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Résumé 

La surface poreuse glissante infusée de liquide (SPGIL), inspiré de la plante 

sarracénie, suscite un intérêt croissant dans de nombreuses applications, notamment 

pour les dangers associés à la formation de la glace. Outre la démonstration de leur 

potentiel hydrophobe, ces surfaces possèdent une faible hystérésis d'angle de contact 

inférieure à 2.5° et un faible angle d'inclinaison inférieur à 5°. Toutefois, les (SPGIL), 

sont confrontées à des défis liés au lessivage de l'huile qui réduit leur durée de vie. Ici, 

deux approches distinctes, notamment la micro-texturation et l'utilisation d'absorbants 

d'huile, sont présentées dans l’optique de produire efficacement des surfaces glissantes 

pour améliorer la durabilité de ces matériaux imprégnés de lubrifiant.  

Dans la première approche, la méthode de réplication a été employée pour 

produire des surfaces texturées imprégnées de liquide (STIL) par le biais de la 

technique de gravure chimique. Des analyses, comme la déplétion/récupération du 

lubrifiant, ont confirmé que la présence de micro-textures couplée à la viscosité du 

lubrifiant peuvent jouer un rôle significatif dans la régulation du taux de migration de 

l'huile. De plus, la combinaison de la micro-texturation et de la glissance dans les STIL 

peut améliorer de manière considérable les performances glaciophobes. En effet, une 

telle surface a démontré une contrainte d'adhérence de la glace inférieure à 20 kPa, ce 

qui représente quatre ordres de grandeur de moins que celle de la surface d'origine non 

traitée dépourvue de micro-textures. En plus, leur glaciophobicité a été montrée plus 

stable au fil du temps comparée à la surface d'origine dépourvue de micro-textures. 

Pour la deuxième stratégie, des porteurs chargés de lubrifiant ont été utilisés 

pour empêcher la consommation rapide d'huile, prolongeant ainsi la durée de vie des 

revêtements préparés. En conséquence, une pression négative a été appliquée pour 

favoriser l'incorporation du lubrifiant dans les pores des porteurs et augmenter ainsi sa 

capacité de charge. Afin, d’évaluer quantitativement l'infusion de lubrifiant, une 

analyse thermogravimétrique (TGA) et la méthode BET (Brunauer, Emmett et Teller) 

ont été utilisées. Habituellement, un taux élevé de lubrifiant (avoisinant 50 % m/m) est 

couramment utilisé pour améliorer les performances glaciophobes. Cependant, la 

présence d'une quantité excessive de lubrifiant dans la matrice peut entraîner une 

diminution des caractéristiques mécaniques des surfaces préparées.  

La combinaison de différents mécanismes anti-givres, comme la localisation de 

contrainte, la glissance et la formation de molécules non gelées, peut être bénéfique 

pour l’obtention des propriétés glaciophobes désirables à partir de faibles 

concentrations de lubrifiant. Ces mécanismes ont été obtenus en utilisant une matrice 

faite d’un mélange de résines, un lubrifiant infusé et un lubrifiant hydroxyl-terminé. 

Le revêtement glissant résultant a été développé en imprégnant des supports 

chargés de lubrifiant hydroxyle-terminé dans un mélange de résines 

polydiméthylsiloxane (PDMS) et d'alkoxy-siloxane. Le revêtement préparé a montré 

des capacités d’anti-givrage et de dégivrage intéressantes, ainsi qu'une bonne résistance 

à l'exposition aux UVs et à l'humidité. Les caractéristiques glaciophobes du revêtement 

peuvent être attribuées à sa glissance et à la formation de molécules non gelées. Les 

propriétés électriques du revêtement ont été évaluées à l'aide d'un ensemble complet de 
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méthodes, notamment la spectroscopie diélectrique, les tests de contournement, de 

condensation et de plan incliné. En comparaison avec l'échantillon de référence, le 

revêtement contenant des porteurs chargés de lubrifiant a montré une permittivité 

diélectrique et un facteur de perte plus faibles. De plus, une réduction du courant de 

fuite, dans le cas d'humidité élevée, a été observée avec le revêtement développé. Ce 

dernier a également montré une augmentation de la tension d'éclatement dans 

différentes conditions. En somme, les résultats ont confirmé que la solution de 

revêtement développée contenant des supports chargés de lubrifiant pourrait être 

considérée comme un candidat potentiel pour une application glaciophobe sur des 

isolateurs à haute tension. 

 

Mots-clés: Surfaces glissantes, Plante carnivore Sarracénie, surfaces biomimétiques, 

revêtements glaciophobe, Glaciophobicité, surfaces à liquides infusés, surfaces 

micro/nanostructurées, élastomères de silicone, revêtements infusés de lubrifiant, 

aérogel de silice, température de nucléation de la glace, temps de congélation, 

adhérence de la glace, accumulation de glace, absorbant de lubrifiant, absorbants 

d'huile, isolateur haute tension, fuite. 



 

 

Abstract 

Slippery liquid-infused porous surface (SLIPS) based on Nepenthes pitcher 

plant has attracted increasing interest in many applications, particularly for mitigating 

icing hazard. Aside from exhibiting a water repellency, such surfaces have low contact 

angle hysteresis of <2.5° and low tilt angle of <5°. Nonetheless, SLIPS still suffer from 

challenges related to the oil depletion that reduces their service life. Herein, two 

different approaches, namely, microtexturing and the use of oil absorbent, are 

presented to effectively produce the slippery surfaces for the enhanced durability of 

engineered lubricant-infused materials.  

In the first approach, the replication method was employed to produce liquid-

infused textured surfaces (LITS) through the chemical etching technique. Analysis 

such as lubricant depletion/recovery, confirmed that the presence of microtextures and 

lubricant viscosity can have significant roles in controlling the oil migration rate. 

Furthermore, merging microtexturing and slipperiness in LITS can enhance the 

icephobic performance. Such surface demonstrated an ice adhesion strength of less 

than 20 kPa, which is four orders of magnitude lower than the pristine surface. 

Furthermore, LITS can offer more long-lasting icephobic properties compared with 

pristine surface lacking microtextures.  

For the second strategy, the lubricant-loaded carriers were used to prohibit the 

rapid oil consumption, thus prolonging the life service of the prepared coatings. 

Accordingly, the negative pressure was applied to promote the incorporation of the 

lubricant within carrier pores and increase the carrier loading capacity. For this 

purpose, the thermogravimetric analysis (TGA), and the BET (Brunauer, Emmett and 

Teller) method have been used to evaluate the lubricant infusion quantitively. High oil 

content (around 50 wt. %) has been commonly used to enhance icephobic performance, 

but the presence of excessive amount of lubricant within the matrix can result in 

decreased mechanical characteristics of the prepared surfaces. The combination of 

different anti-icing mechanisms, such as stress localization, slipperiness, and the 

formation of nonfrozen molecules can be helpful to obtain desirable icephobic 

properties at low oil contents. These mechanisms were achieved using blended matrix, 

infused lubricant, and hydroxyl-terminated lubricant.  

The slippery coating was developed by impregnating hydroxyl-terminated-

lubricant-loaded carriers into a blend of polydimethylsiloxane (PDMS) and alkoxy-

siloxane resin. The prepared coating showed desirable anti-icing and de-icing 

properties and long-lasting stability against UV exposure and humidity. The icephobic 

characteristics of the coating can be attributed from its slipperiness and formation of 

unfrozen molecules. The electrical properties of the coating were evaluated using a 

comprehensive set of methods, including dielectric spectroscopy, flashover, 

condensation, and inclined plane tests. In comparison with the reference sample, the 

coating containing lubricant-loaded carriers exhibited lower dielectric permittivity and 

loss factor. Moreover, the coating reduced the leakage current under high humidity. 

The lubricant-loaded-carrier-containing coating also heightened the flashover voltage 

in different conditions. The results confirmed that the coating containing lubricant-

loaded carriers could be considered as a potential candidate for applying on high-

voltage insulators.  
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J Ice nucleation rate 

KB Boltzmann constant 
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R  surface roughness 
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Sow oil–water spreading parameter 
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T Absolute temperature 
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V Droplet velocity 

v  Water droplet sliding speed 

W Droplet weight 

α Angle corresponding inclination 

α Tilt angle 

η Viscosity 



xviii 

 

μ  Viscosity of the infused liquid 

𝜽 Contact angle 

 

 

 



 

 

Dedication 

 

 

To the loving memory of my father, 

 

to my mother, Zahra Yadegar, for her unwavering love, sacrifice, and resilience, who has 

shaped my world and lighten my path with her love, 

 

and 

 

to my loving husband, Mohammadreza Shamshiri, my constant source of encouragement 

and inspiration. Without his support and love, this achievement would not have been 

possible.



 

 

Acknowledgements 

 

I would like to express my gratitude to my research supervisor, Prof. Gelareh Momen, 

for her exceptional encouragement, kindness, and mentorship throughout my doctoral journey. 

I extend my sincere appreciation to my co-supervisor, Prof. Reza Jafari for his support, 

insightful feedback, and continuous involvement in my project, even during the most 

challenging times. 

I am deeply grateful to the members of my committee, Prof. Issouf Fofana, Prof. Ali 

Nazemi, and Prof. Eric Villenueve for their invaluable guidance and insightful comments. 

I would like to express my appreciation to Ms. Helene Gauthier, Chercheuse 

Métallurgie et génie des Matériaux, IREQ, Hydro Québec, for her feedbacks and support 

during this academy-industry collaboration. 

I would like to warmly thank Prof. Stephan Brettschneider, professor of electrical 

engineering department at the Université du Québec à Chicoutimi, and M. Fredric Munger, 

graduate student at the Université du Québec à Chicoutimi, for their collaborations, and 

involvement in performing the electrical analyses. 

I would also like to extend my thanks to all the professionals and technicians for their 

assistance in this project, especially  Ms. Caroline Blackburn, Ms. Nathalie Gagné, and Ms. 

Shan Yang at the Anti-icing Materials International Laboratory (AMIL), UQAC, Mr. Luc 

Chatigny, technician of Laboratoire Revêtements glaciophobes et ingénierie des surfaces 

(LARGIS), Ms. Caroline Potvin, the laboratory assistant of the chemistry department and Ms. 

Kouba Marie Lucia Yapi for the dielectric spectroscopy analyses. 

I would like to express my sincere appreciation to Hydro-Québec, Québec, Canada, 

Natural Sciences and Engineering Research Council of Canada (NSERC), and le Pôle 

Recherche Innovation en Matériaux avancés du Québec (PRIMA Québec), Canada, for 

providing the financial support that made my research possible. 

Last but not least, I would like to sincerely thank my family and friends in LARGIS 

especially Anahita Allahdini, Saba Goharshenas, Elham Vazirinasab, Khosrow Maghsoudi, 

Helya Khademsameni and Mohammadsadegh Koochaki that their presence has been a constant 

source of support making this academic journey all the more meaningful and memorable. 



 

 

Introduction 

Problem definition 

Insulators are among the most essential components in the power transition 

system, which have been used for mechanical support and making the distance between 

high-voltage line conductors. Ice accretion over the surface of insulators in cold-

climate regions can affect their mechanical and electrical performance. As the high-

voltage insulators are exposed to ice accumulation in countries such as Canada, severe 

damages such as deformation, flashovers, and power outage can be expected, resulting 

in the loss of millions of dollars. The presence of ice and contaminants over the 

insulator surface creates a highly conductive film that promotes leakage of current and 

facilitates the short circuit. Such phenomena can lead to arc formation on insulators 

and cause flashover in some conditions [1,2]. The deformation and collapse of 

structures are expected caused by increase on weight, resulting from the ice 

accumulation over the surface of insulators. These problems come with enormous costs 

and loss of energy. On the December 2013, an extreme winter storm in Canada, left 

over a million people without power for days and the cost of loses due to ice storm was 

estimated around 200 million dollars [3]. Thus, many research works have focused on 

protecting the insulator surface against icing and preventing such damages in transition 

lines [4,5].  

High-voltage outdoor insulators are generally fabricated from glass, porcelain, 

and composite polymer materials such as silicone rubbers. Since the 1900s, ceramic 

insulators based on porcelain and glass have shown acceptable performance in the 

transition line industry. Despite their high mechanical strength and suitable 
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environmental aging resistance, a conductive water layer over insulators can cause 

problems such as flashover because of their hydrophilic characteristic [6]. The 

formation of a conductive layer over the insulator surface can increase the leakage 

current and thus create dry regions on the surface, leading to dry band arcing and 

electrical discharge. Therefore, under heavy icing conditions, they cannot be 

completely effective, and anti-icing strategies such as active and passive methods can 

be used to improve their efficiency [4,7]. In active de-icing methods, ice can be 

mechanically and/or thermally removed using an external source of energy, while 

passive icephobic strategies such as the application of coatings do not need any external 

source. The latter methods can be  intrinsically water repellence and are more 

economical than active de-icing approaches [8–11]. 

