an epoxy-

amine matrix. For the synthesis of raspberry-like particles, monodisperse silica particles and amine-

functionalized silica particles (particle size of about 700 nm and 70 nm, respectively) were covalently 

bonded through the epoxy and amine groupôs reaction. Then, these amine-functionalized particles were 

deposited onto the semi-cured epoxy. They also coated the particles with a thin layer of mono epoxy-

end-capped polydimethylsiloxane to chemically treat the surface energy of the coating, resulted in a 

superhydrophobic coating with WCA of 165° and CAH of 2° (Figure 1-7a). In another study, Yang et 

al. [254] used a mixture of TEOS, heptadecafluoro-1,1,2,2-tetrahydrodecyl triethoxysilane, and nano 

silica  in an ethanol solution to formulate a bridged NPs/sol solution for spray coating, leading to a 
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transparent superamphiphobic coating. The coating showed enhanced robustness against sand abrasion, 

heating, and water jetting (Figure 1-7b). 

Despite great progress and efforts in the fabrication of robust superhydrophobic coatings, the 

loss of superhydrophobicity is almost inevitable once the wear is beyond certain critical values.  

Therefore, in recent years, alternative active strategies are proposed as promising strategies to 

prolong the life-span of these coatings via regenerating the lost characteristics within a healable manner 

in which healable superhydrophobicity means that the loss of non-wetting property can be recovered 

mainly by releasing low surface energy agents and/or reparable topography and chemistry [234], [249]. 

Biological organisms can retain their superhydrophobicity over their lifetime through biological renewal 

of the surface [255]. Surfaces with the ability to regenerate their roughness or/and restore the 

hydrophobic components are called self-healing superhydrophobic surfaces in the literature, while in 

this thesis the term óôself-healingôô is used for the mechanical healing.  

 

Figure 1-7. a1) Synthesis of raspberry like silica particles and crosslinking of particles to the epoxy 

matrix via epoxy/amin reactions, TEM images of particles and AFM analysis of the surface showing 

multiscale roughness; a2) CA of water on PDMS-covered epoxy with no particles, large particles and 

raspberry particles, respectively; [253] b1) Preparation of functionalized NPs and spray coating of the 

mixture on glass to obtain a transparent superhydrophobic coating; b2) Water jet test and SEM image 

after water jet; b3) Evaluating thermal durability of coatings [254], (Reprinted with permission). 

To chemically regenerate superhydrophobicity, storage of low surface energy materials inside 

the matrix or in reservoirs in a roughened structure is the more common used method; by decomposing 
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the hydrophobic chemicals on the surface, the ones inside the coating would migrate toward the surface, 

regenerating the surface chemical composition like a living organism does [256]ï[258]. PDMSs have 

shown great promise regarding recovering surface hydrophobicity [10], [259]ï[263]. The driving force 

of the hydrophobic recovery is a thermodynamic aspect to minimize the surface free energy. This 

phenomenon and the kinetics of the recovery are studied by many researchers and can be summarized 

into 1) Reorientation of polar groups into the bulk, 2) Condensation of the surface silanol groups, 3) 

Changes in surface roughness, 4) Migration of low molecular weight species from the bulk toward the 

surface, while migration of low molecular weight PDMS is found to be the dominant mechanism for this 

phenomenon by most researchers [262]. 

Also, self-repairing topography would be beneficial to retain superhydrophobicity by 

regenerating rough structures. There are only a few reports regarding this matter because growing rough 

structures as happens in living organisms is a great challenge for man-made surfaces. However, studies 

have shown that rearranging the top layer of some coatings is somehow possible with the aid of external 

stimulus or using shape memory polymers [264], [265]. 

As mentioned earlier, polymeric coatings are prone to mechanical damages during their service 

life, and even the formation of tiny micro-scale defects might provoke structural damages leading to 

catastrophic consequences. In order to prevent such undesirable occurrences, and more specifically in 

this thesis that the end-use application is the high-voltage sector, the introduction of self-repair 

mechanisms without human intervention is advantageous in different aspects of time, safety, human 

resources, and energy. Therefore, in the developed superhydrophobic coating, self-healing mechanism 

is imparted via the incorporation of microcapsules containing a silicone healing agent.  

The following section is an introduction on the self-healing phenomena, the main mechanisms, 

and its characterization methods.  

1.8 Self-healing Materials 

Biological organisms possess inherent repair mechanisms helping them prevent losing their 

functions. Human skin has the ability to self-heal through an inflammatory response of cells below the 
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dermis layer via increasing the production of collagen and regenerating epithelial cells and tissue [266]. 

This characteristic in plants is induced by oligopeptides, oligosaccharides or other molecules that 

indicate damage and establish a sequence of chemical events leading to the macroscopic repair [267].  

The impressive advancements in new materials and processes attained since the 20th and the 

21st century, the demand for new generations of materials with specific functionalities is highly 

emerging. Inspired by the natural healing ability in the living organisms, researchers have attempted to 

introduce the self-repair mechanism into the functional materials to extend their service life. Among 

them, self-healing polymers have been widely used in different fields of biomedicine, tissue engineering, 

and protective coatings [268]ï[272]. 

Self-healing or self-repairing or autonomic-repairing mechanisms in materials first gained 

attention in the 1970s. it was observed that hard elastic polypropylene (HPP), as well as other viscoelastic 

polymers, consisting of a stacked lamellar morphology, perpendicular to the axis of polymer extrusion, 

are capable of healing interlamellar micro voids which formed by stretching (in the perpendicular 

direction). In these materials, upon polymer stretching, surface energies are converted to strain energy 

and, subsequently, mechanical work, which helps the crack closure [255], [273]. 

Self-healing ability is highly striking in the current environmental circumstances as-far-as the 

demand for prolonging the lifespan of products thereby reducing waste is irresistible. In this context, 

functional polymers and materials should become well-suited with the modern circular economy and 

sustainability models. One of the practicable approaches to fulfil these requirements is conferring these 

materials with self-healing potentials.  The introduction of the self-healing polymeric concept as a means 

of healing invisible microcracks for extending the working life of the polymeric components occurred 

in the 1980s for the first time [22]. Dry and Sottos [23] in 1993 and White et al. [24] in 2001 were 

pioneered to inspire worldwide interest in these materials.  

To classify the various generations of self-healing materials, four concepts could be 

defined including localization, temporality, mobility and mechanism [274], [275].  



 

49 

 

The concept of localization is mainly referred to the position or scale of the damage in the 

material, which plays an important role in the self-healing ability of a material. The occurrence of a 

damage could be in the molecular scale as the breakage of the material network, can be superficial, such 

as scratches or microcracks; or it can be deep, such as the propagation of surface damage and 

delamination.  

Temporality is defined as the time gap between the incident of the damage and the repair, as 

observed in nature, i.e., self-healing is not instantaneous but time dependent. However, it is desired to 

minimize the time needed for the self-healing for example by increasing the mobility of the material to 

promote the diffusion of the healing agents toward the damaged area [275].  

In terms of mechanism, the last key concept, one can classify the self-healing materials into two 

main categories of extrinsic and intrinsic [274]. Extrinsic self-healing is referred to those containing an 

external healing agent, usually in the form of dispersed capsules or vascular networks. In these methods, 

the reservoirs release their healing agent to fill the damaged area and do not specifically interact with or 

change the chemistry of the matrix [274], [276]. These approaches are mainly used in thermoset systems 

[277]ï[280], for various applications such as coatings [281], instrument panels [282] and sponges [283].  

Intrinsic self-healing materials are principally composed of reversible bonds present in the 

backbone of the material and can be restored after a damage happens; these mechanisms are dominant 

in elastomers, such as silicones [284], [285], polyurethanes [286], [287], and rubbers [288] in different 

fields of nanogenerators [289], sensors [290], and conductive elastomers [291]. Intrinsic self-healing 

properties are imparted to polymeric materials by incorporating either covalent or non-covalent 

reversible bonds/interactions. Different types of reversible covalent interactions are the Diels-Alder 

(DA) reaction [292], [293], disulfide bonds [294], and acylhydrazone bonds [295]. Among the reversible 

noncovalent interactions, hydrogen bonding [296], [297], metalīligand interactions [298], [299], 

hydrophilic/hydrophobic interactions [300], and Ionic interactions [301] have been used in self-healing 

polymers. The dynamic covalent bonds having a reversible nature, offer them the ability to break and 

reform. However, compared to non-covalent bonds, large amounts of energies are required for breakage 

(e.x., bond strengths of 150ï550 kJ.molī1, in comparison to physicochemical bonds, like hydrogen 

https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
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bonding with strengths of a few kJ.molī1). Owing to this high bond strength, dynamic covalent self-

healing polymers generally require energy provided by an external stimulus, usually in the form of heat 

or light to perform healing [302]. 

Shape memory polymers (SMPs) are also emerging in different fields of self-healing 

applications. SMPs have an extraordinary potential to change their original shape under certain 

conditions, fix different temporary shapes under another condition, and finally restore their initial shape 

by external stimuli such as heat, light, electricity, or chemical induction [303]. Shape memory is not 

restricted to a certain polymer, but it is a result of molecular structure, reversible mobility changes, 

conformational entropy, and programming [299], [304].  

One of the most comprehensive assortments of different intrinsic and extrinsic methodologies 

to impart self-healing ability into the materials is shown in Figure 1-8, which is based on three categories 

of physical, chemical and physico-chemical approaches [305].  

 

Figure 1-8. The most common approaches for imparting self-healing ability to a material; a) Physical 

processes to realize self-healing include interdiffusion of polymer chains, the introduction of phase-

separated morphologies, shape-memory effects, and the introduction of active NPs into a polymer 

matrix. b) Chemical processes to facilitate self-healing involve either introducing reactive chain ends 

or supramolecular chemistries. c) Physical and chemical processes can be combined to realize self-

healing. Self-healing is achieved by incorporating enhanced van der Waals interactions, or 

encapsulating nano capsules or microcapsules containing reactive liquids to heal a wound, or by 

mimicking cardiovascular architectures composed of hollow fibers filled with reactive chemicals to 

heal a polymer matrix [306], (Reprinted with permission). 

https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
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1.8.1 Timeline of Developing Self-healing Mechanisms 

Microcapsule-based self-healing materials are the first generation of self-healing mechanisms 

as well as being by far the most studied concept in the literature. This method has been categorized 

within different aspects based on the arrangement of the healing agents and catalysts while the most 

extensive arrangement consists of five types: single-capsule, double-capsule, capsule and dispersed 

catalyst, phase-separated droplet and capsules, and all-in-one capsules [274].  

The concept of autonomic self-healing, as it exists now, was established based on fiber-based 

healing by Dry et al. [23] firstly in cement and epoxy resins. However, the work of White et al. [24] is 

considered as the beginning of definitive inspiration for developing self-healing polymeric materials. 

They introduced the self-healing property to epoxy resin by the incorporation of dicyclopentadiene, 

DCPD, as the healing agent, embedded in urea-formaldehyde microcapsules and Grubbs catalyst, a 

platinum catalyst, dispersed in epoxy resin. Polymerization of the DCPD in the presence of a catalyst 

upon their crack-initiated release was responsible for sealing the crack. They could obtain efficiencies 

of up to 75% in the recovery of the maximum load in a fracture toughness test in their initial stage. 

However, the execution of this methodology in PDMS elastomers was carried out by Keller et al. 

[307] whom utilized two types of microcapsules for self-healing action (type1: containing a high 

molecular weight vinyl-PDMS and a platinum catalyst, and type 2: containing its curing agent 

composing a PDMS copolymer with active sites and initiator). The tear strength recovery showed 

efficiencies of up to 120% for their self-healing system.  

The second generation of self-healing materials were based upon dynamic chemistry including 

supramolecular, and reversible covalent bonds. Chen et al. [308] formulated the first self-healing 

polymer based on DielsïAlder chemistry of furan/maleimide monomers; in which the fracture toughness 

tests exhibited a recovery efficiency of 57% at temperatures between 120 and 150°C. Their work 

reflected an important development in this field by proving multiple healing cycles whereafter subjecting 

the material to a third healing cycle the polymer allowed a recovery efficiency of 80%. Cordier et al. 

[309] was pioneer for introducing self-healing into elastomeric materials based on the supramolecular 
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assembly by designing molecules capable of forming chains and crosslinks through hydrogen bonding 

which was capable to self-heal at room temperature.  

Inspired by the blood circulatory system, a somehow analogous concept was developed by 

Toohey et al. [310] as the third generation of self-healing materials termed as microvascular self-healing. 

In this concept, the composites contain hollow fibers that are filled with a reactive healing agent and 

serve as the delivery system of chemicals to the damaged area. 

 In this approach, self-healing microfibers with a coreïshell geometry containing encapsulated 

healing agents would be formed by coaxial or emulsion electrospinning. Upon damage, the healing agent 

(and catalyst in many cases) are released from the broken fibers and repair the crack area. This approach 

would be  conceptually exciting if the óusedô self-healing agents could be replenished after damage as it 

happens in nature [306]. 