In recent years, the application of hydrophobic RTV (room temperature 

vulcanizing) silicon materials on porcelain and glass insulators has been suggested to 

gain water repellency properties [12,13]. These silicone-based materials are well-

known for their unique properties, such as high electrical insulation, thermal stability, 

and weathering resistance. However, their water contact angle is approximately 110°, 

and such a low hydrophobicity level can not effectively have water repellency and 

prevent ice formation over the substrate. Besides, other factors such as high humidity 

and harsh weather climates can reduce their hydrophobicity [14,15]. Therefore, the 

use of RTV materials to prevent insulators from icing flashover is not completely 

efficient. The superhydrophobic surfaces inspired from nature can offer water 

repellency characteristics and desirable ability for the reduction of sever ice 

accumulation [10,16]. Therefore, the idea of employing such coatings has been 
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proposed to decrease ice buildup over insulators and optimize their efficiency [17–

19]. Despite the many efforts on the fabrication of superhydrophobic surfaces, some 

drawbacks are encountered, including mechanical durability and abrasion, which limit 

their applications for high-voltage insulators [20,21]. Under harsh cold weather 

conditions, the porous structure of superhydrophobic surfaces can be filled with 

condensed water. This loss promotes the mechanical interlocking between ice and the 

surface, thus increasing ice adhesion markedly [22,23]. This challenge can be overcom 

by developing a strategy that can prohibit the humidity condensation within surface 

asperities.  

 This PhD thesis proposes the slippery liquid infused texture surfaces (SLIPS) 

as a state-of-the-art generation of icephobic coatings that significantly diminish such 

drawbacks. The most vital difference between superhydrophobic surfaces and SLIPS 

is the type of substance stuffed in their structures. In slippery surface, liquid substance 

is trapped in the pores instead of air, and this phenomenon can be used to avoid some 

limitations of superhydrophobic surfaces. These nature-inspired liquid-infused 

surfaces (LIS) are characterized by high water repellency, low contact angle 

hysteresis, and low sliding angle. Therefore, they can show a high potential in 

application for high-voltage insulators, such as anti-icing coatings. Notably, this 

research work is defined as an academic-industry collaboration to propose the 

icephobic coatings for applying on high-voltage porcelain insulators by Hydro Québec 

Company. 
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Overview 

In the past decades, many studies have introduced different types of anti-

wetting surfaces with desirable properties. Superhydrophobic and lubricant infused 

slippery surfaces are among the well-known non-wettable surfaces that are inspired 

from the nature [24–28]. Based on the extraordinary properties of superhydrophobic 

surfaces, they have been used as icephobic surfaces. However, they suffer from some 

downsides, such as water condensation and high ice adhesion in humid environments. 

These challenges attached to superhydrophobic surfaces can be addressed by 

developing icephobic coatings based on the slippery characteristics of pitcher plant 

[29,30]. 

The smoothness and homogeneity of SLIPS exhibited low contact angle 

hysteresis and sliding angle; therefore, they can repel various liquid and solid 

substances, such as crude oil, blood, and ice [31–34]. Therefore, SLIPS can be used to 

develop durable icephobic surfaces. Generally, a lubricant and porous structure are 

essential for slippery surfaces. The presence of lubricant over the surface can diminish 

the frost condensation in pores and reduce interaction between ice and surface, thus 

decreasing ice adhesion [35–38].  

 Although liquid infused slippery surfaces can be used extensively as icephobic 

coatings, the vital challenge of lubricant depletion through gravity and shear stress 

restricts their large- scale  applications [39,40]. Accordingly, several efforts have been 

done to enhance the slippery coating durability. Lubricant-infused polymeric systems 

can maintain the lubricant within their chain networks and replenish the uppermost oil 

layer when lubricant depletion occurs. In this type of slippery surfaces, the lubricant 

infused into the polymeric bulk can diffuse into the surface with the help of 
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concentration gradient and capillary pressure [41–46]. Micro texturing can also trap 

the lubricant over the surface. Liquid infused textured surfaces exhibit enhanced anti-

icing properties, and their texture has a critical role in preserving the lubricant over the 

surface [47–49].  

In the present project, the combination of lubricant infusion in polymeric matrix 

and creating texture over the surface has been employed to minimize the rate of 

lubricant depletion and enhance coating durability. Texture was applied over the oil 

infused polymeric surface by using a replication approach. For this purpose, a metal 

substrate was chemically etched, and then the texture was transferred from the prepared 

insert into polymeric surfaces.  

Oil-absorbent materials can be used to obtain a coating with optimized stability 

that can be used for a wide range of applications, particularly high-voltage insulator. 

Absorbent materials such as zeolite, polymers, and nano-porous materials are widely 

used in different applications [50]. Therefore, the main concept of this thesis in the 

second step is the use of porous materials as the lubricant-absorbent and incorporating 

them in a polymeric matrix. The presence of these absorbents can significantly control 

the migration rate of lubricant toward the uppermost surface. Finally, the effects of 

lubricant carriers on the icephobic characteristics of the coatings were comprehensively 

evaluated. The fabricated coatings should meet the required criteria for application on 

high-voltage insulators. Hence, the electrical performance of coatings was also 

investigated precisely. 
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Objectives 

This project mainly aimed to develop slippery oil-infused polymeric systems 

by applying different strategies to obtain durable icephobic coatings for high voltage 

insulators. The subcategorized objectives are as follows: 

▪ Design of a specific methodology for the development of a durable slippery surface 

based on micro-texturing. 

▪ Selection of the lubricant and polymeric matrix with desirable icephobic 

characteristics. 

▪ Investigation of the effect of the structural modification on the rate of lubricant 

depletion and icephobic characteristics of the prepared surfaces. 

▪ Evaluation and optimization of the lubricant parameters, such as viscosity and 

percentage on the icephobicity and durability of surfaces. 

▪ Development of slippery coating with high lubricant retention ability by using 

lubricant-loaded carriers. 

▪ Selection of suitable oil absorbent materials compatible with lubricants and 

polymeric matrix.  

▪ Selection of different types of lubricant with hydrophobic and hydrophilic 

functionality compatible with polymeric matrix. 

▪ Evaluation of the effect of lubricant-loaded carrier content on the icephobic 

properties and durability of the fabricated slippery coatings. 

▪ Evaluation of the electrical behaviors of the formulated coatings by carrying out a 

comprehensive set of electrical analyses. 
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Originality Statement 

This project proposes the fabrication of slippery liquid infused polymeric 

coatings as a specific type of icephobic coatings that have been inspired from a pitcher 

plant. For this purpose, coatings with different compositions and properties will be 

fabricated and applied to solve icing concerns on high-voltage insulators.  

Generally, the present study aims to enhance the lubricant retention and 

durability by either surface micro texturing or using lubricant absorber materials. As 

the first strategy, it was aimed to combine the textured micromorphology and 

slipperiness of a lubricant-infused silicone elastomer via replication. Therefore, this 

study focuses on lubricant infusion in the polymeric matrix. Furthermore, the effect of 

micro texturing on the lubricant depletion and long-term durability were investigated.  

The presence of porosity over SLIPS can play a critical role for lubricant 

preservation over the surface. Various methods have been used for the production of 

textured surfaces, such as lithography, laser, spray coating, and plasma [51–54]. 

However, the method suffers from some drawbacks that are related to the 

abovementioned fabrication methods, such as high time consumption, complicated 

procedure, environmental issues, and expensive infrastructures. In present study, 

textured insert was used for the transformation of microtextures from Al template to 

polymeric surfaces. For the creation of texture, the chemical etching method via one-

step procedure was used. The significance of the strategy is that the use of textured 

insert is relatively simple and applicable in a wide range of materials, such as rubbers, 

resins, and thermoplastics polymers with low production time and cost. Unlike other 
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methods, such textured inserts also benefit from repeatability and reproducibility for 

the production of micro textures over polymeric surfaces.  

The use of texturing along with lubricant infusion into the bulk to enhance the 

durability of SLIPS is a novel idea. Moreover, only a few research have focused on 

these fields, particularly in its application on insulators. Furthermore, the available 

studies are mostly in their initial stages, and they still need to be well developed to 

apply in real conditions. 

 In the second phase of the project, lubricant-loaded carrier materials were used 

to improve the lubricant retention and durability of the surfaces. This strategy involved 

two separated steps, namely, the preparation of the lubricant-loaded carriers and 

fabrication of the coatings. A process that involves negative pressure was used to 

enhance the infusion of the lubricant into the pores of absorbents to lengthen the service 

life of the coating. To the best of our knowledge, the stabilization of the lubricant in 

absorbent structure has not been studied. 

A slippery coating can be fabricated by changing either the lubricant or matrix. 

Most studies in both procedures are not well-developed, and they still need further 

investigation. Both the matrix and the lubricant were modified to obtain more desirable 

characteristics for this application. Based on the formulation design, the novelties of 

this research are more related to the combination of three different anti-icing strategies, 

namely, stress-localization, formation of non-frozen water molecules, and slippage. 

This set-up can minimize some drawbacks of slippery coatings, such as oil depletion 

and the influence of excessive oil content on mechanical properties.  
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The fabrication method of slippery surface is versatile, and balancing the trade-

off between low ice adhesion and coating durability has been introduced as their main 

challenge [55]. The formulation of the coatings was changed in terms of matrix 

combination and lubricant type to achieve an optimized icephobicity, mechanical 

properties, and durability. 

Finally, a comprehensive set of tests was used to characterize the icephobic and 

electrical properties of the fabricated coating. In most previous works in the field of 

slippery coatings, the samples were characterized using only two or rarely three 

icephobic methods. However, in the present research, the icephobic characteristics of 

the prepared coatings were evaluated from different aspects. Furthermore, considering 

the final application of the coatings for high-voltage insulator, the samples were 

characterized using various methods, such as flash over voltage, leakage current, and 

erosion resistance via the special-designed equipment in our group. The use of this 

coating system in the high-voltage insulation industry is a new field of technology.  

Methodology 

The main objective of this study is to fabricate the slippery oil-infused 

polymeric coatings having durable icephobic characteristics for use in the high-voltage 

insulator applications. For this purpose, surfaces and coatings were developed in terms 

of the main matrix and lubricant characteristics. The overall procedure can be 

categorized into three phases. 

In the first phase, the slippery surfaces were developed by merging surface 

morphology and slipperiness through infusing silicone oil in a micro-textured silicone 
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elastomer. To achieve this, the textured templates were first, fabricated using the 

chemical etching method, followed by applying anti-stiction coating on prepared 

templates. Then, the microtextures were transferred to the oil-infused silicone 

elastomer via the replication method. Afterward, the effects of viscosity (50 and 500 

cSt) and lubricant contents (10, 20, 30, 40, and 50 wt.% of the silicone oil) on the 

morphology and icephobic properties of the fabricated surfaces were investigated. 

Wettability and morphology of the fabricated samples were evaluated using a 

goniometer, and scanning electron microscopy (SEM), respectively. Moreover, the 

localized surface elasticity maps of the surfaces were obtained by the atomic force 

microscopy (AFM). Furthermore, the icephobic performance of the samples was 

assessed through differential scanning calorimetry (DSC), push-off tests, and freezing 

delay time measurements. 

The second phase of this study involved improving the lubricant retention 

capability by incorporating oil-absorbent materials within the polymeric blend. 

Therefore, two different lubricants namely silicone oil and hydroxyl-terminated 

silicone oil were separately loaded within hydrophobic silica aerogel as a lubricant 

carrier by applying negative pressure via a three-step procedure. The lubricant-carrier 

powders were then added into a PDMS- alkoxysiloxane blend at various percentages. 

It is noteworthy that the blend ratio was studied to obtain the optimized mechanical 

properties. The loading capacity of the lubricant-loaded carriers was evaluated by 

scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and BET 

(Brunauer, Emmett and Teller) method. Furthermore, a comprehensive series of 

methods was conducted to assess both anti-icing and de-icing properties of the 
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fabricated coatings. The amount of ice accumulated on the surfaces was measured by 

the static accumulation test (SAT), and the effect of their ice adhesion strengths on ice 

accumulated ice was studied using two different methods, namely the push-off and 

centrifuge adhesion tests. The durability of the coatings over repeated icing/de-icing 

event was assessed via the push-off adhesion test.  

Based on the previous phase, the coatings containing hydroxyl-terminated-

silicone-oil carriers were identified as potential candidates to evaluate their electrical 

properties. In the last phase, a comprehensive set of electrical tests was carried out to 

find the optimal candidate among them for application on high voltage insulators. The 

permittivity and loss factor of the fabricated samples were measured via the dielectric 

spectral analysis. Moreover, the maximum tolerance of the coatings under applying 

high-voltage stress was assessed using the flashover test in different conditions, 

including clean/dry, polluted/dry, and polluted/wet states.  The flashover voltage of the 

samples was also investigated at −10 °C, −5 °C, and 0 °C. Additionally, the electrical 

performance of the coatings was studied under controlled humidity conditions via the 

condensation test. Finally, the inclined plane test (IPT) was conducted to determine the 

resistance of fabricated coatings against tracking and erosion under electrical voltage. 

It is worth mentioning that the behavior of the coatings was also assessed under 

weathering conditions, including harsh condensation cycles and UV exposure using 

QUV, which simulated exposing to outdoor circumstances. 

Outline 

The outline section provides a brief overview of the six chapters composing this 

thesis. First, a literature review is presented for the readers to provide some general 
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ideas about the slippery LIS. The fundamental wettability processes of the LIS are thus 

provided. Furthermore, the different fabrication methods of such surfaces are 

presented, and the icephobic characteristics of the prepared surfaces are listed. The 

durability of the slippery LIS, as one of the main challenges, is widely addressed, and 

various strategies to tackle this issue are provided. Notably, a major part of this chapter 

is related to our review article entitled “Recent progress in the anti-icing performance 

of slippery liquid-infused surfaces” published in the journal of Progress In Organic 

Coatings [35]. The three following chapters correspond to each written article of this 

Ph.D. research work. 

In chapter 2, the fabrication of the liquid-infused textured surfaces (LITS) by 

using a replication method is presented. By merging microtexturing and slipperiness, 

the development of an icephobic surface with enhanced durability was aimed. The 

wettability, morphology, and localized surface elasticity maps of the prepared surface 

were studied in terms of lubricant viscosity and content via goniometry, scanning 

electron microscopy (SEM), and atomic force microscopy (AFM), respectively. 

Furthermore, various icephobic characteristics of the surfaces, including the ice 

nucleation temperature, complete freezing time, and ice adhesion were evaluated. The 

obtained results are presented in the journal article of “Fabrication of Liquid-Infused 

Textured Surfaces (LITS): The Effect of Surface Textures on Anti-Icing Properties and 

Durability” published in Journal of Materials Today Communications [56].  

In chapter 3, the fabrication of a durable icephobic coating was obtained by 

incorporating lubricant-loaded carriers within a polymeric blend. The use of aerogel as 

an oil absorbent material can be considered as an effective strategy to control the rate 

of the lubricant consumption in the fabricated slippery coatings. The loading capacity 
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of the carriers was studied using thermogravimetric analysis (TGA) and Brunauer, 

Emmett, and Teller (BET) test. Furthermore, the anti-icing properties of the prepared 

coatings were evaluated by differential scanning calorimetry (DSC) and using the 

Peltier cooling machine. The de-icing characteristics of the coatings were investigated 

using various methods, such as push-off test, centrifuge test, and static accumulation 

test (SAT). The long-term durability of the fabricated coatings was assessed by 

combining 20 subsequent icing/de-icing events and push-off test. The obtained results 

are presented as the journal article entitled “Icephobic Behavior of a Slippery Coating 

Containing Nanoporous Particles as Lubricant-Loaded Carriers’’ published in Surfaces 

and Interfaces journal [57]. 

In chapter 4, the slippery coating was obtained by embedding the hydroxy-

terminated-silicone-oil-loaded carriers into a polymeric matrix. The icephobicity and 

weathering resistance of the fabricated coating were thoroughly surveyed in this 

chapter. For the evaluation of the icephobic performance of the coatings, various 

methods such as DSC, micro-push-off adhesion test, and SAT were employed. A 

comprehensive set of tests was performed to evaluate the electrical characteristics of 

the coating that included the dielectric, flashover, condensation, and inclined plane 

tests. The obtained results are presented as the journal article entitled ‘’Icephobicity 

and Electrical Assessment of Slippery Coating Impregnated with a Stabilized 

Hydroxyl-Terminated Lubricant for High Voltage Insulation Application’’ published 

in journal of Material Science [58]. 

In chapter 5, the important results of this PhD project were provided in the 

conclusion chapter. The main results corresponding to each article were first listed as 

partial conclusions. The general conclusions are presented afterwards. 
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In chapter 6, particular measures or directions that can be helpful for the future 

research work are presented as recommendations based on the findings and literature 

review. 



 

 

Chapter 1: Literature review 

1.1 Introduction 

Ice formation on solid surfaces raises both safety and cost concerns for many 

outdoor infrastructures, including transportation networks, power plants, wind 

turbines, railways, and telecommunication systems [59–62]. Particularly ice 

accumulation on insulators restricts their performance and leads to many technical 

problems and costs [63–65]. To develop means of reducing the ice build-up on solid 

surfaces, the academic and industrial sectors have investigated the properties, energy, 

and topography of surfaces for a range of materials [66–68]. 

Generally, there are two approaches to remove ice from the exposed surfaces 

including active and passive methods. In comparison with active de-icing methods, 

which need an external source of energy to ice removal mechanically and thermally, 

using the passive icephobic strategies can be along with many advantages. Indeed, such 

methods not only have intrinsic water repellency ability, but also are more economical 

than other icephobic approaches [8–11]. Moreover, active methods cannot be 

completely effective under heavy icing conditions, and therefore, utilizing passive anti-

icing methods such as applying coatings has got more attention [7]. 

Recently, slippery liquid-infused porous surfaces (SLIPS) have been 

introduced; these surfaces are inspired by those of the Nepenthes pitcher plant [69–71]. 

By replacing the liquid–liquid contact with an air–liquid contact, SLIPS eliminate 

water condensation in pores and significantly reduce ice adhesion, even under 

conditions of high humidity. SLIPS technology has enhanced the performance of 
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surfaces in various fields and has shown a high potential for new applications [72–74], 

including anticorrosion, biomedical, antifouling, and anti-icing needs [37,49,83,75–82] 

In this chapter, we review the icephobic characteristics of these slippery 

surfaces and their anti-icing mechanisms. We first investigate the fundamental 

wettability processes of liquid-infused surfaces. We then summarize the various 

fabrication methods of slippery surfaces regarding surface properties (ordered, 

disordered, polymeric), and detail the anti-icing behavior of the developed surfaces. 

The characteristics of lubricants as one of the most vital factors for fabrication 

procedures are discussed completely. We also survey the effects of surface morphology 

and lubricant properties on icephobicity. Moreover, since durability is one of the main 

challenges of SLIPS, this issue is widely addressed, and different strategies are 

presented to tackle this problem. This chapter proceeds with characterization methods 

for lubricant-loaded carriers, and finally some fabrication methods are summarized. 

1.2 Icephobicity  

The strategies used to combat icing can be divided into anti-icing and de-icing 

approaches, which may be either active or passive. Removing ice that has accumulated 

on a surface is referred to as de-icing; an example is removing ice from a car windshield 

using a defroster. These methods are active de-icing approaches because an external 

energy input is required. Many active de-icing approaches have been developed, 

including mechanical breakage, cutting, thermal, or electro-impulse methods [8,84]. 

These methods are often expensive and also involve more energy use than passive 

methods. Melted ice can refreeze at a different location on the surface, thus only 

transferring the problem to another part of the surface. Anti-icing approaches aim to 
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prevent ice growth on a surface, such as applying a defroster to the substrate for an 

extended period and preventing water on the surface from freezing. Such strategies are 

active anti-icing methods [9,85,86]. Active methods cannot, however, solve all icing 

problems. Many techniques are inefficient over the long term and can be quite harmful 

to the environment. Passive methods involve fewer of these types of problems and do 

not require an external energy input during their service life. In passive anti-icing, the 

surface should be able to repel water before any freezing occurs to keep the surface 

free of ice. With de-icing strategies, the ice adhesion may be very low, and wind or 

weak external forces can easily eliminate the ice [87–89]. A lot of research works have 

aimed at fabricating icephobic surfaces such as superhydrophobic and lubricant infused 

coatings[90,91]. Although there is a lack of a standard definition for an icephobicity in 

the literature. 

Definitions of icephobicity can be defined as having a low ice formation 

temperature and  low ice adhesion strength between ice and a surface, or identified as 

a surface possessing a low ice accretion rate [90–92] . Ice adhesion strength can be 

measured by calculating the critical shear stress, defined as the magnitude of shear 

stress required to remove an amount of ice on a surface [93,94]. These definitions are, 

however, not comprehensive and are sometimes not applicable, such as for 

superhydrophobic surfaces. For these latter surfaces, icephobic characteristics that 

delay ice formation do not necessarily reduce ice adhesion [22,95,96]. In fact, the ice 

adhesion on superhydrophobic surfaces can be affected by critical parameters such as 

dimension of voids at the interface. Therefore, icephobicity may also be defined as the 

capacity of a surface to prevent ice formation by delaying heterogeneous ice nucleation 

within a supercooled water droplet at the interface [97]. 
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From the aforementioned definitions, a coating should fulfill some or all of the 

following requirements to be considered as an icephobic coating. First, an icephobic 

coating reduces interactions between the surface and the water droplet, leading to a 

decreased accumulation of water on the surface. This condition is, to some extent, 

similar to the capability of a superhydrophobic surface in repelling incoming water 

droplets. An icephobic surface should also inhibit heterogeneous nucleation. Such a 

coating should be able to minimize adhesion strength at the ice–coating interface [98–

101]. 

1.3 Coatings for high voltage insulators 

Various types of icephobic strategies have been proposed to prevent ice 

formation and ice accumulation on the insulators [102].  For instance, porcelain and 

glass insulators were coated with hydrophobic RTV silicone rubber materials to 

prevent outages of the power network, resulting from ice accretion [13]. The main 

component of RTV silicon rubber coatings is poly (dimethylsiloxane) (PDMS), and 

because of the presence of CH3– groups on the molecular chains, it provides a certain 

degree of hydrophobicity. However, at very cold weather conditions and low 

temperatures, the performance of these coatings decrease drastically and there is no 

guarantee to prevent insulators from icing flashover for a long time [12,103]. Semi-

conductive silicone coatings were also fabricated in which thermal energy was used to 

remove ice from insulators [104]. In such coatings, conducting particles like ZnO and 

carbon fibers were responsible for heating the surface using the leakage current heat. 

Despite their fascinating anti-icing performance, the high-power consuming and low 

degradation durability of such coatings have limited their applications [104,105]. By 
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the advent of superhydrophobic surfaces, the idea of employing such coatings to 

decrease ice buildup over insulators has been developed [18]. These surfaces possess 

water contact angles higher than 150° and contact angle hysteresis (CAH) lower than 

10°. Surfaces with low CAH and low wettability show lower ice adhesion and longer 

delays in freezing times [106–109]. Superhydrophobic (SHP) coatings could also be 

utilized as icephobic surfaces for insulators [110–114].  Lie et al. developed a SHP 

coating using a sol-gel method, and investigated its anti-icing properties on glass and 

porcelain insulators. Since the contact time between a cold SHP surface and water 

droplet was considerably low, such surface showed the potential for applying as an 

icephobic coating on insulators [16]. In another work, a hybrid coating was developed 

via self-assembly of a super-hydrophobic layer on a semi-conducting layer. In fact, the 

coating consisted of a PDMS-modified nano-silica/ Carbon hybrid and its anti-icing 

properties were compared with RTV coatings. The results showed that the minimum 

flashover voltage of ice-covered insulators for the proposed coating was greater than 

that of RTV silicone rubber coatings [115]. It is worth mentioning that under harsh 

environmental conditions such as high humidity, the superhydrophobic surfaces lose 

their icephobic characteristics owing to water condensation in the structure porosity 

and lack of air voids in the texture [71]. By providing the condition that prevents the 

water condensation in a porous structure, this obstacle can be removed. The idea of 

slippery liquid-infused surfaces has been providing an insight to develop a new 

generation of the icephobic surfaces applicable on insulators. 
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1.4 From superhydrophobicity to slipperiness: theoretical aspect of wetting 

The wettability of solid surfaces has attracted increasing interest from both a 

fundamental and practical perspective through the tailoring of specific surface 

topographies and surface chemical compositions. Wettability is usually determined by 

measuring the contact angle (CA) of a liquid droplet on the solid surface. The 

fabrication of superhydrophobic surfaces requires combining hierarchical surface 

roughness with a low surface free-energy material. Aside from an apparent water CA 

>150o, the superhydrophobic surface also must show a low sliding angle (SA) of <10o 

[116]. 