Core-shell or core-sheath electro spun fibers can be produced by two different strategies: 

emulsion electrospinning and coaxial electrospinning. Coaxial electrospinning is the most common 

method to produce core-shell fibers involving multiple feed systems to simultaneously spin two or more 

polymer solutions through coaxial capillaries and was first demonstrated in 2002 by Loscertales [311]ï

[313]. In this procedure, two different solutions containing either core or shell materials are pumped by 

two separate nozzles. The inner and outer fluids should be delaminated and flow without mutual mixing. 

During the spinning, the shell layer act as a barrier to prevent or retard the evaporation of core material. 

Due to the encapsulation structure, the flow rates of both solutions should be matched; very small flow 

rates can cause an insufficient and discontinuous core phase however very large flow rates can cause 

very thick core phase or pendant droplets [312], [314]. Lee and coworkers [315], [316] used co-axial 

electrospinning to form networks of fibers with polyacrylonitrile (PAN) shell, and dimethylvinyl-

terminated dimethylsiloxane healing agent as the core. They investigated the self-healing efficiency via 

anti-corrosive barrier properties. 

Emulsion electrospinning methods utilize a single uniaxial process based on the immiscibility 

of the two phases while the surface tensions of two different polymeric solutions acts as the driving force 
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of separating materials into either a continuous phase or a disperse phase. The minor material exists as 

droplets in a suspension and they can agglomerate to form the core phase while pumping out and the 

continuous phase forms the shell [317], [318]. This method is less reported in elastomers due to the 

complexity of incorporating vascular networks in matrices.   

1.8.2 Microencapsulation Method 

Figure 1-9 shows the healing action via a microcapsule-based mechanism. There are three main 

steps in the fabrication of a capsule-based healing system, namely, encapsulation technique, material 

design for capsules, and the healing agent.  

 

Figure 1-9. Schematic diagram of microencapsulated self-healing approach in a coating; a) Before 

crack; b) Formation of crack and releasing the healing agents; c) Solidification of the healing agent in 

the crack area [319], (Reprinted from Open Access). 

1.8.3 Encapsulation Techniques 

Encapsulation is a process of enclosing solid, liquid or gases into an inert (no reactivity with 

core and surrounding) shell, which isolates and protects them from the environment. Microencapsulation 

process is an integration of different fields of material science, colloid chemistry and physical chemistry 

and a wide variety of techniques have been developed to synthesize microcapsules [320]. Generally, 

microcapsules consist of two parts; the core, the interior part, which is the functional material and needs 

to be protected, and the exterior part called the shell that plays a consistent role of protection for the 

healing agent. 

Generally, fabrication techniques of microcapsules are divided into two main groups, chemical 

and physical methods, with the latter being further subdivided into physico-chemical and physico-

mechanical techniques. Versatility of microencapsulation technologies offers unlimited combinations of 
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different core and shell materials based on the final applications. Some of the important processes used 

for microencapsulation are listed in Table 1-3 [321].  

Table 1-3. Most common encapsulation techniques [321]. 

Chemical processes 

Physical processes 

Physico-chemical Physico-mechanical 

Suspension polymerization Coacervation Spray-drying 

Emulsion polymerization Layer-by-layer assembly Fluid-bed coating 

Interfacial polymerization Sol-gel Centrifugal techniques 

In-situ polymerization Supercritical CO2 -assisted Electrospraying 

 

In the physical methods, the original chemical compositions of the shell materials, formed by 

physical processes such as dehydration and adhesion, are retained [322]. Chemical  methods are based 

on polymerization processes and are divided into four types of: in situ polymerization, interfacial 

polymerization, suspension polymerization, and emulsion polymerization [321]. Different parameters 

affect the efficiency, size distribution and morphology of microcapsules which are varied based on the 

polymerization technique [323]. In the work of Koh et al. for developing a self-healing paint formulation, 

polyurethane microcapsules containing a water-borne polyurethane resin as core material were 

synthesized via interfacial polymerization of diol diisocyanate prepolymer and a chain extender in an 

emulsion solution. Capsules had an average diameter of 39-72 µm and shell thickness of 3.8-5.5 µm. 

These researchers showed that the efficiency of self-healing depends on the diameter of capsules, 

concentration of PU capsules and total content of core material [324].  

In another approach, self-healing anticorrosive coatings were fabricated using urea-

formaldehyde microcapsules containing functionalized polydimethylsiloxane. Urea formaldehyde 

microcapsules were synthesized through oil-in-water emulsion polymerization; PDMS reagents and 

surfactant solution were agitated to have a stabilized emulsion. Then, urea and resorcinol were added 

and after pH adjustment formaldehyde was added and temperature was raised to 60°C for 4 h to complete 
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the reaction. Finally, the mixture was neutralized, filtered, and washed with distilled water to have 

microcapsules [325].  

1.8.4 Material Selection and Reaction Conditions 

One of the main challenges for self-healing to be triggered, is the proper release of healing agent 

and polymerization in the crack area. For this purpose, appropriate selection of materials is significantly 

important. The properties of the shell and core materials should be considered in terms of solubility, 

viscosity, volatility, reactivity, and pH value. The healing agent is the main component affecting the 

properties of the healed system. Therefore, a suitable healing agent/pair is a key factor in designing the 

system based on the end-use application of the material. Different healing agents (core material) 

encapsulated within shells have been reported in the literature such as monomers, resin, diluted resins, 

catalyst, etc. [60], [326]ï[328]. In most cases, the core and shell materials should not react with each 

other and with the main matrix. However, to achieve excellent adhesion between the healing agents and 

the matrix, a chemical reaction between the healing agent and the matrix could be advantageous. The 

physical and mechanical stability of the formed shell should be examined in order to bear the induced 

temperature and shear forces in the processing steps, while the capsule shell wall must break and release 

the core in the time of damage. The dimension of the capsules for integration is also an important factor 

affecting the final properties of the system; the matrix should not lose its mechanical strength due to the 

incorporation of capsules, triggering mechanism and the healing performance. However, it is well known 

that the mechanical properties of the self-healing material may be varied by capsule volume fraction, 

capsule shell wall stiffness, and capsule size [329]. The most familiar shell-forming materials for 

microencapsulation are urea, formaldehyde, ammonium chloride and resorcinol leading to the 

construction of a solid polymeric shell of poly(urea-formaldehyde), PUF. A copolymer such as ethylene-

maleic anhydride (EMA) or styrene-maleic anhydride (SMA) is utilized as a surfactant to form an oil-

in-water (O/W) emulsion, wherein the oil is the core material [330]ï[333]. Ammonium chloride is also 

responsible for catalyzing the reaction between urea and formaldehyde, and resorcinol is used to enhance 

shell rigidity [334]. Replacing a part of urea with melamine will result in a melamine-modified urea-

formaldehyde polymeric shell (PMUF), which is shown to have higher bond strength, enhanced 

https://www.sciencedirect.com/topics/materials-science/polymerization
https://www.sciencedirect.com/topics/materials-science/self-healing-material
https://www.sciencedirect.com/topics/medicine-and-dentistry/formaldehyde
https://www.sciencedirect.com/topics/medicine-and-dentistry/ammonium-chloride
https://www.sciencedirect.com/topics/medicine-and-dentistry/resorcinol
https://www.sciencedirect.com/topics/medicine-and-dentistry/copolymer
https://www.sciencedirect.com/topics/materials-science/surface-active-agent
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microcapsules properties and shell strength [335]. The other shell materials that have also been used 

include silica [336], polyurethane (PU) [337], [338], PMMA [339], etc. Also, recently, double-shelled 

systems have been also reported to enhance the mechanical stability of the microcapsules for in-process 

manipulations [340].  

Zotiadis et al. [341] synthesized epoxy loaded microcapsules with a poly(urea-formaldehyde) 

shell via in situ polymerization. Microcapsules were colorless free-flowing powder within a diameter 

range of 37 to 66 ɛm and high encapsulation efficiency to induce self-healing ability to an alkyd-based 

coating. They examined process parameters, such as the core: wall mass ratio, pH adjustment, stirring 

method during the emulsification stage and emulsifier quantity with respect to microcapsules 

characteristics, i.e., morphology, particle size, encapsulation efficiency (EE), and thermal properties. 

Their results showed that the core: wall mass ratio affects the size of the microcapsules by determining 

the core droplets size under constant conditions of emulsification (stirring, emulsifier). Increasing the 

emulsifier resulted in more efficient restriction of the amount of precipitated PUF particles and 

roughening of the shells. The thermal properties of the microcapsules were also correlated to the 

existence of PUF particles and the shell crosslinking extent. Figure 1-10, shows the obtained 

microcapsules and effect of reaction conditions on the final properties of microcapsules. 

 

Figure 1-10. a) Formation of urea-formaldehyde shell; b) The microcapsules formed at core: shell 

mass ratio of 2:1; c) Effect of core: shell ratio on particle size and emulsifier ratio on thermal 

properties of the microcapsules; d) Nyquist diagrams of the coatings without microcapsules and self-

healing coating showing desirable corrosion resistance of the microcapsules [341], (Reprinted with 

permission). 

https://www.sciencedirect.com/topics/chemical-engineering/encapsulation
https://www.sciencedirect.com/topics/chemical-engineering/emulsification
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1.8.5 Characterization of Microcapsules 

Optical and electron microscopy can be used to measure microcapsule`s diameter with image 

analysis software [342]. Another method for measuring capsules diameter is employing a laser 

diffraction particle size analyzer [343].  

Elemental analysis is a practical method to determine the amount of encapsulated healing liquid 

or encapsulation efficiency. Brown et. al, [334] used a CHN analyzer for freshly-made and dried PUF 

microcapsules containing DCPD healing agent, and microcapsule showed to contain 83ī92 wt.% DCPD 

and 6ī12 wt.% urea-formaldehyde. However, after 30 days, the average DCPD content was decreased 

by 2.3 wt.%. It has been found that dispersion of microcapsules within a polymeric matrix is effective 

to limit further leakage of the core from capsule shells. Extraction methods could be also exploited to 

measure the core content, microencapsulation efficiency and encapsulation yield [344], [345]. 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are deployed to 

characterize the thermal properties and stability of the microcapsules within a particular temperature 

range. Tian et al. [346] developed microcapsules to enhance the self-healing property of asphalt; since 

asphalt mixture must be mixed at high temperature, microcapsules need high thermal stability to ensure 

whether they can remain intact in the processing steps. Using TGA within a temperature range of up to 

600°C, showed that their fabricated microcapsules had an appropriate heat resistance and could survive 

the process for asphalt construction without decomposition.   

1.9 Characterization of Self-healing 

In the previous section, different mechanisms of self-healing were discussed. However, 

regardless of the type of the mechanism, all self-healing polymers must have a common property that 

the damage is ñhealedò sometime after experiencing the damage, without manual intervention. This 

reduction in damage or healing leads to a partial or complete recovery of the mechanical or functional 

performance of the material. In designing a self-healing polymeric material, it is critical to demonstrate 

the extent of recovery for its functional properties. The appropriate test methods for the healing 

assessment must fit the nature of material, healing mechanism and the desired application. Although 

https://www.sciencedirect.com/topics/medicine-and-dentistry/laser-diffraction
https://www.sciencedirect.com/topics/medicine-and-dentistry/laser-diffraction
https://www.sciencedirect.com/topics/medicine-and-dentistry/elemental-analysis
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scratch healing, imaging techniques and corrosion tests are adequate for coatings, tensile or tapered 

double cantilever beam geometry (TDCB) testing may be more appropriate for applications involving 

bulk samples [347]. It is noteworthy that the healing efficiency not only depends on the healing process 

but also on the nature and extent of damage and the conditions creating that damage. Therefore, in this 

section, the most common approaches for characterizing self-healing ability of the polymeric matrices 

are discussed briefly. 

1.9.1 Imaging Techniques 

Microscopy imaging techniques cover length scales higher than that for intrinsic healing in 

which the healing occurs mainly within the molecular scale. Considering the extrinsic healing 

mechanisms, the length scale of healing is well suited with these techniques and the release of healing 

agents from the capsules can be monitored [348]. Furthermore, a fluorescent dye can be mixed with or 

grafted to the encapsulated core material to better detect the release and filling process after crack 

formation [349], [350]. 

For monitoring the self-healing of a material, a micro-scratch is applied and the optical and 

microscopy imaging instruments (OP, SEM, AFM, profilometer) are mainly utilized to observe the crack 

area [351]ï[353]. The imaging is conducted after a certain period of time based on the self-healing ability 

of the system to differentiate a crack and its repaired state. Although these imaging techniques could 

show the presence or absence of healing in a crack plane, they are qualitative methods offering rather 

poor quantitative information to measure the extent of materials recovery and its self-healing ability. 