Both the interfacial wettability and interfacial force play essential roles in the 

development of superhydrophobic surfaces [117,118]. In surface sciences, interfacial 

wettability phenomena are critical factors. Several models exist to interpret these 

phenomena and describe the wetting process. In 1805, Thomas Young proposed an 

initial model that has been very useful for investigating the state of a liquid on an ideal 

flat surface. It is described by the Young equation (Eq. 1-1): 

𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 . 𝑐𝑜𝑠𝜃                            (Eq. 1-1) 

where, as depicted in Figure 1-1a, 𝜃 is the contact angle, and 𝛾𝑆𝐺 , 𝛾𝑆𝐿 , and 𝛾𝐿𝐺  

are the interfacial surface tensions of solid–gas, solid–liquid, and liquid–gas, 

respectively. 

The structure and chemical heterogeneity of a surface under actual conditions 

can affect the contact angle [119]. Contact angle hysteresis can be defined as the 

difference between the advancing contact angle (𝜃𝑎) and the receding contact angle 

(𝜃𝑟) (Figure 1-1b) and represents the ability of a droplet to move or roll on a surface. 
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It is worth mentioning that this concept is only applied to surfaces that are chemically 

homogeneous and atomically smooth. 

 

Figure 1-1. Schematic showing (a)Young’s model, and (b) contact angle hysteresis 

[118]. 

 

In reality, most surfaces are not perfectly smooth; therefore, to include this 

roughness, the simple model requires modification [120]. In 1936, Wenzel proposed a 

model in which the contact angle on a rough surface was presented by modifying 

Young’s equation, as Eq. 1-2: 

𝑐𝑜𝑠𝜃𝑊 = 𝑟. 𝑐𝑜𝑠𝜃𝑌(𝑟 ≥ 1)                      (Eq. 1-2) 

where 𝜃𝑊 and 𝜃𝑌 are respectively the apparent contact angle and Young’s 

contact angle for ideal flat surface, and r is the surface roughness factor, defined as the 

ratio of the true area of the solid surface to the apparent area. From Figure 1-2a, the 

true area is clearly larger than the apparent surface area; therefore, the value of r is >1. 

Thus, if 𝜃𝑌 < 90°, a larger value of r would produce a more hydrophilic surface; when 

𝜃𝑌 > 90°, a larger value of r would lead to a more hydrophobic surface. Note, however, 

that the Wenzel model applies only to a thermodynamically stable state and a single 

chemical component surface; these issues limit its application [121]. 

(a) (b) 
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Figure 1-2. Schematic showing (a) a Cassie state, and (b) a Wenzel. 

 

Cassie and Baxter introduced Eq. 1-3, which was appropriate for heterogeneous 

interfacial areas: 

𝑐𝑜𝑠 𝜃 =  𝑓1  𝑐𝑜𝑠 𝛳1 +  𝑓2 𝑐𝑜𝑠 Ɵ2 (𝑓1 + 𝑓2 = 1)                  (Eq. 1-3) 

where 𝜃 is the apparent contact angle, 𝜃1and 𝜃2 are the intrinsic contact angles 

of component 1 and component 2, respectively, and f1 and f2 are the apparent area 

fractions of the mentioned components. If the equilibrium state consists of the liquid 

sitting on top of asperities and air pockets (Figure 1-2b), the Cassie-Baxter model for 

this composite interface is described by Eq. 1-4: 

𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑓𝑆𝐿𝑐𝑜𝑠𝜃𝐶 − 𝑓𝐿𝑉                                (Eq. 1-4) 

In Equation 1-4, 𝜃𝐶𝐵  is the Cassie-Baxter CA, and 𝑓𝑆𝐿  and 𝑓𝐿𝑉  are fractions of 

solid–liquid and liquid–air interfaces, respectively. Eq. 1-4 is, however, only valid for 

specific geometries, and the surface roughness has not been considered. Using the 

Wenzel equation, Eq. 1-4 can be modified to include microstructures or hierarchically 

rough surfaces as Eq. 1-5: 

cos 𝜃𝐶𝐵
𝑊 = 𝑟𝑓𝑆𝐿 𝑐𝑜𝑠𝜃𝑐 − 𝑓𝐿𝑉                                 (Eq. 1-5) 

(b) (a) 
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Again, this model assumes that air is trapped between the liquid and solid 

phases and that the liquid is in contact with the solid only at the top of the surface 

structure; the full solid surface is therefore not wetted by the liquid [122]. 

Superhydrophobic surfaces have some drawbacks that can affect their 

icephobic properties and reduce their efficiency. These drawbacks relate to the loss of 

the air voids in the porous structure of the surface between the ice and the substrate. 

This scenario is caused by the condensation of water within the porous structure of the 

superhydrophobic surface. This condensed water anchors the ice to the surface after 

freezing, thereby increasing the ice adhesion strength. Besides this failure in reducing 

ice adhesion, the design of superhydrophobic surfaces is not readily scalable, and these 

surfaces have issues with high-pressure impingement and high-temperature 

applications [109,123]. The peristome of the Nepenthes pitcher plant is composed of 

crescent-shaped microstructures in which a thin layer of water becomes trapped (Figure 

1-3).  

  

Figure 1-3. The image of a pitcher plant Nepenthes (left), and its scanning electron 

microscope (SEM) micrographs (right) [124]. 
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This trapped water produces a slippery interface. It is this interface that contacts 

the legs of insects that venture into the plant and causes the insects to slide on the 

slippery peristome and fall into the plant’s digestive organ [125]. Liquid-infused 

surfaces (LIS) have been developed that imitate the morphology of the Nepenthes 

peristome [124,126]. These LIS was discussed in the following sections. 

LIS surfaces exhibit extreme liquid repellency, characterized by a low contact 

angle hysteresis of <2.5° and a low sliding angle of <5°. They are also incredibly 

slippery and pressure stable. Air-trapped structures, such as those on superhydrophobic 

surfaces, the manner of surface wetting, and the transition from a Cassie to a Wenzel 

state are all influenced by the Laplace pressure, which depends on surface geometry. 

In the case of oil-infused surfaces, the design of the substrate texture is vital for holding 

lubricant as Laplace pressure increases and, therefore, boosting the pressure resistance 

of the surface. SLIPS can retain their water repellency properties at a pressure of 676 

atm, and they demonstrate significant pressure stability [127,128]. 

Such properties, therefore, make these surfaces able to handle liquids having a 

low surface tension. Three main design criteria must be considered to properly create 

a liquid-infused surface: (i) the lubricant and the repellent liquid must be immiscible; 

(ii) the lubricating fluid must have more affinity for solids rather than for the test liquid 

and be spread out completely over the solid substrate; and (iii) the solid surface 

preferably has a surface roughness and a higher affinity for the lubricating liquid over 

the probing liquid to increase the surface area for the adhesion and the retention of the 

lubricating fluid [128,129]. 

As four different phases that must be considered—solid, repellent liquid, 

lubricating liquid, and air phases—the analysis of the wetting process of these systems 
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is very complicated. Accordingly, Smith et al. introduced the fundamental wetting 

configuration principles for the above criteria and determined 12 thermodynamic 

conditions that describe these four-phase systems [130]. 

For instance, if the four-phase system, presented in Figure 1-4, includes water, 

lubricant, air, and solid substrate, the behavior of water could vary on the lubricated 

surface  [131]. 

  

Figure 1-4. Schematic showing of different wettable configurations for a four-phase 

system (air, liquid-1, liquid-2, solid) [37]. 

 

The spreading factor (Sow(a)) can be defined to interpret the situation of the 

water droplet and the oil in relation to each other. Here, “o,” “w,” and “a” represent oil, 

water, and air, respectively. If Sow(a) >0, the water droplet will be completely 

encapsulated by the oil (Figure 1-4, left); if Sow(a) <0, the droplet will lie on top (Figure 

1-4, right). This issue is key because once water droplets are shed from the surface, 

cloaking results in the progressive loss of impregnated oil through entrainment in the 

water droplets. The oil–water spreading parameter (Sow) is defined as Eq. 1-6 [131]: 

𝑆𝑂𝑊(𝑎) = 𝛾𝑤𝑎 − 𝛾𝑜𝑤 − 𝛾𝑜𝑎                   (Eq. 1-6) 

In this equation, way, γow, and γoa are the water–air surface tension, the oil–water 

surface tension, and the oil–air surface tension, respectively. 
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Eq. 1-7 and Eq. 1-8 can also determine the spreading factor of oil on a solid 

substrate when they are in contact with air or water, respectively: 

𝑆𝑜𝑠(𝑎) = 𝛾𝑠𝑎 − 𝛾𝑜𝑠 − 𝛾𝑜𝑎                 (Eq. 1-7) 

𝑆𝑜𝑠(𝑤) = 𝛾𝑠𝑤 − 𝛾𝑜𝑠 − 𝛾𝑜𝑤               (Eq. 1-8) 

Therefore, depending on the type of four-phase system, the oil could undergo 

different phenomena; the surface might be either completely or slightly wetted by the 

oil. The substrate roughness is another effective factor in oil penetration that can affect 

the contact line (the line at which different phases face each other), following Eq. 1-9 

[130]: 

𝑐𝑜𝑠𝜃 =
∅−𝑟

𝑟−1
                                    (Eq. 1-9) 

In this equation, r is the surface factor, and ϕ is the fraction of the projected area 

occupied by the liquid, which is comparable with the fraction factor in Cassie’s 

equation. According to the conditions that must be fulfilled to have a liquid-infused 

surface, a solid can obtain a higher affinity for oil than water if 
−𝛾𝑜𝑤(𝑟−1)

𝑟−∅
< 𝑆𝑜𝑠 < 0. 

Furthermore, to encapsulate the surface by the lubricant, the condition of 𝑆𝑜𝑠(𝑎) ≥ 0 

should be established [130,131]. The other conditions are presented in APPENDIX I 

(Table A.I.1), and three possible configurations can be assumed for the oil–solid–air 

interface outside of the droplet. According to APPENDIX I (see Table A.I.1), however, 

this interface underneath the droplet in the same environment has three other possible 

configurations. The stable configuration should clearly possess the lowest total 

interface energy. The following possibilities are expected: (a) the lack of the lubricant 

between the substrate and the droplet causes the droplet to be pinned on the substrate, 
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resulting in a Wenzel state; (b) the partial presence of the oil leads to droplet slides; 

however, it will be influenced by frictional forces [132]. 

Schellenberger et al. demonstrated that each type of lubricant generates a 

special wetting ridge against the probing water [131].  These combinations were tested 

under dynamic conditions, including advancing and receding contact angles on a 

liquid-infused surface. The contact between the droplet and solid affected this contact 

angle; the multiple possible liquid–liquid surface tension interactions therefore 

heighten the importance of selecting the appropriate roughness and liquids. The next 

section focuses on the fabrication of SLIPS, and various approaches and strategies to 

investigate their anti-icing behavior are presented. 

1.5 Fabrication and icephobic properties of SLIPS 

1.5.1 Lubricated micro/nanotextured surfaces 

The first group of SLIPS is a micro/nanotextured surface structure that holds 

large spaces for absorbing and storing a lubricant. Aizenberg et al. were among the first 

to report micro/nanostructured epoxy resin–based surfaces with a perfluorinated 

lubricant infused into a textured surface [128]. Their produced surface showed 

extraordinary ice-repellency and pressure stability. These coatings also possessed a low 

contact angle hysteresis, low sliding angles, and self-healing properties. Since this early 

work, other SLIPS comprising different liquids and substrates have received much 

attention and study [33,133,134]. 

Using a superhydrophobic surface is the most common method for fabricating 

slippery coatings in which a textured structure holds an infusing oil. Two types of 
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structures can favor superhydrophobicity: ordered and disordered structures [135,136]. 

In ordered structures, the surfaces are designed entirely prior to their fabrication and 

have various textures such as micro-posts. Ordered surfaces are then fabricated using 

lithography, laser, CNC, etc. [137–139]. For disordered structures, the surface has a 

random porous pattern. These surfaces are obtained through methods such as etching, 

plasma, and spin coating [52,140–142]. Relying on this classification, the typical 

means of preparing textured surfaces for generating anti-icing properties were 

summarized here. 