Therefore mechanical tests such as tensile test, tear test, fatigue test and impact test are promising 

analysis methods for this purpose. By using a combination of scratching and electrochemical techniques, 

such as electrochemical impedance spectroscopy (EIS), the time dependence of healing based on the 

corrosion protective behavior of the coating under a range of conditions can also be determined [354]ï

[356]. Figure 1-11 shows the self-healing ability of a coating via corrosion, morphological, and 

electrochemical evaluations [357].  
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Figure 1-11. Self-healing evaluation via SEM imaging and corrosion tests; images of a,b) control 

epoxy vinyl ester coating and self-healing coating containing microencapsulated catalyst, and phase-

separated PDMS healing agent after 120 h immersion in salt water; c) Schematic diagram of 

electrochemical test and current versus time for scribed control and self-healed sample [357], 

(Reprinted with permission). 

1.9.2 Tensile Test  

Tensile testing is a standard method for determining the quasi-static mechanical properties of a 

material offering the possibility to measure various parameters namely tensile strength, elongation, 

Young´s modulus and yield strength [348]. For the tensile test, the samples are prepared in dumbbell or 

rectangular shapes and the original sample and the healed sample are tested under the same testing 

conditions until rupture occurs. The self-healing efficincy could be estimated through the resulting load-

displacement or stress-strain curves by dividing the recovered toughness of the healed sample comparing 

to the non-defected self-healing composite. Tensile testing is also a common method for evaluating the 

effect of size and concentration of microcapsules in the self-healing matrix (Figure 1-12b). Ahangaran 

et al. [358] developed self-healing epoxy composites with poly(methyl methacrylate) (PMMA) 

microcapsules and the effect of microcapsule ratio on mechanical properties and self-healing behavior 

of the composites was investigated by embedding 2.5, 5, 7.5 and 10 wt.% of capsules into the epoxy. 

The results suggested almost 80% healing efficiency for 10 wt.% PMMA microcapsules at room 

temperature after 24 h. Besides, the tensile strength of the epoxy initially increased by addition of 

2.5 wt.% microcapsules and then decreased gradually by increasing microcapsules content up to 

10 wt.%.  

https://www.sciencedirect.com/topics/chemistry/tensile-strength
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1.9.3 Tapered Double Canti lever Beam (TDCB) 

One of the most appropriate methods for self-healing investigations in brittle polymers is the 

tapered double cantilever beam geometry (TDCB) as represented in Figure 1-12e; while the healing 

efficiency is the quotient of the healed and the original fracture toughness. For brittle polymers, the 

fracture surface is more or less mirror-smooth and the crack surface is closely repositioned, thus this 

geometry allows a sensible quantification of the healing process as the fracture toughness is independent 

of the crack length [347], [348], [358], [359]. Kessler and coworkers [360] developed a self-healing 

fiber-reinforced structural polymer matrix composite containing a microencapsulated healing agent and 

a solid chemical catalyst dispersed within the matrix. They used the width-tapered double cantilever 

beam fracture specimens in which a mid-plane delamination was introduced and allowed to be healed. 

The results showed autonomic healing at room temperature by 45% recovery of virgin fracture 

toughness, and a recovery to over 80% at 80°C compared to that of neat epoxy resin.  

Fatigue testing in which cyclic mechanical stress is applied to a material and a permanent 

damage occurs resulting in a crack after sufficient fluctuations is also used to measure the self-healing 

efficiency by the same TDCB geometry. Brown et al. [361] investigated the healing efficiency of a self-

healing epoxy matrix containing DCPD-PUF microcapsules by injecting pre-catalysed mending agent 

into the crack region by no-load, constant load and cyclic load conditions using TDCB specimen. 

Researchers observed improved resistance to fatigue crack propagation, which was indicated by both 

reduced crack growth rates and improved cyclic stress intensity for the onset of unstable fatigue-crack 

growth. This behavior was attributed to the induced toughening mechanisms by incorporating 

microcapsules into the matrix as well as a crack shielding due to the release of healing agents. 

https://www.sciencedirect.com/topics/materials-science/cyclic-loads
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Figure 1-12. Preparation of a self-healing epoxy matrix; a)SEM images of synthesized microcapsules 

with two cores and the size distribution histogram; b) Effect of microcapsules concentration on tensile 

strength of the matrix; c) Fracture toughness of matrix versus microcapsule content; d) Healing 

efficiency of matrix versus microcapsule content; e)Typical TDCB specimen geometry and obtained  

load-displacement curves for the virgin and healed samples [358], (Reprinted with permission). 

1.9.4 Tear Test 

A trouser tear test, based on ASTM D624 is also another method to measure the self-healing 

ability of composites, giving a load-displacement curve [362]. The healing efficiency could be calculated 

by dividing the tearing energy of the healed sample to the tearing energy of the virgin sample. Tearing 

energy is obtained from the area under the load versus displacement curves divided by the cross-sectional 

area of the fractured surface (the sample thickness, multiplied by the length of the fractured path) [363].  

1.9.5 Impact Test 

Impact test is also employed by several researchers to investigate the suitability of fiber-

reinforced composites [364], [365]. Chowdhury et al. [366] fabricated microspheres to encapsulate a 

room-temperature curing epoxy resin and its amine hardener into UF shells to be embedded in an epoxy 
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matrix. They used low-velocity impact tests at 30 and 40 J for a pristine sample and a sample with 10% 

of microcapsules. Upon impact test, the sample absorbs energy and undergos an elastic deformation; 

while microcapsules release their cores and healing takes place at the damaged location. Healing 

efficiency was measured by conducting a second impact after 48 h at elevated energy levels of 40 and 

55 J at the same location. Load and energy versus time plots were used to obtain quantitative information 

about the damage due to the impact. After the second impact test, samples containing microcapsules 

showed better impact resistance due to repairing. It was observed that samples without microcapsules 

exhibited higher peak loads for the first impact compared to those with microcapsules. However, after 

48 h of the first impact, samples containing microcapsules showed higher impact resistance than the neat 

samples when subjecting to impact with an average of 6.16 kN and 7.52 kN peak loads for 40 J and 55 J 

impact energies, respectively compared to 5.36 kN and 6.67 kN for neat samples.    

1.10 Conclusion 

In this chapter, a literature review was presented to provide some general information on the 

idea of this thesis.  

The most common wetting theories and superhydrophobicity were firstly discussed. Based on 

the two criterions that must be satisfied for superhydrophobicity (i.e., low surface energy, and presence 

of surface roughness), available materials and methods for fabricating superhydrophobic coatings were 

briefly introduced. Among these material and methods, a combination of silicone resin, NPs, and spray 

coating technique has shown to be favorable in terms of non-toxicity, ease of application and large-scale 

production. 

 The self-cleaning, anti-icing, anti-corrosion properties of these surfaces were mentioned as 

their main applications. A general overview of the current commercial status of superhydrophobic 

coatings was given to highlight the major shortcomings of the superhydrophobic coatings leading to the 

limited real-world application. As the main drawback of these coatings, the durability issue was 

discussed in more details and some of the new approaches for overcoming this challenge were 

represented.  

https://www.sciencedirect.com/topics/materials-science/elastic-deformation
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Furthermore, self-healing materials, that are originally inspired by the wound healing in living 

organisms, were introduced as the promising solution for increasing the service-life of polymeric 

structures. Currently, multiple mechanisms exist for imparting self-healing ability to polymeric 

materials, while incorporation of self-healing microcapsules is still the most reported method. Here, 

microencapsulation method was introduced, the common methodologies for preparing microcapsules 

were presented, and the importance of selecting type and amount of materials as well as the processing 

parameters and microcapsules characteristics were then highlighted. Since the characterization of self-

healing is of high importance, in the final section of this chapter the common methods for characterizing 

self-healing ability were also explained. 

The results and disscusions on the objectives of this thesis are explained in detail within the 

subsequent chapters. 



 

 

 

 CHAPTER 2 - ARTICLE 1  

DEVELOPMENT OF A DUAL CAPSULE SELF -HEALING SILICONE COMPOSITE USING 

SILICONE CHEMISTRY AND POLY (MELAMINE -UREA-FORMALDEHYDE) SHELLS  
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555, boul. de l'Université, Chicoutimi, Québec, G7H 2B1, Canada 
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2.1 Abstract 

This study aims to develop microcapsules that can be used as room-temperature self-healing 

agents in silicone-based matrices. A telechelic reactive silanol-terminated polydimethylsiloxane 

(PDMS) as the healing agent, was selected to ensure the homogeneity of the polymeric matrix and 

encapsulated in poly(melamine-urea-formaldehyde) shells through an in-situ emulsion polymerization 

technique. To catalyze the polycondensation reaction of the healing agent, dibutyltin dilaurate (DBTL) 

was encapsulated within the same type of polymeric shell. The synthesized microcapsules were 

characterized using Fourier-transform infrared spectrometry, optical microscopy, scanning electron 

microscopy, and differential scanning calorimetry. The analyses confirmed that the spherical 

microcapsules with an average size of 56 µm for PDMS-MUF microcapsules and 42 µm for DBTL-

MUF microcapsules, with a shell wall thickness of 100ï200 nm, and good thermal stability were formed. 

Therefore, the two-component self-healing silicone composite was successfully developed using 10:1.2 

wt.% PDMS: DBTL microcapsules within the silicone matrix. Scanning electron microscopy (SEM) 

showed the self-healing ability of the silicone matrix by observing the successful healing of microcracks 

at room temperature. Tensile and trouser tear tests were adopted to assess the self-healing performance 

of the elastomeric matrix, showing the self-healing efficiencies of 67% and 55%, respectively.  
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Figure 2-1. Graphical abstract. 

2.2 Introduction  

All surfaces are subjected to mechanical damage, and microcracking can likely occur during 

handling, use, etc. Since the 1980s, inspired by living organisms, demand for alternatives to surface 

reparation has led to the introduction and application of novel self-healing surfaces and the autonomous 

healing of microcracks to extend the life-span of polymeric components [22]ï[24]. In the last decade, a 

growing number of research on the smart self-healing materials based on various approaches including 

encapsulation [367], [368], core-shell fibers [369], hollow fibers and microvascular networks [370]ï

[372] has been investigated. Microencapsulation technologyðthe action of enclosing a solid, liquid, or 

gas within an inert shellðwas first developed in the 1950s and is by far the most-studied self-healing 

concept [373]. As microcapsules can be easily incorporated into various matrices through a range of 

available blending techniques, microencapsulated self-healing materials are favorable for 

commercialization [368], [374]. Healing occurs when the healing agent is released from the 

microcapsules and fills the microcracks through capillary action. The healing agent could be cured in 

situ by reacting to a catalyst phase dispersed within the matrix, a second type of microcapsule containing 

a catalyst or hardener, or a latent functionality in the matrix [305], [374].  

The versatility of microencapsulation technologies offers an unlimited combination of core and 

shell materials for the self-healing of surfaces [321]. Encapsulation of dicyclopentadiene [24], [375], 

[376], epoxies [342], [343], [377]ï[379], PDMS [282], [380]ï[382], and isocyanates [383], inside 
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various polymeric shells such as urea-formaldehyde [325], [343], [384]ï[386], melamine-formaldehyde 

[373], [387], melamine-urea-formaldehyde [387]ï[389], polymethylmethacrylate [390]ï[392], silica 

[393] , etc., are investigated for self-healing purposes.  The fabrication of microcapsules can be divided 

into physical or chemical methods. In the physical methods, including electro-spraying [394] and 

coacervation [395], the shell is formed through physical processes, such as dehydration or adhesion, 

while the chemical composition of the shell materials remains unchanged [322]. Chemical methods are 

mainly based on the polymerization techniques while emulsion polymerization is by far the most widely 

reported [321]. Polymerization techniques are appealing for many purposes because of their large-scale 

productions, ability to control and scale-up to produce high-quality microcapsules having the desired 

mechanical and thermal properties. Various parameters can affect the efficacy, size distribution, and 

properties of the microcapsules [323], [368], [374], [396].   

The design of a suitable self-healing system requires considering the ease of encapsulation, the 

stability of the components under various environmental conditions, and the systemôs reactivity over the 

service life of the polymeric components. Once triggered, a proper self-healing system should be able to 

respond quickly to damage. The microcapsules must disperse effectively within the polymeric matrix, 

rupture in the event of cracking, be capable of releasing the core material into the crack and have minimal 

adverse effects on the properties of the base matrix. The core material, as the key component of a self-

healing system, is chosen mainly based on the desired properties of the final application. Almost all the 

other components and processes are designed and formulated to fulfill the proper encapsulation of the 

core material. However, the correct selection of the shell materials, emulsifiers, etc., strongly affects the 

properties and behavior of the microcapsules and, consequently, the self-healing ability. 

Currently, silicones and specifically PDMS (polydimethylsiloxane)ðconsidered as the 

simplest types of siliconesðare widely used across a variety of fields. They are non-flammable, 

thermally and chemically stable, and they have low surface tension and a wide range of operating 

temperatures, making them suitable choices for common everyday uses [397], [398]. Nonetheless, the 

low rigidity and surface hardness of silicones makes them easily scratched or cracked, which can 

compromise the performance of these materials. 
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Using PDMS as a healing agent within a silicone matrix could therefore ensure the chemical 

homogeneity of the structure and maintain the bulk and surface properties; self-healing results are 

improved when using a self-healing PDMS chemistry within a PDMS matrix [399]. 

In this study, self-healing microcapsules containing a telechelic silanol-terminated PDMSða 

group of polymeric chains with functional groups on both endsðthat is curable even at temperatures as 

cold as ī20°C [400], [401] were incorporated within a PDMS matrix. An organotin compound, DBTL, 

was selected to catalyze the polymerization reaction of the silicone resin. Microencapsulation offers 

various advantages to the proper functionality of the system and is used to enhance the effective service 

life of the self-healing material. In this work, both components of the healing system are encapsulated 

to prevent any possible side reaction inside the matrix within its service life. Also, if the materials are 

not encapsulated inside shells, they can migrate toward the surface of the composite/coating leading to 

the reduction in self-healing capability. The healing agent (DMS-S12) and the catalyst (DBTL) were 

encapsulated separately, using the same melamine-urea-formaldehyde shells. Urea-formaldehyde (UF) 

shells, the most widely used shell for various core materials, are modified by introducing small amounts 

of melamine into the synthesis procedure. This introduction of melamine greatly heightens the 

robustness and stability of the shell and enhances its flowability as a powder; as well, this approach is 

more cost-effective compared to melamine-formaldehyde (MF). These melamine-urea-formaldehyde 

(MUF) microcapsules are also much simpler to synthesize and handle than UF microcapsules [374], 

[387], [402]ï[405]. The use of a similar chemical composition for both microcapsules as a self-healing 

pair within a single matrix is less common in the literature, despite this approach being able to increase 

compatibility within the system and reduce preparation costs. The effectiveness of these microcapsule-

matrix combinations in the self-healing of microcracks at room temperature was evaluated inside the 

SYLGARD 184/TEOS elastomer. A polycondensation reaction of the healing agent with the present 

ethoxy groups in the presence of DBTL catalyst, is responsible to form an adhesive layer between the 

crack faces, which is quite the same chemistry as of the PDMS matrix. This combination leads to a self-

healing composite with a unique feature in which the healed polymer in the crack plane is similar to the 

matrix. 
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2.3 Experimental Section 

2.3.1 Materials and Equipment 

The chemicals which were used in this paper and their functions are represented in Table 2-1.  

The in-situ polymerizations were carried out inside a double-walled reactor (ACE Glass Inc., USA). To 

maintain a constant temperature for the polymerization, a circulating water bath was used. A digital 

overhead stirrer and an anchor type impeller were used to properly mix the emulsion bath. 

Table 2-1. List of chemicals and their functions in this study. 

Role of material Material name Company 

Core healing agent 
Silanol terminated 

polydimethylsiloxane (DMS-S12) 

Gelest Company 

Core catalyst Dibutyltin dilaurate (DBLT) Fisher Scientific 

Shell forming 

components 

 

Urea Alfa Aesar 

Formaldehyde (37% solution) Alfa Aesar 

Melamine 99% Alfa Aesar 

Resorcinol 99% Alfa Aesar 

Electrolyte  Ammonium chloride 98% Alfa Aesar 

Emulsifiers 

Poly (ethylene-alt-maleic 

anhydride) (EMA) 

Sigma Aldrich 

Sodium dodecylbenzene sulfonate 

(SDBS) 

Fisher Scientific 

Anti-foam agent 1-octanol Sigma Aldrich 

Matrix SYLGARD 184 

TEOS 

Dow Silicones Corp.     

Sigma Aldrich 

2.3.2 Preparation of Microcapsules  

PDMS-loaded microcapsules and catalyst-loaded microcapsules were both prepared separately 

through the in-situ polymerization of melamine, urea, and formaldehyde in oil-in-water emulsions. The 
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synthesis procedures are detailed in the following subsections and illustrated schematically in Figure 

2-2. 

2.3.2.1 Healing Agent Encapsulation: PDMS Encapsulated Inside MUF Shells 

 EMA (2.4 g) was dissolved in 170 mL of deionized (DI) water and then heated at 60°C for 2 h 

to obtain a transparent solution, which was then cooled to room temperature. 0.5 g melamine, 3 g urea, 

0.3 g resorcinol, and 0.3 g ammonium chloride were added to the solution, and the solution was stirred 

to achieve a complete dissolution of all components. The pH of the solution was adjusted to a value of 

5ï6 by adding a few drops of ethylene diamine. Subsequently, 30 mL of DMS-S12 was added dropwise 

by a funnel and stirred at 600 rpm for 30 minutes to achieve a stable emulsion. A small amount of 1-

octanol was added to remove the air bubbles from the solution. Eight milliliters of formaldehyde solution 

were then streamed into the reaction bath, and the temperature was raised to 70  using the 

programmable water bath. The polymerization lasted for three hours under reflux. The final slurry was 

then cooled to room temperature. The emulsion was filtered under vacuum using filter paper to separate 

microcapsules. A free-flowing powder of microcapsules was obtained after the slurry had been washed 

with ethanol and plenty of water, air-dried for 24 h, and vacuum-dried for another 24 h. 

2.3.2.2 Catalyst Encapsulation: DBTL Encapsulated Inside MUF Shells 

SDBS solution was prepared (100 mL of a 1 wt.%), 2 g melamine, 10 g urea, 0.4 g ammonium 

chloride, and 0.4 g resorcinol were also added to the solution, and the pH was adjusted using ethylene 

diamine. Using a funnel, 50 g of DBTL was introduced drop by drop to the solution, and then stirred for 

30 min at 600 rpm to attain a stable emulsion. 1-octanol was added to remove the air bubbles. 20 mL of 

the formalin solution was streamed to the emulsion, and the temperature was increased to 70  and kept 

under reflux for 3 h. The filtration, washing, and drying steps were completed according to the 

procedures found in Section 2.3.2.1. 
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Figure 2-2. Schematic illustration of the microencapsulation process. 

2.3.3 Preparation of Self-healing Composite 

In the presence of DBTL catalyst, DMS-S12 can go through the hydrolysis and condensation 

reactions and form a viscoelastic material that is able to fill formed cracks; this polymerization can 

continue even at low temperatures, making this combination suitable for a wide range of applications. 

To form the crosslinked network, multifunctional alkoxysilanes can participate in the reaction as 

crosslinkers. For preparing the self-healing composites, the microcapsules were thoroughly dispersed 

within a polydimethylsiloxane resin (SYLGARD 184) and mixed with its hardener. TEOS was added to 

the mixture by 20 wt.% of the SYLGARD 184. For the excess bubbles to be removed, the silicone 

composite was then vacuum-filtered and cured at 90  for 1 h. The concentration of microcapsules and 

the matrix were fixed at a ratio of 100:20:10:1.2 for the matrix: TEOS: PDMS microcapsules: DBTL 

microcapsule weight ratios. 

2.3.4 Characterization 

2.3.4.1 Fourier-Transform Infrared Spectrometry (FTIR)  

The chemical composition of microcapsules was investigated using a Cary 630 FTIR 

spectrometer (Agilent, USA) in the attenuated total reflection (diamond ATR) mode at an infrared range 

of 400ï4000 cm-1. The FTIR was carried out on a diamond surface cleaned with isopropyl alcohol prior 

to the test. The microcapsules were then clamped with a consistent pressure to be broken. The FTIR test 

was performed for all types of microcapsules, the core materials, and the extracted shells to verify the 

encapsulation of core components and the formation of the MUF shell. 
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2.3.4.2 Microscopy  

Optical microscopy was performed using a Nikon polarizing microscope (Nikon ECLIPSE 

E600Pol) to measure the size distribution of microcapsules. Scanning Electron Microscope (SEM) 

images were taken on a JSM-6480 LV SEM instrument, manufactured by JEOL, Japan, to observe the 

morphology of microcapsules, their size distribution, and the shell thickness of the microcapsules. The 

samples were sputter-coated with gold, and the SEM scans were observed at 20 kV voltage. 

2.3.4.3 Differential Scanning Calorimetry (DSC) 

The thermal behavior of the microcapsules was examined via DSC using a TA instrument DSC 

in the heating range of 0 to 400  at a heating rate of 10°C/min under nitrogen atmosphere to avoid 

oxidation. The average sample weight was 6 Ñ 0.2 mg. 

2.3.4.4 Self-healing Testing 

The self-healing performance of the silicone composites were evaluated qualitatively via SEM 

observation. The composite was scratched by a razor blade prior to SEM observation and kept at room 

temperature to ensure the healing was underway.  

To quantify the self -healing efficiency, mechanical testing was employed. Tensile and tear tests 

were performed using a universal testing machine (UTM ADMET, eXpert 7603, USA, loadcell 4.4 kN). 

Both tests were operated to measure the healing efficiency of the healed composites based on their 

references under specific standards. The as-prepared composites were poured into dumbbell and 

rectangular aluminum molds, then fully degassed and placed in the oven to be cured.  

The ASTM D638 standard was adopted for tensile tests for three to five iterations for each 

specimen at a crosshead rate of 50 mm.min-1 at room temperature. The initial length was recorded, and 

the device stretched the samples until rupture occurred. Stress-strain curves were obtained, and the 

healing efficiency was calculated by dividing the recovered toughnessðthe area under the stress-strain 

curveðof the healed sample compared to the non-defected self-healing composite.  
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For the trouser tear test, ASTM D624 was utilized, and samples were prepared based on type T 

geometry. The trouser test specimens had legs (Figure 2-3b) that were extended in opposite directions 

to obtain load-displacement curves. For measuring the healing efficiency, the rectangular samples were 

cut from one end to 40 mm using a sharp razor blade. Then, a crack was applied at the end of the cut and 

placed at room temperature for 24 h for the self-healing action. The reference was the self-healing 

composite that was cut for 40 mm without applying a crack. The extension rate of 100 mm/min was 

applied to each sample and the legs were pulled in opposite directions until the point of complete failure 

of the sample. The healing efficiency was calculated by dividing the tearing energy of the healed sample 

to the tearing energy of the virgin sample. Tearing energy is calculated from the area under the load 

versus displacement curves divided by the cross-sectional area of the fractured surface (the sample 

thickness, multiplied by the length of the fractured path) [307],[406],[407].  

 

Figure 2-3. a) Aluminum molds for tensile and trouser tear tests; b) Preparation of samples for tear 

test. 

2.4 Results and Discussions 

2.4.1 Optimization of Synthesis and Encapsulation Efficacy 

To produce microcapsules having an appropriate size, morphology, dispersal ability and 

flowability of the powder, handling, etc., the main parameters, i.e., agitation rate, emulsifiers, core: shell 

ratio, and working temperature, were optimized using various experimental analyses. The details of these 

optimization experiments are provided in Appendix I.  
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The primary objective was focused on producing a free-flowing powder of spherical 

microcapsules,  in a size range to be well filtered and dispersed within the matrix [408]. To acquire 

optimal microcapsules, polymerizations were performed under agitation speeds of 300, 600, and 900 

rpm. The optimal results with a size range of 10-110 µm and average diameter of 56 µm were found at 

600 rpm (Table A-I. 1, Appendix I). In the polymerization media, the shell forming components could 

be polymerized in the bath, rather than the oil-water interface, while the latter is the ideal polymerization 

site for encapsulation. The formation of large quantities of these polymerized shells which are named as 

debris, could lead  to poor-quality capsules, due to less available material for shell formation, and a more 

difficult filtration is also observed [368], [409] (Table A-I. 2, Appendix I). The type and concentration 

of emulsifiers are also highly important factors for the microencapsulation process. Emulsifiers lower 

the interfacial tension between the two phases of oil and water. This forms a stable emulsion and prevents 

particles from coalescing [345], [388], [410], [411]. Increasing the emulsifier concentration reduces the 

average size of core droplets in the media and the formed microcapsules. When we replaced about 8% 

of the EMA with anionic sodium dodecyl sulfate (SDS) surfactant, particle size decreased significantly, 

and the resultant product turned into a sticky agglomerate rather than the desired free-flowing powder 

(Table A-I. 2, Appendix I). This effect may be caused by the smaller core droplets, which can enlarge 

the active surface area of the core that should be covered with shell materials. [345], [412], [413].The 

core/shell ratio may need to be fine-tuned to overcome this issue. 

The core/shell ratio effects on the morphology and the quality of microcapsules. Core to shell 

ratios of 2:1, 4:1, and 6:1 were selected for investigating the appropriate proportions of components 

(Table A-I. 3, Appendix I). Microcapsule size increases with greater amounts of core material, and 

larger microcapsules are formed by increasing the core to shell weight ratio while holding all other 

parameters constant. At the same time, excess core materials can reduce the quality of the powders and 

form a sticky aggregate of fragile microcapsules, which has a poorer dispersional ability [414]. 