1.5.1.1  Ordered textured surfaces 

Lithography techniques are top-down methods that are used extensively for 

producing patterned and ordered structure surfaces having a specific shape and 

structure [143]. To generate a porous slippery layer, Varanasi et al. used standard 

photolithography to fabricate silicon micro-posts. The authors then coated the samples 

with OTS (octadecyltrichlorosilane) to improve surface hydrophobicity. The silane-

coated samples were lubricated using a dip coater to ensure an effective impregnation 

of the OTS. The dip coater was then withdrawn at a controlled velocity from the bath 

of lubricant to prevent an excess oil film. Varanasi et al. compared the ice adhesion 

strength of high-texture-density LIS with other low-surface-energy coatings. The 

slippery surface with the highest texture density had a considerably lower ice adhesion 

strength than a PEMA-Fluoro POSS–coated smooth surface, a material having one of 

the lowest known surface energy values, and a smooth surface coated with OTS (Figure 

1-5). The ice adhesion strength of LIS in a thermodynamically stable state was also 

greater than that for the excess lubricant layer. Ice adhesion strength on a slippery 
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surface with a stable lubricant layer thus depends on texture, and this ice adhesion 

decreases with increased texture density [48]. 

 

 

Figure 1-5. Comparison of the ice adhesion strengths of various low-surface-energy 

[48]. 

 

Varanasi et al. also investigated condensation frosting on superhydrophobic 

surfaces (SHS) and liquid-infused surfaces [95]. They fabricated a nanostructured 

superhydrophobic surface by vapor-phase-deposited alumina nanoparticles and silicon 

nanowires. Silicon micro-posts were also used to produce the microstructured SHS. 

Perfluorinated oil lubricated the surface, and the authors used a dip-coating procedure 

to avoid excess oil on the surface. Frost forms on a surface through two means. One is 

through the freezing of a subcooled liquid; the other is via desublimation. Varanasi et 

al. focused on condensation frosting. As illustrated in Figure 1-6a and Figure 1-6b, a 

10-μm SHS (where 10 μm corresponds to the interpost spacing) did not maintain 

surface superhydrophobicity during condensation. As a result, droplets froze within 1–

2 s because of the large solid−liquid contact area of the surface. However, the effective 

thermal resistance of the interface increased with the volume fraction of oil, which 
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explained the slightly increased time for the complete frosting of the microstructured 

LIS because of a decreased micropost density [95]. 

 

 

Figure 1-6. Sequence of ESEM images of frost formation via droplet condensation 

and freezing on (a) 10-μm SHS and (b) 10-μm LIS [95]. 

 

Replication methods are a commonly used technique for obtaining nano-

microstructures on polymeric surfaces [144]. Gupta et al. used a replication method for 

fabricating slippery oil-infused elastomeric surfaces and maintaining the 

superhydrophobicity of the surface. Laser irradiation created macro textures on an Al 

surface. Polycarbonate was used as an intermediate, and the texture was then 

transferred to the silicon material (Figure 1-7a). The study obtained a surface having a 

combination of superhydrophobicity, elasticity, and slippage by oil infusion [145]. 

 

Studies have also evaluated the effect of oil infusion on surface morphology 

and ice adhesion [145]. Microtextured polydimethylsiloxane (PDMS) materials 

exhibited a significant reduction in ice adhesion strength compared to the smooth and 

(a) 

(b) 
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microtextured material without oil infusion, regardless of oil viscosity and percentage. 

Infusing only 2% of silicon oil (100 cSt) reduced ice adhesion by almost 50% (89 kPa 

to 46 kPa) relative to no-oil samples (Figure 1-7b). 

It is therefore possible to reduce ice adhesion markedly by combining 

superhydrophobicity—to maximize the water repellency of the surface—and silicon 

oil to improve slippage on the surface. Increasing the flexibility of elastomeric 

materials with the presence of oil can also accelerate ice release and the icephobic 

capability of the surface [145]. 

 

 

Figure 1-7. (a) Schematic illustrating the fabrication procedure of the oil-infused, 

microtextured polydimethylsiloxane (PDMS) material [145]. (b) The ice adhesion 

strengths of oil-infused, microtextured PDMS having different oil viscosities and 

infusion levels (2−15 wt %) [145]. 

 

1.5.1.2  Disordered textured surfaces 

Wang et al. designed SLIPS coatings by spraying a modified SiO2 suspension 

onto substrates to form superhydrophobic/oleophilic surfaces [134]. The infusing 

lubricant was perfluorinated, and it was completely infused within the rough surface. 

(a) (b) 
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This surface repelled hexane, kerosene, diesel oil, water, and milk, thereby exhibiting 

an exceptional oleophobicity compared with superhydrophobic surfaces. 

The evaluation of anti-icing performance on surfaces confirmed that the 

formation of a meniscus force between a water droplet and a cold superhydrophobic 

surface causes the adhesion strength to increase greatly and deactivates the anti-icing 

capacity of the surface. However, by replacing the air pockets under a water droplet 

with oil, in −20 °C conditions, a capillary bridge cannot form on the slippery surface. 

Thus, the slippery surface produced anti-icing properties that were superior to those of 

a superhydrophobic surface [134]. Under cold conditions having a high condensation 

rate, the formation of a water-capillary force increases ice adhesion and the loss of 

water repellency for superhydrophobic surfaces. 

Another study [32] used a spin-casting method to fabricate slippery surfaces on 

various substrates, including a Si-wafer, glass, and a Cu plate (Figure 1-8). The authors 

packed an aqueous suspension of polytetrafluoroethylene (PTFE) with nanoparticles 

of an appropriate size and shape to form a transparent nano-porous monolayer and lock 

in the perfluoropolyether (PFPE) lubricants. After adding the lubricant, the lubricant 

quickly infused into the nanolayer via the capillary effect. Evaluation of anti-icing 

behavior of slippery surfaces confirmed that ice crystals appeared on the oil-infused 

coating (glass@PTFE@PFPE) with a longer ice formation time (13 min) compared 

with the original glass (5 min) and the glass@PTFE (7 min). The presence of the 

nanoparticle layer created a heat-transfer barrier, which delayed ice formation. 

However, the lubricated surface also facilitated the mobility of water droplets and 

therefore minimized the number of ice nucleation sites [32]. During the deicing 

process, the ice quickly slid off the surface (within 20 s), whereas the ice stuck firmly 
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to the surfaces of glass and glass@PTFE. Thus, these SLIPSs showed obvious anti-

freezing properties and reduced ice adhesion. 

 

 

Figure 1-8.  Schematic illustration of the fabrication of the SLIP [32]. 

  

Kim et al. [33] used the electrodeposition of textured polypyrrole (PPy) to 

create porous superhydrophobic surfaces (Figure 1-9). To build SLIPS, the authors 

fluorinated and infiltrated the PPy-coated aluminum samples with a low-viscosity 

perfluorinated lubricating liquid [33]. An advantage of electrodeposition is that by 

changing the parameters, such as deposition time, the applied potential, and the 

concentration of monomers, the nanometric morphology of the surface can be 

controlled. An evaluation of SLIPS-Al as an icephobic surface revealed an ice adhesion 

of 15.6 kPa, illustrating a considerable reduction in ice adhesion compared with bare 

Al (1359 kPa) and other types of icephobic materials [146]. On a slippery surface, 

solid–liquid interfaces provide the smooth surface with minimum heterogeneity and 

few pinning points, whereas a superhydrophobic surface having a solid–solid interface 

has issues with pinning and high ice adhesion. Thus, SLIPS strongly limit ice 

nucleation and also reduce sliding droplet size and ice adhesion to provide an effective 

icephobic surface [33]. 
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Figure 1-9. Schematic of the electrochemical coating process of a rough  polypyrrole 

[33]. 

 

Zhang et al. fabricated a double-layered structure on an AZ31 Mg alloy with 

anti-icing and anticorrosion properties [147]. On such a surface, the top layer was a 

porous slippery surface for anti-icing purposes, and the underlying layer was a compact 

surface, created via a hydrothermal procedure, to provide anti corrosion protection. The 

hierarchical porous structures lock in perfluoropolyether, used as an infusing lubricant, 

through capillary action. With this method, Zhang et al. obtained SHS and SLIPS 

hydrothermally, and they created surface textures through the conventional surface 

modification method. A comparison of the anti-icing performances of the SHS and 

SLIPS coatings highlighted that the roles of the hierarchical micro-nanostructures in 

relation to ice formation differed between the surfaces. This difference occurred 

because of the smaller size of the condensed droplets than the micro-nanostructure 

pores; thus, the mechanism of the Cassie-Baxter wetting mode no longer held in this 

case. 

The SHS delayed the process of ice nucleation, although after sufficient time, 

the SHS lost its anti-icing capacity, and a frost layer formed. The lubricant-infused 
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surface, on the other hand, resisted the onset of ice nucleation for a longer time. The 

lubricated surface allows fewer ice nucleation sites and prevents moisture condensation 

(Figure 1-10a and Figure 1-10b). As well, the partly formed ice can be removed easily 

by a simple tilting of the sample. Therefore, the slippery surface can reduce 

heterogeneous ice nucleation and delay ice formation [147]. 

 

 

Figure 1-10. Schematic model of the icephobic mechanisms of (a) SHS and (b) SLIPS 

coatings, depicting the decay of the water CA [147]. 

 

1.5.1.3  Effect of surface morphology on the icephobic behavior of SLIPS 

Slippery liquid-infused porous surfaces show much potential for use as an 

icephobic coating. However, losing lubricant over time could be a problematic issue 

that limits their application. In particular, the lubricant within textured porous 

substrates could be affected by external environmental conditions, such as repeated 

icing/de-icing cycles, high-shear water flow, and evaporation. Therefore, the 

relationship between the morphology of the surface and ice adhesion must be 

determined to enhance the durability of these coatings and study their anti-icing 

(a) 

(b) 
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behavior. Varanasi et al. have investigated this relationship using lithography methods 

to create structured textures with different lubricants [48,95,130,148]. They have 

investigated various parameters, including the topography of the surface texture, the 

surface tension of the solid–liquid interface, and the effect of liquid infusion levels, and 

we will detail these studies in the following paragraphs. 

The draining of excess lubricant by external forces such as gravity relates to the 

tendency of the system to be in a thermodynamically stable state [48]. Although 

surfaces with excess lubricant film show a considerably lower ice adhesion, the 

complete covering of the textures causes the surface to lose its anti-icing capacity over 

time as the lubricant is depleted (Figure 1-11a).  

The ice adhesion strength of SLIPS in a thermodynamically stable state is 

affected by texture, and increased texture density reduces ice adhesion strength. 

Infusing a small amount of ice between the surface posts initiates cracks, which occur 

because of the stress produced from the corner of posts on providing points. As seen in 

Figure 1-11b, increasing the texture density therefore reduces the possibility of 

diffusing ice within textures. 

After a few defrosting cycles, the slippery surfaces lost their anti-icing 

characteristics. The capillary force generated from the nucleation of nano-icicles 

caused the lubricating liquid to migrate from the ridge and porous substrate into the 

frozen droplet (Figure 1-12). The nucleation of nano-icicles in textured surfaces also 

caused the simultaneous competition between infusion of oil and frost within the 

substrate topography via capillary attraction [95,148]. 
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Figure 1-11. (a) Comparison of ice adhesion strengths of lubricant-impregnated 

surfaces with different amounts of lubricant [48]. (b) Influence of texture density on 

the ice adhesion strength of different LIS [48]. 

 

Therefore, this explanation requires the scale (micro vs. nano) of the substrate 

texture during frost growth to play an important role in holding on to the lubricant. 

Examination of the surface morphology confirmed that oil draining from a 

microtextured slippery surface was more likely with a single defrosting step than from 

a nanostructure liquid-infused system subjected to a greater number of frosting–

defrosting cycles. 

Aizenberg et al. proposed a closed-cell system to improve the properties of 

substrate morphology for generating a durable slippery surface. Their proposed surface 

was a transparent and nanostructured slippery composite having an inverse colloidal 

monolayer. The lubricant was trapped within the textures and could remain trapped for 

more than nine months. The ice adhesion strength of the surface was around 10 kPa. 

Such a structure can also provide suitable mechanical properties because of the 

presence of a firm layer. Closed-cell SLIPS can tolerate a range of mechanical tests, 

(a) (b) 
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including wiping, touching, and tape peeling. Open-cell types are damaged under these 

tests [73,149].  

 

Figure 1-12. Schematic illustrating lubricant depletion after frosting–defrosting 

cycles [95]. 

 

Besides the methods detailed above, other approaches exist for creating the 

rough textures required for fabricating slippery surfaces. Regardless of the approach, 

the desired icephobic characteristics for slippery coatings with textured surfaces are 

strongly affected by the properties of the rough substrate. The design of ordered 

structures on surfaces can be adjusted to obtain the optimal surface characteristics. 