A certain amount of roughness on the surface of microcapsules enhances the mechanical 

interlocking and adhesion of microcapsules to the matrix [408], [415]. The polymerization time and 

temperature have significant effects on shell properties. The effect of temperature on microcapsule 
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synthesis procedures are investigated as reported in Table A-I. 4 and Table A-I. 5 (Appendix I). 

Extremely low temperatures, or short reaction times, produce microcapsules having an inadequate 

mechanical strength because of a too-thin shell thickness and the imperfect polymerization of the shell 

materials. Extending the polymerization time leads to a narrower size distribution of microcapsules, 

which is comparable to the Ostwald ripening mechanism in the crystal growth approach [416]. The 

smaller sol particles in the media can re-dissolve and deposit on larger particles. This minimizes the 

surface area that is a spontaneous and more thermodynamically stable state. On the other hand, very long 

polymerization times lead to very thick shells, which can reduce the self-healing efficacy by decreasing 

the core to shell ratio in the synthesized microcapsules [417], [418]. As well, high temperatures can lead 

to an uneven distribution of microcapsule size and produce debris in the emulsion bath or on the shell 

surface because of the increased reaction rate [368], [374], [419]. Therefore, appropriate polymerization 

conditions play a key role in the functional performance of self-healing microcapsules. 

To investigate the efficacy of microcapsule fabrication, the yield of microencapsulation was 

calculated by dividing the weight of total obtained dried microcapsules, ὡ ȟ by the amount of raw 

capsule-forming ingredients initially added to the reactor, ὡ ὡ , as defined by equation 2-1.  

 ὣὭὩὰὨϷ ὡ ὡ ὡ ρππϳ                                                                                   (Eq. 2-1) 

Microcapsules core content was calculated using solvent extraction method. For this purpose, 

a specific weight of microcapsules, ὡ , were crushed and heated to 150°C. Then crushed powders 

were added to a proper solvent, ultrasonicated for 10 minutes and filtered. The residue was dried under 

vacuum at room temperature for 48 h to obtain ὡ . The core content of both types of microcapsules 

was measured according to equation 2-2. 

ὅέὶὩ ὧέὲὸὩὲὸϷ ρ ὡ ὡ ρππϳ                                                                  (Eq. 2-2)  

For the optimized encapsulation processes, the encapsulation yield was calculated for three 

batches of each type of microcapsules, and the results showed yields of 82% and 84.5% for PDMS and 
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DBTL encapsulation, respectively. While the obtained core content for PDMS-MUF and DBTL-MUF 

microcapsules were 52 ± 5% and 59 ± 8%.  

2.4.2 Chemical Composition of Microcapsules 

For both types of microcapsules, shell formation occurs through the polymerization of 

melamine, urea, and formaldehyde on the interface of the dispersed cores inside the continuous phase. 

At the initial stage, these materials react to form a low molecular weight prepolymer. The prepolymer 

grows as time and temperature increase and deposits on the interface of water and the core material. The 

solid and non-permeable capsule shell forms by continuing the polycondensation reaction between urea, 

melamine, and formaldehyde on this interface [323], [403], [420]ï[422]. As illustrated in Figure 2-4, 

the triazine ring, which is a nitrogen-containing heterocyclic ring, provides evidence of the formation of 

the MUF shell.  

 

Figure 2-4. Schematic illustration of the melamine-urea-formaldehyde shell-forming reaction. 

To investigate the chemical composition of microcapsules, FTIR spectroscopy was used while 

the formed microcapsules should show characteristic peaks of both the core and shell components. In 

Figure 2-5 a (encapsulation of PDMS), the transmission FTIR spectra of core and shell compounds are 

represented as is the FTIR result of the formed microcapsules. The peaks at a high wavenumber range 

of 3400ï3300 cm-1 are attributed to the stretching vibrations of the O-H and N-H groups existing in the 

melamine-urea-formaldehyde structure as well as the O-H in the silanol bands of PDMS. The bending 

vibrations of ïCH2 are visible at 1353 cm-1. In the region between 1500 and 1700 cm-1, the transmission 

peaks can be assigned to the coupling vibrations between N-H2 shearing and the stretching of C=N, 

which provide evidence for the structure of the triazine ring. In the low wavenumber range of 600ï1100 
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cm-1, the vibrational bands are further evidence for the formation of the triazine ring at around 800 cm-1 

because of the out of plane deformation of the ring. Therefore, all characteristic peaks of the MUF shell 

and PDMS core are observed in the microcapsule FTIR spectra, which confirms the successful 

encapsulation process of the PDMS-loaded microcapsules.  

In Figure 2-5b (encapsulation of DBTL), the characteristic bands of triazine ring visible at 

1550 cm-1 and around 800 cm-1, following the C=O vibrations at 1626 cm-1, confirm the formation of a 

melamine-urea-formaldehyde shell. CïOïC stretching because of the ether bridge at around 1020 cm-1 

is also present. The OH deformation in CH2OH is visible at around 1240 cm-1. The FTIR spectra for the 

DBTL-loaded microcapsules (shown in blue), containing both DBTL and MUF typical absorption peaks, 

indicate DBTL encapsulation inside the MUF shell. 

The FTIR spectra of the formed microcapsules contain all the characteristic peaks of PDMS, 

DBTL, and the MUF shell. These spectra indicate the encapsulation of core materials inside the shell, 

whereas no chemical reaction occurs between the cores and the shell-forming components. 

 

Figure 2-5. FTIR spectra for (a) encapsulation of DMS-S12 inside a MUF shell; (b) encapsulation of 

DBTL inside a MUF shell. 

2.4.3 Size Distribution of Microcapsules 

The size distribution of both types of microcapsules was investigated by measuring capsule 

diameters among different batches of microcapsules. For imaging and measurements, SEM and optical 
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microscope images were used in Image J software. The optical images and particle size histograms are 

shown in Figure 2-6a, b and Figure 2-6c, d for PDMS-MUF and DBTL-MUF microcapsules, 

respectively. Usually, the size distribution is quite wide because of the different flow patterns of agitation 

in the polymerization bath. The smaller microcapsules are formed in the vicinity of the agitator blades, 

whereas the larger microcapsules are formed in the more distant regions [423]. The size distribution of 

PDMS- and DBTL-loaded microcapsules falls within the range of 10ï110 µm with an average size of 

56 µm, and 10ï80 µm with an average of 42 µm, respectively. This particle size distribution can provide 

sufficient core material in case of cracking and at the same time, they are applicable for use in polymeric 

composites.  

 

Figure 2-6. Optical microscope images and histogram plots of (a, b) PDMS-MUF microcapsules and 

(c, d) DBTL-MUF microcapsules. 
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2.4.4 Morphology of Microcapsules 

SEM images of synthesized microcapsules are presented in Figure 2-7. As observed in Figure 

2-7a (PDMS microcapsules) and Figure 2-7d (DBTL microcapsules), both types of microcapsules are 

spherical, show no signs of coalescence between particles, and present a slight roughness on the outer 

shells owing to the re-deposition of small particles on the surface of larger particles, as mentioned in 

Section 2.4.1. 

Figure 2-7b, e presents SEM images of single microcapsules of PDMS-MUF and DBTL-MUF, 

respectively. Brown et al. suggested that the precipitation of higher molecular weight prepolymer 

(melamine-urea-formaldehyde in this case) causes the roughness of the outer surfaceðgiven that a 

smooth shell is formed through the deposition of low molecular weight prepolymer at the coreïwater 

interface [415], [424]. The DBTL-MUF capsules show rougher capsule walls than those of the PDMS-

MUF microcapsules. This greater roughness of the DBTL-MUF capsules may occur because of the 

larger formaldehyde ratio in their fabrication than that for PDMS-MUF synthesis; the greater the 

formaldehyde ratio, the higher the condensation reaction rate, and thus the faster deposition of 

poly(melamine-urea-formaldehyde) nanoparticles onto the shells [388]. The same pattern has been 

observed in urea-formaldehyde shells, where increasing the formaldehyde content also increases the 

precipitation of high-molecular-weight prepolymer onto the shell wall [424]. 

To investigate the shell morphology and measure the shell thickness of microcapsules, we 

ruptured some microcapsules using a razor blade prior to gold-sputtering. The ruptured shells are shown 

in Figure 2-7c, f. The inner surfaces of microcapsule shells are uniform, compact, and smooth having a 

thickness of around 200 ± 30 nm and 100 ± 20 nm for the PDMS-MUF and DBTL-MUF microcapsules, 

respectively. The formed shells ensured the sealing of core materials with no leakage and failure during 

the processing steps, yet they were not too thick to prevent the rupture of the microcapsules when 

necessary. 
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Figure 2-7. SEM images of (a) PDMS-MUF microcapsules having a spherical shape; (b) a single 

PDMS-MUF microcapsule with a more detailed shell morphology; (c) shell thickness measurement 

(PDMS-MUF): 200 nm; (d) spherical DBTL-MUF microcapsules; (e) a single DBTL-MUF 

microcapsule; (f) shell thickness measurement (DBTL-MUF): 100 nm. 

2.4.5 Thermal Stability of Microcapsules 

Differential scanning calorimetry (DSC) can confirm whether the microcapsules contain the 

encapsulated core. This verification is possible by knowing the physical and chemical properties of the 

shell and core components by observing their distinct transition temperatures. The thermal stability of 

microcapsules is an important factor for self-healing applications. DSC curves determine the temperature 

range of the microcapsules for which they are chemically and thermally stable [408], [424]. As well, the 

boiling points of PDMS and DBTL can indicate the presence of the encapsulated core materials inside 

the shell. 

To investigate the thermal properties of the polymeric MUF shell, a small mass of 

microcapsules was broken apart, washed several times in solvent to extract the cores, dried at room 

temperature, and analyzed the material using DSC. The resulting DSC curves of extracted MUF shell, 

PDMS, PDMS-MUF, DBTL, and DBTL-MUF are shown in Figure 2-8. 
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Figure 2-8. DSC thermographs of the extracted MUF shell PDMS, PDMS-MUF, DBTL, DBTL-MUF. 

In the extracted MUF shell DSC curve, the first endothermic peak around 100  relates to the 

evaporation of residual water and unreacted formaldehyde in the melamine-urea-formaldehyde 

polymers. The series of degradation steps of the MUF shell are observed by the two endothermic peaks 

at around 220  and 300  [404], [425]. 

Telechelic hydroxyl-terminated silicones can be prepared by the ring-chain equilibration or 

redistribution polymerization of cyclosiloxanes, in which, at the end of reaction, 10-15% of cyclic unit 

could be remained in the media depending on the equilibrium conditions [426]ï[428]. In the PDMS DSC 

curve, the endothermic peak at < 200  could be attributed to the boiling point of the residual D4 

monomers (octamethylcyclotetrasiloxane). Considering this transition peak for PDMS, the peak at 

around 170  in the PDMS-MUF curve confirms the encapsulation of PDMS inside the microcapsules. 

The peak around 300ï350  can be attributed to the gradual diffusion of the core over the shell, which 

leads to the decomposition of microcapsules. Therefore, as the PDMS-MUF curve does not show any 

transition related to the decomposition or chemical reaction up to 300 , the DSC testifies to the good 
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thermal stability of the formed microcapsules. For the microcapsule DSC curves, because of the smaller 

fraction of the shell to the core, the transition peaks related to the MUF shell are mostly neglected [429]. 

In the DBTL DSC curve, the indicative boiling transition peak also occurs at around 200 

whereas the peaks at 300ï350  demonstrate the decomposition of the material. In the DBTL-MUF 

DSC curve, both peaks are also observed, and the microcapsules are stable when used at these 

temperatures [429]. 

2.4.6 Self-healing Performance of Silicone Composite 

The cross-sections of the prepared self-healing composite, as explained in Section 2.3.3, are 

displayed in Figure 2-9. The SEM images show that there is no specific interface between the 

microcapsules and the silicone matrix that suggests good compatibility between the components. Also, 

a hollow site remained after the breakage of a 100 µm-microcapsule and the shell residues are illustrated 

in Figure 2-9a and b, confirming the rupturing of microcapsules in case of damage. 

 

Figure 2-9. SEM images of the cross-section of a self-healing composite and a) hollow sites after 

microcapsule breakage and with b) a remnant of microcapsule shell. 

The self-healing performance of this composite occurs because of the polycondensation 

reaction of the PDMS and remaining ethoxy groups in the presence of the tin-based catalyst (DBTL) 

(Figure 2-10) [401]. Firstly, the resultant polycondensate product of PDMS could adhere to the matrix 

because of its viscous nature and form as an adhesive layer between the crack faces. Secondly, the 

viscous product can continue its polycondensation reaction with the unreacted ethoxy groups in the 
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matrix and form the crosslinked network in the crack plane. As this chemistry is quite similar to the host 

matrix, the self-healing imparts no heterogeneity to the composite. Additionally, successful crack filling 

occurs as both PDMS and DBTL have good flow properties stemming from their low viscosity, and 

there is no need for a diluent in the self-healing process of this matrix. 