Although this facilitates achieving the desired anti-icing properties compared with 

using non-ordered methods, the latter approach of creating non-ordered surfaces is 

easier and more practical. Scalability is also an essential aspect when fabricating porous 

substrates. Many porous coatings cannot be used at a large scale because of the 

procedures used to create their small-scale surface architecture. Therefore, other types 

of easily fabricated and easily applied SLIPS are needed, such as oil-infused polymeric 

surfaces. In such methods, lubricants and plasticizers are incorporated into crosslinked 

polymers to produce slippery surfaces. 
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1.5.2 Oil-infused polymeric systems 

Lubricant-infused polymeric systems rely on crosslinked polymers having a 

very low ice adhesion strength. Infusing oil into polymers decreases ice adhesion 

considerably and provides an appropriate matrix for blocking and encapsulating the 

lubricant over an extended period. This polymer can also maintain low ice adhesion 

after lubricant loss owing to its low surface energy and smooth surface [43,150–153]. 

Although most slippery-coating lubricants infuse into preformed structures, as 

with porous material or sponges [74,154–156], the lubricant can also be infused into a 

polymer matrix as a precursor solution of the final surface. Wang et al. applied this 

method to fabricate silicon oil–reinfused PDMS coatings. Using PDMS with a low 

glass transition temperature provided a large free volume in which the infused lubricant 

could be retained. In fact,  the presence of 20−40 wt% silicone oil significantly reduced 

ice adhesion compared with pure PDMS coated on aluminum surface [157]. This 

coating also maintained its performance after multiple icing/de-icing tests, highlighting 

its durability. This high durability occurs because of the large free volume of the 

polymer, which provides a medium for mobile infusing oil to migrate over the surface 

when de-icing causes a loss of lubricant (Figure 1-13a). 

Similar effects occur through infusing liquid paraffin within a 

polydimethylsiloxane polymeric matrix [158]. The infusion causes the swelling of the 

cured polymer network with compatible oils (Figure 1-13b). This approach produced 

exceptional results for ice adhesion strength (only 1.7 kPa at −30 °C), and ice adhesion 

strength remained <10 kPa down to a temperature of −70 °C. In this type of anti-icing 

coating, the crosslinked network of polymers is critical, as its capacity to hold a liquid 
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inside the structure prevented the loss of this fluid during the ice shedding. The coating 

showed, therefore, marked durability, as ice adhesion remained at approximately 

10 kPa over 100 days and over 35 icing/de-icing cycles [158]. 

Chen et al. synthesized highly hydrophilic acrylic-based copolymers as a 

compatible backbone for a polyol lubricant, such as ethylene glycol, by relying on their 

shared polarity [159]. To improve the capillary action and storage ability of lubricating 

liquids, they fabricated a micro-nanostructure with amino-functionalized magnetic 

nano Fe3O4 in the coating. The slippery coating containing the copolymer and modified 

nanoparticles was sprayed and then lubricated by immersion in various polyols, 

including ethylene glycol and triethylene glycol. In this study, the properties of both 

the crosslinked polymeric media and the porous surface prevented the leakage and 

evaporation of infused liquid over an extended period. Observations of the anti-icing 

properties also confirmed that such coatings could delay frost formation for about 45 

min. This long duration likely resulted from the ultralow crystallization point of −36.8 

°C that could retard the water droplet nucleation process for a longer period. Ice 

adhesion also had an extremely low value of 0.1 kPa. As depicted in Figure 1-13c, the 

magnetic Fe3O4 nanoparticles could be thermally stimulated by exposing them to light 

energy; this property contributed to an active de-icing of the surface. Indeed, these 

polyol-infused slippery surfaces exhibited outstanding characteristics that might serve 

as anti-icing and de-icing coatings [159]. 
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Figure 1-13. (a) Schematic showing the migration of infused oil toward the surface. 

(b) Preparation and surface release of liquid paraffin-organ gel (LP-OG) [158]. (c) 

Preparation and surface release of liquid paraffin-organ gel (LP-OG) [158]. 

 

1.5.3 Self-lubricating slippery surfaces  

Another form of slippery surfaces involves self-lubricating material relying on 

aqueous lubrication rather than the use of an oily fluid [160–165]. The intrinsic slippery 

properties of the pitcher plant relate to the condensed water on the rim surface or 

rainwater on the hygroscopic nectar at the peristome surface [124]. Therefore, water 

can be an alternative to oily lubricants. In ice skating, the ice itself contributes to the 

required slippage for facile skating on the ice. After breaking the hexagonal structure 

(a) (b) 

(c) 



42 

 

of ice on the surface, a quasi liquid-like layer is created even at sub-zero temperatures, 

as illustrated in Figure 1-14a [166–168]. The transformation of ice into liquid water 

occurs through the combined effects of frictional heating and pressure melting. These 

processes contribute to the creation of a thin layer of aqueous solution, which acts as a 

lubricant between the blade and the ice surface. Owing to the lubricating water layer 

over the ice surface, ice adhesion between the skate blades and the surface significantly 

decreases, thereby making skating possible. Inspired by ice skating, researchers have 

developed the concept of covering a surface with hygroscopic polymers as a self-

lubricating liquid water layer. By grafting hygroscopic materials onto a surface, it is 

possible to generate a non-frozen, liquid-like layer of water. This process results in the 

production of surfaces that exhibit hydrophilic characteristics. Hydrophilic polymer 

layers—cationic, anionic, and nonionic—absorb water, swell, and create a liquid water 

layer on a surface [149]. So, the interfacial layer of hydrophilic polymers exhibited a 

significantly higher viscosity compared to hydrophobic polymers.  

Jiang et al., inspired by this phenomenon, fabricated a self-lubricating surface 

by grafting crosslinked hygroscopic polymers inside the micropores of a porous silicon 

wafer [160]. The ice adhesion strength was about one order of magnitude less than that 

of superhydrophilic or superhydrophobic surfaces. In this method, a hygroscopic 

polymer is ionized in water and, as ions exist within the solution, the activity of the 

water is reduced, lowering the melting and freezing points. Therefore, the hydrophilic 

side groups can melt ice and snow when they are in contact with snow and ice. Then, 

the aqueous lubricating layer is created on the surface because the absorption of water 

by the hygroscopic polymers causes the swelling of the microstructures (Figure 1-14b) 

[160]. 
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This type of aqueous lubricant is highly durable as long as there is ice on top of 

the surface. Using this type of surface could also be challenging because below the 

phase transition temperature, ice adhesion values increase considerably because of the 

freezing of the aqueous layer. The elimination of such a problem requires the careful 

consideration of, for example, the type of polymer and the concentration of the polymer 

network [163]. 

Hygroscopic surfaces prepared by polymeric structures, and ionic species can 

also show anti-icing characteristics. As shown in Figure 1-14c, this type of self-

lubricating surface contains polyelectrolyte brushes that inhibit ice attachment on the 

surface through an ion-exchange mechanism with the first layers of the brush, which 

prevents ice formation. Chernyy et al. investigated the ice adhesion of three 

polyelectrolyte brushes, including poly [2-(methacryloyloxy) ethyl]-

trimethylammonium chloride], poly (3-sulfopropyl methacrylate), and poly (sodium 

methacrylate). They evaluated the exchange of the counter ions of the polyelectrolytes 

with 13 different ions (H+, Li+, Na+, K+, Ag+, Ca2+, La3+, C16N
+, F−, Cl−, BF4 

−, SO4 
2−, 

and C12SO3) [169]. The ice adhesion for brushes incorporating Li+ ions on the glass 

surface decreased by 40%–70% at −18 °C. All polyelectrolyte brushes showed a 20%–

80% reduction in ice adhesion at −10 °C, depending on their ion type. The anti-icing 

characteristics of the hydrophobic brushes and surfactant, with the exchanged 

polyelectrolytes, also produced better results than the superhydrophilic brushes. The 

chemical properties of the polymer brushes may change the capacity of water to 

crystallize at the water brush interface by influencing the interfacial water layer 

structure [169]. 



44 

 

 

Figure 1-14. (a) The aqueous layer on ice as observed by molecular-dynamic 

calculations. The gray and black spheres represent oxygen and hydrogen atoms, 

respectively [166]. (b) Schematic of the formation of a self-lubricating liquid water 

layer and its de-icing functionality [160]. (c) Schematic showing the polyelectrolyte 

brushes for inhibiting ice accumulation on a surface. [169]. 

 

Chen et al. incorporated a polydimethylsiloxane (PDMS)-poly (ethylene 

glycol) (PEG) copolymer within a PDMS polymeric matrix to fabricate self-lubricating 

icephobic coatings. The resulting ice adhesion value of 50 kPa is lower than other 

hydrophobic solid surfaces used for comparison. Their proposed mechanism for the 

self-lubricating process of this coating relates to hydrogen bonds between the 

copolymer and water molecules. These hydrogen-bonded water molecules cannot 

(a) (b) 

(c) 
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transform into a solid state. They formed an aqueous-like layer that acted as a lubricant 

and decreased ice accumulation on the surface [168]. 

1.6 Lubricant types and characterization  

1.6.1 Lubricant selection in slippery liquid infused surface 

The characteristics of both the substrate and lubricant are key factors to 

consider in the fabrication of slippery surfaces with anti-icing property. Generally, the 

desired characteristics for slippery surfaces can be achieved by meeting some 

requirements. Initially, the lubricant should be entirely absorbed in the matrix, and the 

surface needs to be completely wetted. Moreover, the lubricant must have more affinity 

to the substrate rather than the repellent liquid. Finally, the immiscibility of the 

lubricant and test liquid is essential.  In addition, for the lubricants used in SLIPS, 

parameters such as viscosity and the type of organic liquid affect the anti-icing 

properties [36,170]. The lubricants used in liquid-infused systems are mostly organic 

fluids, such as fluorinated components or silicon oils, as well as some other lubricants 

that are briefly discussed in this study. 

1.6.1.1 Silicone Oils 

Linear polysiloxane materials known as silicon oil contain repeating units of 

silicone and oxygen atoms with two functional groups attached to each silicon atom. 

Polydimethylsiloxane (PDMS), as an important member of this category, is colorless, 

non-toxic, non-corrosive, and chemically stable [40,171]. Considering the significant 

properties of silicon lubricants, they are widely used for different applications. The 

surface tension of such lubricant (~210 J/cm2) is lower than that of water. Silicone oil 

has low solubility in water or oil, and low volatility. Moreover, it is not chemically 



46 

 

active; therefore, it cannot react with other materials in the composition. Notably, 

silicon lubricants should meet some important requirements for surface and coating 

application, including desirable electrical insulation, fire-retardancy, and easy release 

from the mold. Considering the numerous advantages, the use of silicon oil in lubricant 

infused surfaces can result in some problems for their real-life service. The high 

thermal expansion coefficient can lead to the production of an overpressure situation, 

thus decreasing the mechanical characteristics of the developed surfaces. However, the 

low surface tension of silicon oil facilitates its movement within the matrix, but it can 

promote oil consumption during its service life [40,171].  

1.6.1.2 Fluorocarbon  

Fluorocarbon-based materials that have many desirable characteristics 

comprise another lubricant category used for oil-infused surfaces. Most of their 

properties such as hydrophobicity, oleophobicity, low surface tension, and chemical 

resistance arise from the presence of fluorine atoms in their chemical structures 

[170,172–174]. The C-F in fluorocarbon is a high-energy bond, allowing them to 

tighten strongly and resulting in the above-mentioned properties and high transparency. 

Furthermore, considering that fluorine atoms have a low polarization rate, these 

materials show hydrophobic characteristics. The two groups of fluorocarbons, 

including perfluorodecalin and perfluoropolyether, are widely used for lubricant 

infused surfaces. Such materials have low vapor pressure, heat resistance, good flow, 

and significant dielectric properties [175]. Considering these distinctive characteristics, 

fluorocarbon-based lubricants can be commonly used in different applications, but they 

are extremely harmful for nature and human life [176,177]. This negative point 
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significantly restricts their usage in practical applications, such as LIS. They have a 

complex degradation process, and even after degradation, the obtained products are 

very toxic and remain stable for a long time. Considering the lack of an appropriate 

biodegradation process, their by-products cannot be easily recycled, thus damaging the 

ecosystem and biological activity. Consequently, environmental issues limit the use of 

such lubricants despite their desirable properties. 

1.6.1.3 Other lubricants: 

Other types of lubricants are also incorporated into lubricant-infused-surfaces, 

including vegetable oils, ionic liquids and polyols [46,178–181]. Generally, vegetable 

oils are extracted from different types of plants, such as peanuts, corn, soybean, 

coconut, and olive. Vegetable oils have been conventionally used as a lubricant. 

Considering the advent of mineral oils, vegetable oil usage decreased in the industry, 

but still have some advantages over mineral oils. Such substances have low flash point, 

high lubricant ability, low volatility, and solvent miscibility. However, one of their 

most vital downsides of these lubricants is their undesirable characteristics in low 

temperatures. This issue can affect their appearance such as haziness, solidification, 

and low fallowness at room temperature. 

Ionic liquids are also another group of materials that are used as lubricants 

[182–184]. These materials consist of anions and cations, and they can be generally 

considered as molten salts at a temperature lower than 100 °C. Moreover, hydrophobic 

characteristics can be produced by modifying the chemical composition of ionic liquid. 

These materials have a very low vapor pressure, thermal resistance, electrical 

conductivity, and chemical stability. Based on their properties, these lubricants are 
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recyclable and environment friendly. Although ionic liquid can be considered as an 

excellent candidate for liquid infused surfaces application, their high cost restricts their 

large-scale application.   

1.6.2 Effect of lubricant characteristics on the icephobic behavior of SLIPS 

Some characteristics, including low surface energy and fluidity apply to all 

mentioned lubricants. Low-surface-energy liquids reduce intermolecular interactions, 

such as hydrogen-bonding, between ice and solid surfaces and thereby affect ice 

adhesion.  Lubricants can also cover a surface completely and, therefore, decrease the 

possibility of anchoring between ice and the textured substrate, which can commonly 

occur for superhydrophobic surfaces [181,185,186]. 

Villegas et al. compared heat transformation of an oil-infused surface with 

another surface having superhydrophobic structures [187]. The anti-icing mechanism 

of SHS is affected by air trapped within the rough surface; however, the existence of 

vapor in high-humidity conditions interferes with heat transfer. Therefore, as ice 

nucleation occurs under low temperatures, the chance of a Cassie–Wenzel (CW) 

transition and, therefore, high ice adhesion increases significantly [188]. Oil content 

also affects the anti-icing performance of a slippery surface. Although slippery surfaces 

having thick lubricant layers over solid surfaces show very low ice adhesion values, 

they are thermodynamically unstable and can be eventually removed from the system 

by external forces, such as gravity and drag forces. Therefore, a durable oil-infused 

surface must produce low ice adhesion but also show durability [189]. 

Gupta et al. showed that oil at various percentages (2%, 8%, 15%) and 

viscosities (100–1000 cSt) markedly alters the anti-icing properties of SLIPS. They 
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designed oil-infused slippery elastomers that could also maintain their 

superhydrophobic characteristics. Gupta et al. compared the anti-icing behavior of their 

obtained surfaces with other surfaces, including microtextured SHSs without oil 

infusion and smooth surfaces coated with PDMS, and observed an approximate 95% 

reduction in ice adhesion strength for the oil-infused elastomer surface relative to the 

other surfaces. Increasing viscosity from 100 to 1000 cSt with the highest percentage 

(15%) of oil resulted in a considerable decrease in the ice detachment force. As 

mentioned above, the lowest ice adhesion cannot produce a promising slippery surface. 

The high migration and accumulation of an oil layer on the surface when the viscosity 

and oil percentage are maximized, reduce the water repellency and stability of the 

fabricated surface. Gupta et al. determined an optimal state for superhydrophobicity 

and low ice adhesion strength at 100 cSt viscosity and <8% oil content infused within 

the microtextured surface [145,190]. 

The viscosity of the lubricant also affects other slippery-surface properties, 

including droplet mobility. Tsuchiya et al. investigated the relationship between the 

viscosity of the infused oil and water droplet velocity [187] using Eq. 1-10: 

v = V. (1 −T)/µ                      (Eq. 1-10) 

where v is the water droplet sliding speed on a liquid-infused surface, V is the 

volume of the water droplet, T is the area fraction of the base layer, and μ is the viscosity 

of the infused liquid. They demonstrated that once the solid substrate is fully covered 

with an adequate oil viscosity, the mobility of water droplets can increase. Therefore, 

an appropriate combination of three parameters, namely V, T, and µ, produces a 

lubricated surface having a high droplet sliding speed [191–193]. 
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Smith et al. also studied the effect of lubricant viscosity on the repellent liquid 

droplet velocity and droplet behavior over the lubricant layer. Predicting water droplet 

behavior on a surface is more complicated when a lubricant is present on the slippery 

surfaces. When the gravity force on liquid droplets overcomes the pinning force, the 

velocity of the droplet can determine the wetting performance of the surface. This 

parameter should be affected by the lubricant viscosity and contact line pinning. Smith 

et al. demonstrated theoretically that using lubricants having a high viscosity in LIS 

causes a water droplet to roll rather than slide over the oil. This approach is modeled 

as Eq. 1-11: 

𝑉𝑖

𝑉
~ (1 +

𝜂0

𝜂𝑤

𝑅

ℎ
)

−1

                          (Eq. 1-11) 

In this relation, V, Vi, h, and R are the velocity of the water droplet, the velocity 

of water at the water-oil interface, the lubricant thickness, and droplet radius, 

respectively. As well, η0 and ηw are, respectively, the dynamic viscosities of oil and 

water. It was thus concluded that although most LIS systems involve sliding of a 

droplet over the surface, the viscosity of the two liquids greatly affects this property 

[130]. 

Another group worked with various lubricants of both higher and lower 

viscosities than water. When the viscosity of the water droplet is much higher than that 

of the lubricant (ηw ≫ ηo), the droplet velocity is related to sliding angle (α), according 

to Eq. 1-12 [132]: 

𝑉~
𝜌𝑔𝑅2

η𝑤
. 𝑠𝑖𝑛𝛼                        (Eq. 1-12) 



51 

 

The friction force therefore appears linear for the droplet. Furthermore, if ηw ≪ 

ηo, the droplet experiences nonlinear frictional forces. Here, the fraction of a material 

in contact with the water droplet is defined by Eq. 1-13: 

𝑉~
(𝜌𝑔)3/2𝑅3

𝛾𝑜𝑎∅3/2𝛽η𝑤
. 𝑠𝑖𝑛3/2𝛼           (Eq. 1-13) 

where ∅, 𝛾𝑜𝑎 and 𝛽 represent the texture density, the oil–air surface tension, 

and the numerical factor that reflects the dissipation at the tip of the wedge. When ηw 

≫ ηo, the velocity of the droplet over a surface is independent of surface microstructure; 

however, if the viscosity of water is less than that of the lubricant, the velocity is scaled 

as 1/ϕ3/2. 

Thus, in four-phase surfaces with lubricants, the properties of both the repelling 

liquid and the infusing liquid can considerably affect the functionality of the surface. 

The presence of two active mobility regimes influences the anti-icing characteristics of 

the coating. 

1.7 Durable icephobic slippery surfaces 

New paths have emerged for producing slippery icephobic materials having a 

high durability. Irajizad et al. developed new anti-icing surfaces using ferrofluids as 

slippery lubricant layers with an exceptionally low ice adhesion strength [194]. These 

magnetic slippery surfaces (MAGSS) benefitted from the concept of stress localization 

to create low-energy liquid–liquid interfaces and reduce ice adhesion strength between 

the surface and the ice. Exposing the surface to a magnetic field blocked the thin liquid 

film in the structure without a need for micro-nano textures. This locking action 

increased the durability of the surface, which maintained its reduced ice adhesion 

strength even under high shear stress and frictional forces. The ice adhesion values for 
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such a surface were about 1–10 kPa, and the surface also showed self-healing 

characteristics and a mechanical durability. MAGSS, compared with other icephobic 

systems such as superhydrophobic surfaces, produce more extensive liquid–liquid 

interfaces that provide low-energy sites and high free-energy barriers to heterogeneous 

ice nucleation (Figure 1-15a) and, as a consequence, a colder ice nucleation 

temperature [195]. 

The heterogeneous ice nucleation temperature of the MAGSS was −34 ± 1 °C, 

much colder than that of superhydrophobic and liquid-infused surfaces at −23 °C and 

−26 °C, respectively. The ice nucleation delay observed in this study was three orders 

of magnitude longer than for other icephobic surfaces. Increasing the intensity of the 

imposed magnetic field improved this initial result even further. Thus, MAGSS 

exhibited much lower ice adhesion values than other icephobic surfaces. These surfaces 

with very low ice adhesion have an extraordinary potential for inhibiting heterogeneous 

ice nucleation [196]. Difficulties remain when applying this surface to outdoor 

applications, related to the problem of maintaining magnetic fields for an extended 

period. Thus, there remains a need to develop more practical surfaces [194,197]. 

Coady et al. developed UV-cured polymer networks incorporated into slippery 

lubricant-infused porous surfaces to improve the operational durability and 

icephobicity of SLIPS [198]. Their surface preparation involved submerging the 

coupons in two different UV-cured resins and then infusing them with the silicon oil 

(Figure 1-15b). In this UV-curable SLIPS surface, the authors combined hexacrylated 

resin (Ebecryl 1360) and diacrylated silicone resin (Ebecryl 350) with silicon oil. 

Coady et al. tested how acrylate functionality and the crosslinking density of 

the polymeric network affected ice adhesion. UV-cured slippery surfaces (Figure 
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1-15c) showed a high durability after 14 icing/de-icing cycles, whereas other surfaces 

used for comparative purposes markedly increased their ice adhesion after only four 

de-icing tests [198]. The reported anti-icing characteristics illustrated that the silicone 

resin Ebecryl 350 exhibited an improved ice adhesion value below 10 kPa. Such a low 

value relates to the low crosslink density of this resin, which makes this surface more 

flexible than the highly crosslinked and brittle hexa-acrylate resin (Ebecryl 1360). This 

result was confirmed by work that found polymers having a lower crosslink density 

exhibited lower ice adhesion and were practical as icephobic materials [94]. 

 

 

Figure 1-15. (a) Schematic illustrating the formation of a liquid–liquid interface on a 

MAGSS and compared with superhydrophobic and liquid-infused surfaces [194], (b) 

the fabricating steps of the UV-cured SLIPS [198]., (c) the repeated icing/de-icing 

tests for oil-only (red), oil+1360 (yellow), and oil+350 (blue) SLIPSs [198]. 

 

 

(a) 

(b) (c) 
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After repeated icing/de-icing tests, the adhesive force increased to 50 kPa; 

however, this increase was not related to oil depletion [198]. The authors argued that 

the penetration of silicon oil into a crosslinked network of UV-cured polymers 

prevented oil depletion. SEM/EDX analyses suggested that the resin-oil layer may have 

been lost after the initial icing/de-icing cycles and was not simply the loss of the 

lubricant. Modifications, such as using resins having more abrasion resistance, would 

also favor these surfaces for use as durable icephobic surfaces [198]. 

Sun et al. introduced an anti-icing coating inspired by tropical frogs that release 

functional liquids in response to external stimuli. For this purpose, as shown in Figure 

1-16, the developed icephobic surface released an antifreeze liquid when the surface 

was stimulated by icing. Such a surface comprises a bilayer structure, which includes 

a porous superhydrophobic epidermis on top and a reservoir for antifreeze in the 

bottom. To obtain this coating, they sprayed polymeric superhydrophobic shells 

(Hydrobead) onto a nylon membrane, and the dermis layer was infused with propylene 

glycol. Once ice or frost formed on the surface, the antifreeze liquid was gradually 

released through the bottom layer. This layer acted as a melting layer between the ice 

and the surface and melted the ice and frost. The analysis of the ice formation time 

showed that the surface could delay ice formation for approximately half an hour; in 

contrast, other types of icephobic samples experienced ice formation in under five 

minutes. As well, the antifreeze liquid had an optimal value (0.01-0.03 mL. cm -2 .h -

1), and once it was removed from the surface, it could be restored [199]. 
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Figure 1-16. The release of an antifreeze liquid, and the consequent ice melt, in 

response to icing [199]. 

 

1.7.1 Interfacial Slippage 

Golovin et al. recently proposed the concept of interfacial slippage. The ice 

adhesion measurement on polymers confirmed that, compared with thermoplastic 

polymers, elastomers showed lower ice adhesion [94,200–202]. The viscoelastic nature 

of elastomers fulfilled the required conditions for interfacial slippage and the initiation 

of cracks in the ice [203–206]. Regardless of the polymers’ respective chemistries, 

changing the crosslink density of elastomers—lubricated with synthetic and natural oils 

to obtain the interfacial slippage—affected ice adhesion. The ice adhesion of 

elastomers having a low crosslink density was less than that for highly crosslinked 

elastomers. By adding lubricant and having interfacial slippage, a τice of <0.2 kPa could 

be achieved. The lubricant, as an uncross-linked polymer chain, was mobile at the 

surface and increased the interfacial slippage along the solid–solid interface. This 

behavior promoted slippage between the ice, as a hard surface, and the soft oil-infused 

elastomer, thereby producing ultra-low ice adhesion [94]. 
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These surfaces showed good abrasion resistance, maintained their ultra-low ice 

adhesion, and had exceptional durability over several abrasion cycles. These 

elastomers, therefore, have an inherent icephobicity and produce durable anti-icing 

surfaces [200]. 