 

Figure 2-10. Condensation polymerization of PDMS in the presence of the DBTL catalyst. 

The self-healing performance of the composite was observed by monitoring the changes to a 

crack through SEM (Figure 2-11a, b). After scratching the surface to form a crack, the samples were 

kept at room temperature for at least 24 hours. Crack filling is highly dependent on the width and depth 

of the crack and the self-healing agent ratio inside the matrix. A good dispersion of the healing agents 

ensures that appropriate amounts of healing agents are found across the surface of the composite. Here, 

we observed that for a crack width of around 10 µm, the crack was fully filled by the healing agentsð

these agents were released and filled the crack through capillary movementðand cured in situ.  

Representatives of stress-strain and load-displacement data for the samples are shown in Figure 

2-11c and d, respectively. The tensile test was performed on four types of samples (including the pristine 

SYLGARD184+20%TEOS and the cracked one, the pristine self-healing composite and the healed 

composite) to investigate the effect of self-healing microcapsules on the overall mechanical performance 

of the composite. Here, the incorporation of microcapsules reduced the mechanical properties (tensile 

strength, ultimate tensile strength, toughness, and strain at break of the composite), green line, compared 

to the pristine matrix, SYLGARD184+TEOS, (black line). However, when a crack is formed in the 

pristine matrix, the sample ruptures easily (blue line) in the absence of self-healing microcapsules. After 

the healing occurrence, the self-healed composite could show a self-healing efficiency of 67% for an 
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average of five iterations through the tensile testing. For the tear testing, an average healing efficiency 

of about 55% was obtained for the composites in which the tear path propagated through the healed 

regions. 

 

Figure 2-11. Self-healing performance of the dual-microcapsule-integrated silicone composite; a) 

immediately after cracking and b) After at least 24 h of after cracking at room temperature; c) Stress-

strain curve obtained by tensile test, d) Load-displacement data by trouser tear test. 

2.5 Conclusion 

Silanol-terminated polydimethylsiloxane (DMS-S12) and dibutyltin dilaurate (DBTL) were 

successfully encapsulated as the healing agent and the catalyst inside poly (melamine-urea-

formaldehyde) shells separately through in situ emulsion polymerization techniques. Melamine-urea-

formaldehyde shells are preferred over both urea-formaldehyde and melamine-formaldehyde shells 

owing to their higher robustness to lower cost. The resultant products were free-flowing powders of 

spherical-shaped microcapsules. These microcapsules had a compact and uniform shell morphology and 

good thermal properties. The average diameter of the PDMS-MUF and DBTL-MUF microcapsules was 
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56 µm and 42 µm, respectively. The uniform and compact MUF shells with thickness of 100ï200 nm 

showed sufficient sealing, handling, and processing properties during the fabrication steps yet easily 

ruptured when microcracks were formed. The synthesized microcapsules showed promise as a healing 

pair inside a silicone matrix having a unique feature namely the same PDMS chemistry for the healed 

area and the host matrix. For investigating the healing performance of microcapsules SEM imaging was 

utilized observing the self-repair of a microcrack. Also, tensile and tear tests performed on the self-

healed composites to attain the self-healing efficiency, ensured 67 and 55% of recovery by the proposed 

system. 
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3.1 Abstract  

A major challenge of non-fluorinated superhydrophobic coatings is the low robustness of the 

infused nanoparticles in coating films compromising their non-wetting properties. In this paper we 

developed a robust transparent superhydrophobic coating using an alkoxysilane binder, fumed silica 

nanoparticles, and methyltriethoxysilane (MTES), in which MTES can act as a coupling agent between 

the nanoparticles and the binder to increase the stability of the hierarchical structures. The surface 

wettability was assessed in terms of contact angle (CA) and contact angle hysteresis (CAH) of water at 

different subfreezing temperatures. The spray-coated superhydrophobic coating with WCA of 163° 

showed appropriate adhesion to different substrates, optical transmittance of 80% in the visible-light 

region, and great non-wetting properties even after various extreme treatments, i.e., waterjet impacting, 

immersing in pollutants and acid/base solutions for 24 h, tape peeling test, and sandpaper abrasion. Self-

cleaning tests demonstrated that the superhydrophobic surface could shed various contaminants in both 

wet and dry conditions leaving a clear surface behind. Ice-adhesion strength and delay of freezing were 

studied, and it was found that this superhydrophobic coating displayed excellent durability in icephobic 

properties. The push-off ice adhesion strength of 13.3 kPa on the superhydrophobic coating after 15 

icing/de-icing cycles increased only 15% reaching to 15.4 kPa, confirming the superior icephobic 

behavior of the coating.  

3.2 Introduction  

In recent years laboratory and industrial interest in multifunctional coatings has widely 

increased. Among them, superhydrophobic coatings have shown to be promising candidates owing to 
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their outstanding non-wettability, self-cleaning, icephobic, anti-fouling, and anticorrosion properties 

[18], [25], [28]. Inspired by nature, superhydrophobic surfaces having a static WCA of more than 150° 

and a dynamic contact angle (CAH, and sliding angle, SA) of less than 10° can be achieved by a 

combination of low surface energy materials and micro-nanostructures [1,4ï6].  

Ice formation and its accumulation on structures in cold regions is a challenging issue that has 

led to several failures in power lines, telecommunication services, transportation systems, energy 

harvesting devices, off-shore structures, etc. [11], [13], [431], [432]. Common passive anti-icing 

strategies can be categorized into two main groups, liquid trapping surfaces and air-trapping surfaces 

[11,12]. The "air trapping" strategy, where the mechanism is inspired by lotus leaves and used in 

superhydrophobic surfaces, is mostly based on the rapid removal of water prior to freezing [28]. On one 

hand, this strategy functions by preventing the nucleation of ice by rapidly eliminating water droplets 

arriving on the surface. It has been shown that SHPS can potentially prevent ice nucleation on the solid 

surface by decreasing both contact time and contact area, and also increasing droplet roll-off [194], 

[435], [436]. On the other hand, the trapped air pockets on the structures of superhydrophobic coatings 

are beneficial in decreasing the contact area leading to the reduction in the adhesion of ice [437]. Besides, 

the presence of air cushions at the ice/coating interface plays a role in reducing heat transfer as well as 

providing stress locations for crack initiation during ice removal [17,18]. The "liquid trapping" strategy, 

or slippery liquid infused porous surfaces (SLIPS), is inspired by the pitcher plant and involves using an 

infused lubricant to eliminate the condensation of water in pores and to reduce ice adhesion [19,20].  

Silicone resins have been widely used in many industrial and protective coating systems owing 

to their unique chemical and physical characteristics and abundance of a wide range for material 

synthesis. Highly crosslinked networks of PDMS form very stable chemical bonds, and their low surface 

energy makes them suitable binders and precursors in several applications to develop superhydrophobic 

and icephobic materials and surface coatings [26], [442], [443]. The backbone and chemical 

functionality of the utilized silicone binder can strongly affect the performance and behavior of the 

developed coating [444], [445].  
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A hierarchical micro-nanostructure is another important factor governing the wettability of 

surfaces that are expected to maintain air pockets underneath water droplets, forming a stable non-

wetting Cassie-Baxter state [64], [446]. Silica NPs are attractive options to create micro/nano-scale 

roughness for superhydrophobic coatings and surfaces due to their low toxicity, optical transparency, 

and low environmental impacts [25], [447]. Superhydrophobic coatings could be achieved via a 

combination of silicone resins and hydrophobically modified silica NPs. The durability issues have 

always been a challenge for superhydrophobic coatings, bottlenecking the transfer of these technologies 

into real-world applications. Optical transparency is another important parameter for superhydrophobic 

coatings in many applications. Generally, transparency and superhydrophobicity are conflicting since 

higher surface roughness, which is favorable for non-wetting durability, could hinder the transparency 

of the coating by increasing light scattering [33].  

The interaction between the NPs and the matrix is crucial for the durability of the non-

fluorinated superhydrophobic coatings. If there is a weak interaction the nanostructures are removed 

easily by abrasion or erosion leading to superhydrophobic failure. The mechanical properties of the 

nanomaterials, resistance of the matrix against wearing, and adhesion of the coating to the substrate are 

other factors which should be considered in designing such coatings to enhance their life-time and 

efficiency in order to obtain a mechanically durable superhydrophobic surface [249]. A recent approach 

for elevating the robustness of a polymeric coating is to increase the possible cross-linking sites between 

the functional groups in the formulation [242].  Ming et al. [253] reported a procedure for preparing 

hierarchically roughened superhydrophobic films by using raspberry-like silica particles in an epoxy-

amine matrix. The raspberry particles were prepared by covalently bonding epoxy-functionalized 

monodisperse silica particles of about 700 nm and amine-functionalized silica particles of about 70 nm 

via the reaction of epoxy and amine groups. Then raspberry-like silica particles with an amine-

functionalized surface were chemically deposited onto the epoxy films, generating roughness with dual-

size length scales. Finally, a layer of mono epoxy-end-capped PDMS was grafted onto the particles to 

render the film surface hydrophobic, resulting in the films showing a WCA of 165° and CAH of 2°. 

Yang et al. [254] used a mixture of TEOS, 

heptadecafluoro-1,1,2,2-tetrahydrodecyl triethoxysilane, and nanosilica  in an ethanol solution to 
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formulate a bridged NPs/sol solution for spray coating, leading to a transparent superamphiphobic 

coating. The coating showed enhanced robustness against sand abrasion, heating, and water jetting. 

However, the incorporation of fluorinated agents, which are expensive and toxic, is a major drawback.  

Over several reports on fabricating superhydrophobic coatings the most widely reported 

methods are sol-gel [448], [449], chemical and electrical deposition [95], plasma etching techniques 

[450], and self-assembly [451]. On one hand, in a majority of the reports, fluorinated compounds have 

been used for creating superhydrophobic surfaces due to their ultra-low surface energy; while their 

application is a global concern because of their potential toxicity, biomagnification, and bioaccumulation 

effects [452], [453]. On the other hand, many of these traditional methods are costly and/or require 

sophisticated equipment in the laboratory and cannot be used in large-scale, low-cost, and rapid 

fabrication. This issue is still a major drawback specifically for the fabrication of transparent 

superhydrophobic coatings, in which lithographic processes or the usage of nanoscale roughened 

templates are pricy for applying superhydrophobic coatings to the large area of glass or polymeric 

surfaces. Besides, very few articles in this field focus on the industrial applications, the durability and 

robustness issues of the fabricated superhydrophobic surfaces. Among the application methods, the 

coatings which are applied using the spraying method have shown promise in the development of 

superhydrophobic coatings [176], [454] and could be one of the very best choices for industrial 

applications. Therefore, despite a growing amount of recent research, there is still a need for developing 

new facile strategies to enhance the consistency of the superhydrophobic coatings [455], [456]. 

In this work we proposed a method to create a transparent superhydrophobic/icephobic coating 

of methoxy-functional silicone resin, fumed silica NPs, and MTES that can be applied on various 

substrates such as glass and metals. Transparent superhydrophobic coatings could endow the surface 

with the superhydrophobic characteristics while not altering their optical properties, making them 

promising candidates for solar cell systems, dust-free windows, optical equipment, etc. [457]. 

Organofunctional silanes, represented as RSiX3 (in which X is substituted by methoxy or ethoxy groups) 

are used as coupling agents to increase the interface interactions between an organic filler and a polymer 

matrix [458], [459]. Here, the methyltriethoxysilane could act as a coupling agent to form a bridge 

https://www.sciencedirect.com/topics/chemistry/optical-property
https://www.sciencedirect.com/topics/physics-and-astronomy/optical-equipment
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between the nano silica particles and the methoxy-functional silicone resin, helping to increase the 

robustness of the hierarchical structures.  

3.3 Experimental Section 

3.3.1 Material s and Method 

Glass, aluminum (Al), stainless steel, and porcelain plates were washed with acetone to be used 

as the coating substrates. A methoxy functional silicone resin, SILIKOPHEN AC1000, was provided 

from Evonik Co., and tetra-n-butyl titanate was used as its catalyst. Ethanol and butyl acetate were 

utilized as the solvents. To prepare the non-fluorinated superhydrophobic mixture, MTES, Sigma, and 

HMDS-treated fumed silica, AEROSIL R812S from Evonik Co., were used to impart surface structure 

and chemical surface treatment to the coating. The two steps for preparing the superhydrophobic coating 

are represented in Figure 3-1. 

 

Figure 3-1. Schematic of the preparation steps of the superhydrophobic coating. 

The first step, to prepare mixture A, SILIKOPHEN AC 1000 was added to butyl acetate and 

stirred for 15 minutes. Tetra-n-butyl titanate catalyst was added and mixed for an extra 5 minutes. 

Mixture A was sprayed on the substrates and placed in the oven at 70°C for 10 minutes to obtain surface 

curing. After reaching the appropriate surface curing, a thin layer of mixture B was sprayed on the 

samples and cured at 70°C for 2 hours.  
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Mixture B was prepared by thoroughly dispersing 0.7 g of fumed silica in 60 ml of ethanol, 

followed by the addition of 0.5 g MTES to the mixture and ultrasonication for 15 minutes. The role of 

each step and materials are further explained in the Results and discussions (Section 3.4). 

3.3.2 Characterizations 

The optical transparency of the coating applied on a glass slide was measured by a Cary 5000 

UVïVis spectrophotometer in the visible range. 

The coating thickness was measured using DeFelsko`s PosiTector 200 and Elektrophysik 

MiniTest70 coating thickness gauges. A cross-cut test was performed by cutting a grid of 6 × 6 

orthogonal lines with 2 mm spacing.  Compressed air was gently applied to remove the chipped-off 

coating particles and the area was visually inspected. A rating was assigned to the coating according to 

ASTM D3359, ranging from 5B for an intact coating to 0B for a coating peeled off completely. It is 

worth noting that a distinction should be drawn between cohesion failure, when the failure occurs in the 

coating layer between single adsorbent particles, and adhesion failure, in which the point of failure is 

located at the interface of the substrate and coating. 

The chemical composition of the samples was assessed by Fourier Transform Infrared (FTIR) 

in Attenuated Total Reflection (ATR) mode using a Cary 630 FTIR spectrometer (Agilent, USA) in the 

range of 400-4000 cm-1.  

Scanning Electron Microscopy (SEM) was conducted to survey the surface morphology of the 

superhydrophobic coating. All samples were sputter-coated with a thin layer of gold prior to SEM 

analysis, performed by a JSM-6480 LV microscope utilized by the energy dispersive spectroscopy to 

characterize the elemental composition of the coating. Surface roughness was obtained using the Bruker 

MultiMode-8 atomic force microscope with scanning in the ScanAsyst mode using PeakForce Tapping. 

The scanned area was 1 µm ×1 µm and the average data for three scans are reported.  

Measuring the CA of a liquid droplet placed on a solid surface is used to quantify its wettability. 

To measure the WCAs, the sessile drop method was carried out using a KrussÊ DSA100 goniometer at 
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room temperature and sub-zero temperatures. For the static WCA measurements, a 4-µl distilled water 

droplet was deposited onto the sample surface and drop shape analysis software was utilized according 

to the Young-Laplace approximation method. For the evaluation of CAH, a 4-µl water droplet was 

brought into contact with the surface and held with a stationary needle. The substrate was moved slowly 

in one direction using a micrometer screw. The CAs appearing at the front and back of the droplet are 

called advancing and receding CAs, respectively, and the difference between the advancing and receding 

CAs is reported as the CAH. The measurements were repeated for five different spots on each surface 

and the average values were reported with the associated standard deviations.  

A high-speed charged-coupled device (CCD) camera at fps 5400 was used to record the contact 

process of an 10 ɛl water droplet impacted on to the superhydrophobic surface, and the contact time was 

obtained from the high speed camera. In this measurement the water droplets were released from a fixed 

height of 10 cm over the surface. 

The self-cleaning property of the superhydrophobic coating was assessed by contaminating the 

samples under both wet and dry conditions. For the wet conditions the coated substrates were completely 

immersed in a multi-contaminant suspension (20 g.l-1 dirty suspension consisting of SiO2 particles, 

carbon black, and kaolin, Al 2Si2O5(OH)4, in water) for 24 h. Then the samples were placed in the oven 

at 70°C for 30 minutes to evaporate the water and investigate the presence of pollution residues on the 

surface through precisely weighing the surface before and after being exposed to the pollution 

suspension. For the dry condition carbon black and kaolin contaminants were sieved and applied to the 

substrate. The sample was left for 30 minutes and then a 20-µl water droplet was used to wash the 

pollution layer.  

To assess the icephobic characteristic of the superhydrophobic coating two different analyses 

of centrifuge tests and push-off tests were used to measure the ice adhesion strength. The freezing delay 

time was determined using the cold chamber of the KrussÊ DSA100 goniometer where sample stage 

temperatures can reach to -30°C. First the sample was placed in the chamber, and the temperature of the 

chamber was adjusted to the designated temperature (-10, -15, and -20°C), then a 4-µl distilled water 
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droplet was deposited on the cooled surface. For the observation of different stages of freezing the video 

recording was started from the onset of placing the droplet on the surface.  

For the ice adhesion measurement using the push-off test, in a cold chamber at -10°C, a thin 

cylindrical plastic mold, 1.2 cm in diameter, was placed on the surface and filled with deionized water 

to form a cylinder of ice over 24 h. Using a remote computer-controlled interface, the force gauge 

measured the shear force until the ice was detached. Therefore, the adhesion stress can be calculated by 

knowing the maximum force and the icing area. For the ice centrifuge test, the samples (2.5 cm × 3.5 

cm) were iced covered by spraying supercooled water microdroplets to simulate the icing conditions 

under freezing drizzle in a climatic chamber at -8°C for about 35 minutes to obtain around 5.5 ± 0.5 g 

of ice. After 1 h the iced samples were transferred to a cold room equipped with a centrifugal instrument 

to measure the ice adhesion strength at -10°C ± 0.2°C, and the samples were installed at the end of a 

beam and rotated at a controlled frequency. The force applied to the ice at the breaking point was 

measured and the adhesion stress was calculated by dividing the force by the icing area. Furthermore, 

adhesion reduction factor (ARF) is defined by following equation: 

ὃὙὊ                                                                                                                             (Eq. 3-1) 

Where, † is the shear stress of ice removal on the reference (Aluminum and pristine resin) 

and †  is the shear stress of ice removal on the coating.  

Sandpaper abrasion and adhesive peeling tests are commonly used to evaluate the mechanical 

durability of superhydrophobic coatings. For the tape peeling test the adhesive tape (3M scotch tape, 

USA) was applied and pressed to the coating to confirm complete contact between the tape and coating 

surface, and then peeled off to observe the coating stability. This process was repeated for 30 cycles and 

the WCA and CAH were measured every 10 cycles. The abrasion test was conducted using an abrasion 

apparatus (Manual Clemen Unit, Elcometer 3000, USA) equipped with an adjustable loaded force. For 

each abrasion cycle the sample was dragged along #1200 sandpaper for 20 cm at an abrasion force of 

5.0 kPa. The WCA and CAH were measured after 10 and 20 cycles. 
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 As the performance of coatings against chemical solutions is of great importance, the effect of 

harsh acidic and basic conditions on the wetting properties of the coating was evaluated by immersing 

the coated samples into various pHs ranging from 2 to 14 for 24 h and measuring the WCA and CAH 

afterwards.   

3.4 Results and Discussions 

3.4.1 Contact Angle Measurements 

The pristine SILIKOPHEN AC1000 film showed a WCA of 79° ± 2.3° while the developed 

superhydrophobic coating exhibited a WCA of 163° ± 2.1°. Water droplets placed on the 

superhydrophobic coating rolled rapidly off the surface even in very low surface slopes, while the 

pristine surface was easily wetted by water and no movement of the droplet was observed up to tilted 

angles of > 30°. Comparison of CAH and SA of the pristine resin and those of the superhydrophobic 

samples (Table 3-1) demonstrated that the surface structures on the superhydrophobic surface, in 

combination with the low surface energy materials, lead to achieving a composite solid-liquid-air 

interface, resulting in a Cassie-Baxter state responsible for such superhydrophobic behavior [64].  

Table 3-1. WCA, CAH, and SA of water droplet on SILIKOPHEN AC1000 and the superhydrophobic 

coating. 

Sample     WCA (°) CAH (°) SA (°) 

SILIKOPHEN AC 1000 

             79 ± 2.0 

9.3 ± 1.5 >30 

 

Superhydrophobic Coating 

           163 ± 2.0 

2.3 ± 0.3 υ 

 

3.4.2 Physico-Mechanical Properties of Coating 

The developed superhydrophobic coating could be applied to different substrates such as glass, 

aluminum, stainless steel, and porcelain, as shown in Figure 3-2a, b, d, and Figure A-II. 1. The 
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thickness of coatings was in the range of 100-150 micrometers. For a water-repellent surface to be 

optically transparent the dimensions of the surface structures must be in a range that permits the 

transmittance of light in the visible spectrum, i.e., 400-700 nm. It has been shown that surface features 

with dimensions of less than one-quarter of the visible light wavelength are able to show this behavior 

[460]. Optical transmittance of the superhydrophobic coating was measured on glass slides. The blank 

glass slides had an approximately 90% visible light transmission, and the superhydrophobic coating 

showed 80% visible light transmission as shown in Figure 3-2c. Therefore, the surface structures of the 

developed coating are in the appropriate size range to show high optical transparency.  

A cross-cut adhesion value was assigned to the coating on steel, aluminum and glass substrates 

depending on the amount of peeled-off coating (the digital photos of the cross-cut test are available in 

Appendix II, Figure A-II. 2). The superhydrophobic coating showed good adhesion to aluminum, steel, 

glass, and porcelain plates rating as 2B, 3B, 4B and 4B (ASTM D3359), respectively. To investigate the 

flexibility of the coating and its adhesion properties while bending, a coated aluminum plate was bended 

as illustrated in Figure 3-2d, showing that the coating could maintain its non-wetting properties in the 

bended region. Figure 3-2e illustrates a water meniscus of approx. 4.8 mm formed around the coated 

aluminum, called the Moses effect. 

 

Figure 3-2. a), b) transparent SHP coating on glass; c) UV-visible spectrophotometry of the glass 

slide and SHP coating; d) Water droplets on a bended aluminum substrate showing that the coating 

could maintain its non-wetting properties in the bended region; e) Moses effect on the coated 

aluminum substrate by showing 4.8 mm water meniscus. 
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3.4.3 Non-Wettability and Cassie-Baxter Regime Study 

Formation of a stable interface in a water-repellent surface is guaranteed by the robustness of 

the Cassie-Baxter regime. The consistency of the Cassie-Baxter regime to create and maintain low CAH 

on the sample was investigated via various tests including the trapped air layer, waterjet, severe pressing 

droplet, and water droplet impact, as shown in Figure 3-3. 

 

Figure 3-3. a, b) Water-jet impact on SILIKOPHEN AC1000 and superhydrophobic coating; c) 

Demonstration of the mirror-like phenomenon on the surface of the submerged SHP coating, the 

masked area is completely wetted by water; d) Showing the wettability difference between the 

superhydrophobic parts and the masked area; e) Severe pressing of a water droplet to the surface of 

coating, initial contact, pressing, and lifting stages; f) Impact of 10 µl water droplet on the 

superhydrophobic coating, showing different stages of impact and five rebounds. 

A water jet can compromise the Cassie-Baxter regime by diminishing the air pockets entrapped 

in between the structures and by the penetration of water into the structures [461]. So, the impact of a 

waterjet on the superhydrophobic coating was used to evaluate the stability of the water repelling 

property of the surface. The waterjet adheres to the pristine coating film and accumulates on the surface 

upon reaching it (Figure 3-3a). In the case of the superhydrophobic coating, the waterjet rebounds fully 

off the surface without leaving any residual water adhering to the coating (Figure 3-3b), which shows 

the stability of the Cassie-Baxter state. In this situation the cylindrical shape of the water jet is unaltered 

upon rebounding from the surface and water accumulation on the coating is not observed. The WCA of 

the superhydrophobic coating was measured after 10 cycles of waterjet test (equal to ~50 ml of waterjet) 

and the results showed no significant change in WCA and CAH even after the repetitive tests, confirming 
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the robustness of the superhydrophobic coating against the waterjet (WCA = 162.4° and CAH = 2.8° 

after 10 cycles). 

Formation of a plastron layer is a characteristic sign which can be used to distinguish the under-

water appearance of a superhydrophobic coating from a pristine coating, confirming the non-wettability 

properties of the superhydrophobic structures. Thus, a pathway on the aluminum substrate was masked 

before spraying the superhydrophobic mixture to observe different wetting behavior of the 

superhydrophobic parts and the masked area. The submerged sample (Figure 3-3c), exhibited an 

obvious bright plastron layer similar to an optical mirror-like effect in the superhydrophobic parts, which 

is due to the total reflectance of light at the air layer trapped on the surface structures in which water 

could not penetrate, confirming the stable conformation to the Cassie-Baxter regime [462]. This 

phenomenon does not occur on the masked pathway due to the complete contact of the water with the 

surface interstices. When the aluminum slide was removed from the water, the superhydrophobic parts 

were completely dry without residual water while the non-coated parts were completely wetted by water 

(colored by blue dye in Figure 3-3d). 

The behavior of the superhydrophobic coating against applied additional forces could be 

evaluated by severe contact with a water droplet [463]. For this test, a 4-µl water droplet adhering to a 

needle was brought to the surface. After the initial contact between the droplet and the surface, the 

droplet was pushed toward the surface using the needle. The droplet was then lifted upward. Here the 

droplet detached easily and rapidly from the surface without leaving any traces of water due to its ultra-

water repellency property as shown in Figure 3-3e. 

To explore the dynamic behavior of a water droplet on the superhydrophobic coating, a water 

droplet impact test was performed as shown in Figure 3-3f. Due to the viscous dissipation triggered by 

the air pockets at the interface, and depending on the impact velocity, a water droplet usually exhibits 

either a complete rebound, a partial rebound, or splashing upon reaching a superhydrophobic surface. 

Here the droplet impacting on the superhydrophobic coating manifests the three stages of spreading, 

retraction, and complete rebound. When the droplet collides with the surface the droplet spreads until 

reaching a maximum diameter at t = 3 ms. The kinetic energy of the water droplet is altered during the 

https://www.sciencedirect.com/topics/engineering/reflectance
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spreading stage. A portion of the kinetic energy is dissipated, and the rest is converted into interfacial 

energy which is responsible for the spreading and deformation of the droplet. The extent of energy 

dissipation and wetting transition governs the rebound characteristics during the impact [464]. The low 

energy dissipation on the superhydrophobic surface led to the retraction process and transformation of 

part of the surface energy into kinetic energy. During the retraction process the droplet was reshaped 

into a vertical liquid column to reduce its interfacial energy. Afterwards, when the inertia force in the 

vertical direction exceeded the gravity and adhesion force of the droplet, the droplet rebounded from the 

surface [48,49]. The droplet was in contact with the surface for around 19 ms before bouncing off and 

the surface showed five full bounces. After almost 371 ms the droplet came to rest on the surface 

dissipating all its kinetic energy.  

3.4.4 Surface Characterization 

To study surface structures for superhydrophobicity, the morphology of the superhydrophobic coating 

was observed by SEM as illustrated in Figure 3-4a, b, and c. Also, the energy dispersive spectroscopy 

results are presented in the supplementary information, in which, the data show 57.69, 40.87 and 1.44% 

of silicone, oxygen and carbon atoms on the surface of the superhydrophobic coating. The incorporation 

of fumed silica NPs resulted in the formation of a hierarchical micro-nano structure on the surface. This 

structure favors the entrapment of air pockets and formation of a layer of air cushion underneath the 

water droplets which is responsible for the superhydrophobic behavior, i.e., high values of WCA and 

low values of CAH. When incorporating a fumed silica NPs, the nanometric size leads to a very high 

surface area and a huge increase in the surface energy, which is not favorable. Therefore, the 

agglomeration of NPs reduces the total surface energy. Whereas the resin assists the binding of the 

particles, and results in the formation of highly packed quasi-spherical shapes of multiple size ranges, a 

hierarchical structure is consequently formed. This hierarchical structure is then favorable in the two 

aspects of lowering the total surface energy and the superhydrophobic characteristics [460]. In the 

proposed procedure for the fabrication of superhydrophobic coating in this paper it is note-worthy that 

as the NPs are dispersed in the solvent phase, the size of agglomerations would be smaller, and the 

outcome would be a superhydrophobic coating with high optical transparency.  
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The surface geometry of superhydrophobic coatings has been shown to play an important role 

in the robustness of superhydrophobicity as well as the icephobicity [467]. Atomic force microscopic 

(AFM) analysis was also used for quantitatively measuring the dimensional surface roughness and 

visualizing the surface texture of the superhydrophobic coating and the pristine silicone resin (Figure 

3-4 d, e). The surface roughness parameters are also presented in Figure 3-4 f. The arithmetic average 

roughness is the absolute average relative to the base length, i.e., the average roughness between peaks 

and valleys, while the root mean square (RMS) roughness shows the standard deviation of the 

distribution of surface roughness height. Pristine silicone resin had a relatively smooth surface with the 

RMS (Sq) and arithmetic average roughness (Sa) values of 4.373 and 3.645 nm, respectively. After the 

incorporation of fumed silica NPs and formation of the superhydrophobic structure, the Sq and Sa values 

increased to 57.05 and 46.67 nm, respectively. When the roughness dimensions are smaller than ¼ of 

the light wavelength, the coating becomes transparent by reducing the intensity of refraction at the 

interface of air and coating. Here the roughness patterns of below 100 nm can effectively lower the 

intensity of Mie scattering and concurrently maintain non-wettable characteristics [51,52].   

Skewness (Ssk) is a scale of the features distribution relative to the mean, where Ssk > 1 indicates 

a surface dominated by peaks and Ssk < 0 indicates a surface with pits or valleys. The Ssk = -0.117 for 

the superhydrophobic coating showing slight domination of valleys across the scanned area. The ratio 

of the actual area to the projected area shows an almost 37% increase in the surface roughness for 

superhydrophobic coating.  
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Figure 3-4. SEM images of the superhydrophobic coating at magnifications: a)100X; b)5kX; c)10kX; 

d) AFM image of SILIKOPHEN AC1000; e) AFM image of the superhydrophobic coating film; f) 

Average surface roughness parameters for the AFM images. 

3.4.5 Chemistry of the Superhydrophobic Coating 

As explained in the experimental procedure, when the first layer (the SILIKOPHEN AC 1000) 

reached some extent of a surface curing, the mixture of NPs, MTES, and ethanol were sprayed as the 

top layer. The solvent helped the NPs embed and fix on the matrix surface, aiding the reduction of total 

nanoparticle weight ratio in the coating, resulting in a superhydrophobic coating with a high optical 

transparency of 80%. MTES could participate in the coating formulation through two possible reactions. 

On one hand, it could be hydrolyzed in the presence of humidity and participate in the condensation 

reaction with the hydrolyzed methoxy functional silicone resin, as well as the present OH groups on the 

surface of silica NPs acting as the coupling agent between the particles and the matrix, leading to 

enhancement of the robustness and durability of the nano-silica inside the coating. On the other hand, 

MTES, which is highly hydrophobic, can be condensed with the hydrolyzed resin and increase the 
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hydrophobic characteristic of the coating. Possible hydrolysis and condensation steps of the coating 

moieties are presented in Figure 3-5 a, b, and c.  

 

Figure 3-5. Possible a) hydrolysis and b) condensation reactions; c) MTES acts as the coupling agent 

between silica NPs and SILIKOPHEN AC1000 that is responsible for robustness of NPs in the 

coating; d) FTIR spectroscopy of the superhydrophobic coating and surface-cures SILIKOPHEN 

AC1000. 

The FTIR spectroscopy (Figure 3-5 d) was used to investigate the chemical composition of the 

superhydrophobic coating and the surface cured SILIKOPHEN AC1000. The methoxy-functional 

SILIKOPHEN AC1000 cures in the presence of tetra butyl orthotitanate catalyst through a twostep 

(hydrolysis and condensation) reaction. The peaks at the high wavenumber range of 3500 cm-1 in the 

pristine film are attributed to the presence of Si-OH groups due to the hydrolysis step. Obviously, these 

peaks are not observed in the superhydrophobic coating which shows the completion of the reaction and 

elimination of the hydrophilic groups on the surface. The other peaks at around 1260 cm-1, 1020-1070 

cm-1, and 780-790 cm-1 are related to the CH3 deformation in Si-CH3, stretching of Si-O-Si and 

asymmetric Si-O-C vibrations, and CH3 rocking and Si-C stretching in Si-CH3, respectively. Also, the 

peaks at around 2950 cm-1 are attributed to the asymmetric CH3 stretching in Si-CH3.  
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3.4.6 Self-cleaning Behavior 

Self-cleaning surfaces are inspired by the lotus plant, the symbol of purity in some ancient 

religions, in which the water droplets can slide and roll over the surface and pick up dirt particles on 

their way down [183], [469], [470]. To better represent the outdoor pollution conditions we can consider 

two dry and wet pollution scenarios in which the behavior of the coating is evaluated against both solid 

contamination and a suspension of pollutants. 

Here, as explained, the coated substrates were completely immersed in a multi-contaminant 

suspension (20 g.l-1 dirty suspension consisting of SiO2 particles, carbon black, and kaolin in water). 

Then the samples were placed in the oven at 70°C for 30 minutes to evaporate the water and investigate 

the presence of pollutant residues on the surface through precisely weighing the surface before and after 

being exposed to the pollutant suspension. Following this method, the contamination on the surface of 

the pristine sample is illustrated in Figure 3-6 a1, whereas the superhydrophobic surface remained clean 

and showed no evidence of accumulation or residues of contamination (Figure 3-6 a2). Weighing the 

samples after washing, the pristine sample showed Ўά πȢρω Ὣ while for the superhydrophobic coating 

the weight of the sample remained unaltered up to the third decimal digit. 

The self-cleaning behavior of the superhydrophobic coating was also evaluated using carbon 

black particles which were sprinkled on the surface and removed by water droplets. As shown in Figure 

3-6 b1, b2 on the superhydrophobic coating, the water droplets removed the contamination on the way 

down and the surface was cleaned. However, on the pristine surface, the water droplets were stuck to 

the contaminated surface. This phenomenon is due to the greater adhesion of the water droplet to 

contaminants compared to the adhesion of water to the superhydrophobic surface when rolling and the 

lower adhesion of water to the contaminant in case of the pristine surface as shown in the schematic 

images. Figure 3-6 c also represents the water droplet which has collected the sprinkled carbon black 

particles on its way. 
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Figure 3-6. Self-cleaning evaluation of the developed coating in wet and dry pollution scenarios. Wet 

scenario: submerged a1) SILIKOPHEN AC1000 a2) superhydrophobic coating in multi-contaminant 

suspension. Dry scenario: sprinkled carbon black particles on b1) SILIKOPHEN AC1000 and b2) 

superhydrophobic coating, and the schematic representation of the movement of water droplets on 

polluted surfaces; c) attached water droplet collecting pollutants on its way on the superhydrophobic 

coating. 

3.4.7 Durability Assessment 

The broad-ranging application of superhydrophobic coatings has always been restricted by their 

poor mechanical durability. To assess the durability of the superhydrophobic coating, the WCA and 

CAH measurements are represented after each 10 cycles of sandpaper abrasion and tape peeling in 

Figure 3-7 a, c following the SEM images of the coatings after the tests ( The effect of presence of 

MTES on the mechanical durability of the coating is represented in Figure A-II. 5, Appendix II).  

After 30 cycles of tape peeling the coating still showed appropriate superhydrophobic behavior 

and good water roll-off with WCA of 157.8̄  and CAH of 7̄. Also, after 20 cycles of sandpaper abrasion, 

the coating was still superhydrophobic, however its WCA and CAH reached 152.6̄ and 9.5̄, 

respectively. Albeit, in the SEM images, the coating structures are compromised in some parts after the 

mechanical testing (shown by yellow dash-lines), the superhydrophobic coating still possesses 

appropriate mechanical durability by retaining its non-wetting properties after repetitive cycles.  
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Figure 3-7. Durability assessment of the superhydrophobic coating. WCA and CAH measurements 

after a) 10 and 20 cycles of abrasion; b) 10, 20, and 30 cycles of tape-peeling; c) immersion in pH 

ranges of 2 to 14 for 24 h; d) abrasion apparatus and SEM image after 20 cycles of abrasion; e) tape 

peeling tests and SEM image after 30 cycles; f) SEM images after acid and base treatments. 

To investigate the chemical durability of the superhydrophobic coating, the coating was 

immersed in different pH solutions of 2, 4, 10, 12, and 14 for 24 hours, and the WCA and CAH were 

measured. In pH = 2, The WCA of the coating decreased and reached to 153.8° and CAH increased to 

the value of 8.2° while at pH = 14, WCA and CAH were 157.9° and 4.8°, respectively, indicating that 

pH values of the aqueous solution have little effect on the non-wettability of the as-prepared coating. 

Therefore, such a surface is superhydrophobic for not only pure water but also corrosive liquids and can 

be used in all pH environments (The transparency of the coating after immersion in corrosive solutions 

is illustrated in Figure A-II. 4, Appendix II) 

3.4.8 Icephobicity 

The ice adhesion strength measurements are reported on aluminum, pristine SILIKOPHEN 

AC1000, and the superhydrophobic coating in Figure 3-8 a. The ice adhesion strengths of 13.3 and 126 

kPa were obtained for push-off and centrifuge tests on the superhydrophobic coating, equaling to ARF 

of 4.89 and 3.88 based on the pristine silicone resin.  

The icephobic durability of the superhydrophobic coating was also investigated through 15 

icing/de-icing cycles of ice push-off tests (Figure 3-8 b). Showing ice adhesion strength of lower than 
























































































































































