1.7.2 Slippery omniphobic covalently attached liquid (SOCAL) surfaces 

Covalent immobilization has been suggested for preventing lubricant depletion 

and obtaining more durable slippery surfaces. This process can be performed by 

covalently attaching either flexible functional groups or a lubricant to smooth surfaces 

[185,207]. In the former method, the grafted groups provide the solid surface liquid-

like properties that cannot be dissolved or displaced by external liquids. Wang et al. 

fabricated the slippery covalently attached liquid surfaces using acid-catalyzed 

hydrolysis and the graft polycondensation of dimethyldimethoxysilane (Figure 1-17) 

[208]. The smooth surfaces demonstrated incredibly low contact angle hysteresis (≤1°) 

and low sliding angles for liquids such as water and hexane across a range of surface 

tensions (78.2–18.4 mNm-1). 

Zhao et al. fabricated an anti-scaling coating by combining a slippery 

covalently attached liquid coating with a SiO2 coating. The low surface energy and 

high homogeneity of such surfaces have been used to easily remove salt after scaling 

[209]. Given that the lubricant can be covalently attached to the substrate, Krumpfer et 

al. fabricated such a surface using the reaction of silicone oil with the surfaces of 

inorganic oxidized silicon, titanium, aluminum, and nickel [210]. The immobilized 

lubricant gel surfaces produced through this approach presented a low contact angle 
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hysteresis. The high affinity between the lubricant and surfaces allowed the grafted 

silicones to withstand a one-week exposure to toluene. 

 

Figure 1-17. Formation of the slippery covalently attached liquid coatings through 

acid-catalyzed polycondensation of dimethyldimethoxysilane on a substrate [208]. 

 

Slippery liquid-immobilized surfaces have also been obtained by reacting a 

silicone lubricant and a polyelectrolyte layer containing Ag+ ions [211]. Because of 

gelation and immobilization of the lubricant, these slippery surfaces were highly 

durable both chemically and physically. The fabricated liquid-immobilized films also 

provided a high level of slipperiness compared with other liquids, such as water, 

ethanol, hexadecane, and oleic acid. Both the slippery covalently attached liquid-like 

surfaces and covalently attached-lubricant surfaces show great potential for anti-icing 

applications because of their low contact angle hysteresis (CAH) and high 

homogeneity, which improve water repellency and reduce ice nucleation sites, 

respectively. 
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1.7.3 Oil absorbent materials 

Adsorbents are another group of materials that can be used in LIS to improve 

their lubricant stability and long-lasting durability. Such substances are usually in 

micro- and nanometer size and can attract oil and hydro-carbonic impurities from 

polluted sites, such as marine ecosystems [212–214]. In this regard, various types of 

materials, such as polymers, zeolite, nanocomposites, and aerogels, have been used as 

adsorbents. The most distinctive characteristic of these non-porous materials is their 

pore size distribution, including the macro, micro and mesopore size. Generally, such 

adsorbent with desirable porosity and surface area can be applied in different fields and 

applications [215–217].  

Aerogel is a non-porous substance with different applications. The fabrication 

of aerogels via the sol-gel process has been widely studied, and some of these materials 

are commercially available in large scale. Nanostructured silica aerogels have 

extremely unique properties, such as high porosity, desirable carrier capacity, high 

surface area, and ultralow density. The high porosity and surface area of aerogel 

provide appropriate conditions for absorbing and carrying materials, such as catalysts, 

corrosion inhibitors, and lubricants [218–220]. Moreover, these materials are non-toxic 

and eco-friendly materials with widespread applications, especially as lubricant-

absorbent material. Considering the hydrophobic nature of most oils, the hydrophilic 

structure of aerogels should be chemically modified as hydrophobic materials. For this 

purpose, the surfaces of aerogels can be treated with hydro carbonic silica groups[221–

223]. 
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Kim et al. used silica aerogels to absorb silicone oil, and then mixed them with 

PDMS polymeric matrix [224]. The presence of these carreires can slow down the 

migration rate of lubricants through the matrix. The developed coatings had an ice 

adhesion lower than 20 kPa, which was maintained over 20 icing/deicing cycles. 

APPENDIX I (see Table A.I.2) presents a general overview of the fabrication 

methods of the slippery surfaces, their material composition, type of the infusing 

lubricant, and their characteristics. 

1.8 Characterization of lubricant loaded Carriers 

There are some techniques that have a potential to be used for determining the 

amount of the lubricant infused in the pores. In fact, these measurements can be helpful 

to ensure the lubricant would be available during the subsequent de-icing events. The 

methods such as fluorescence microscopy was utilized to evaluate the presence of 

lubricant in the surface qualitatively [130,131]. Here, two test methods namely 

thermogravimetric analysis and B.E.T have been used to quantify the lubricant infused 

in the pores. 

1.8.1 Thermogravimetric analysis 

TGA is an analytical technique, in which the variation of sample mass is 

monitored against time or temperature. This analysis performed on the 

thermogravimetric analyzer instrument. The analyzer measures the change in sample 

mass when temperature increases over time. Mass, temperature, and time are basic data 

that can be derived from this technique, from which additional analyses can be carried 

out [225,226]. This technique is usually used for investigating material degradation 

temperatures, residual solvent levels, adsorption, and the amount of inorganic fillers in 
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composite materials [227,228]. In the PhD research work, TGA was used to evaluate 

the loading capacity of the lubricant carriers. 

1.8.2 B.E.T 

BET theory was used to explain the process of gas molecule adsorption over 

solid surfaces. This method is commonly used for the evaluation of the specific surface 

area of solid materials. Generally, this theory is based on the gas-sorption process. It 

usually requires that the probing gas adsorbate should not chemically react with 

adsorptive materials. Nitrogen gas is commonly used for probing material surfaces. 

Initially, the samples are vacuumed for some time at a certain temperature (e.g., 18.5 h 

at 140 °C). N2 gas is also used for vacuuming. Then, the adsorption of gas molecules 

is done under vacuum, and a thin layer of gas is formed on the surface [229,230]. Based 

on the B.E.T theory, the gas molecule number over the surface can be estimated. This 

process is repeated for several times until the full coverage of the surface with the N2 

gas. In fact, when a multilayer of gas molecules is formed over the surface, and all the 

pores are filled with nitrogen gas, the saturation occurs. Therefore, this method can be 

used to determine the pore volume of particles [231–233]. 

1.9 Conclusion 

The presence of ice can reduce the effectiveness and functionality of equipment 

and infrastructure. To reduce ice accretion, research has focused on developing 

icephobic surfaces. This section reviewed the general idea about SLIPS, a new 

generation of icephobic coatings inspired by pitcher plants. To begin with, a theoretical 

background of superhydrophobic and slippery liquid-infused surfaces were extensively 
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addressed to get a better understanding about their differences and fundamental 

characteristics. 

 The assessment of fabrication methods and anti-icing characteristics of SLIPS 

confirmed that substrate morphology, including created textures, and the use of 

crosslinked polymers affect anti-icing performance. The characteristics of the infused 

lubricant, such as viscosity and its content percentage, affect the mobility of the 

repellent liquid over a surface as well as ice nucleation and ice adhesion. 

The development of slippery surfaces faces challenges, including issues of 

durability and long-life applicability, especially in their first-generation fabrication 

methods. Textured surfaces covered with lubricant can reduce the loss of infused oil, 

normally lost through evaporation, gravity, or icing/de-icing. Employing novel 

fabrication methods, including microtexturing techniques and incorporating porous 

substances like aerogels can be considered as promising strategies to reduce oil 

depilation and enhance the durability of slippery coatings. By introducing microscale 

textures on the surface, consumption of oil can be minimized, leading to improved 

longevity and performance of the coating. Additionally, porous substances like 

aerogels can act as lubricant-absorbent materials that prevents oil from depleting and 

adjusts its migrating from the coating, thereby maintaining its lubricating properties for 

an extended period. These strategies offer several advantages, including ease of 

handling, cost-effectiveness, and favorable processability, making them attractive 

alternatives to other methods.  

The use of silicone-based materials either as the matrix or lubricant, offers 

numerous desirable characteristics, including chemical stability, compatibility, low 

surface tension, and electrical insulation. Silicone-based materials provide durability, 
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resistance to degradation, and low ice adhesion. Additionally, their electrical insulation 

capabilities ensure the safe operation of electrical systems. Overall, silicone-based 

materials contribute significantly to the performance and reliability of coatings. 

Finally, evaluating the long-term durability of these developed surfaces under 

harsh environmental conditions is essential to ensure their effectiveness over extended 

periods.
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2.1 Abstract 

Icephobic surfaces offer an effective solution to protect the infrastructures 

subjected to harsh cold-weather environment and increase their efficiency. Inspired by 

the Nepenthes pitcher plant, liquid-infused coatings have received much interest as a 

potential cost-effective anti-icing solution. In this paper, we developed liquid-infused 

textured surfaces (LITS) through chemical etching followed by a replication method. 

We assessed the effect of viscosity (50 and 500 cSt) and the infusion percentages of 

lubricant on the morphology and icephobicity of the produced surfaces. Lubricant-

infused silicone surfaces are normally obtained by combining a textured surface 

morphology and slipperiness. We therefore evaluated the wettability, morphology, and 
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the localized surface elasticity maps of the fabricated surfaces using a goniometer, 

scanning electron microscopy (SEM), and atomic force microscopy (AFM), 

respectively. The icephobic performance of the samples was studied by differential 

scanning calorimetry (DSC), push-off tests, and freezing delay time measurements. 

Our observations of the anti-icing nature of the produced LITS confirmed that the heat 

insulation effect of the lubricant lowered the ice nucleation temperature considerably 

compared with non-oil surfaces. The prepared LITS presented an ice adhesion strength 

of less than 20 kPa, four orders of magnitude lower than that of a pristine surface. 

Surficial microtextures are critical for reducing the rate of oil depletion through the 

trapping of oil within the surface microstructures. Our designed lubricant-infused 

surfaces present more durable and stable anti-icing characteristics over the long term 

than smooth lubricant-infused surfaces. 

Keywords: icephobic surfaces and coatings, slippery coatings, liquid-infused 

surfaces, micro/nanostructured surfaces, superhydrophobic surfaces, silicone 

elastomers 

 

2.2 Introduction 

Ice accumulation and ice formation on the exposed surfaces  can cause both 

operational problems and economic losses [63–65]. There is much effort, devoted to 

developing strategies to prevent ice accretion on surfaces and prevent related damage 

[10,38,66–68,234,235]. A large number of studies have focused on  the use of 

superhydrophobic surfaces as water-repellent surfaces to use for anti-icing purposes 

[236–238].  High humidity conditions can damage anti-icing properties of these 
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surfaces due to water condensation within their surface textures, resulting in 

mechanical interlocking between the ice and the surface [22,23]. Inspired by Nepenthes 

pitcher plants, slippery liquid-infused porous surfaces (SLIPS) have been developed in 

which an air-liquid interface is replaced by liquid-liquid contact. Reducing ice adhesion 

by 10 kPa (usually measured by non-impact bulk ice) makes SLIPS a potential 

candidate for passive icephobic materials [35,74,80]. 

SLIPS benefit from their porosity to preserve an amount of lubricant on the 

surface and generate a liquid layer. This layer can remove; thus, a water drop can easily 

slide over the surface at very low roll-off angles [72]. One of the key design factors in 

the fabrication of a liquid-infused surface is its porosity. Indeed, by preserving the 

lubricant, a liquid layer can be formed on the surface that prevents producing pinning 

spots on the surface. 

Both ordered and disordered textures can serve to produce the porous structure 

of SLIPS. Ordered surfaces can be fabricated using lithography, lasers, and computer 

numerical control (CNC) methods [137–139]; while, the disordered textures are usually 

produced by dip coating, spray coating and plasma , resulting in a random porous 

pattern [52,140,141]. The mentioned methods have many drawbacks, including 

complexity, long procedure times, expensive facilities, and environmental concerns. In 

contrast, using textured templates (also known as insert or coupon) to obtain replicates 

having micro-nanotextures on the surface, as a relatively simple method, may be 

desirable for reducing the processing time and costs, for applying to a wide range of 

materials like thermoplastic polymers, rubber and resins and for simplifying the use 
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and reproducibility of micro-nanotextures. The textured template can be fabricated 

using various methods such as chemical etching procedure   [144,145]. 

Infusing oil into the polymeric matrix is one of the effective approaches for 

decreasing ice adhesion on the surface. In this method, a suitable matrix is used to 

incorporate the lubricant for a longer period. Due to low surface energy and surface 

smoothness, polymers can keep their low ice adhesion strength, even after oil depletion 

[32,33,48,150]. Thus, by combining elasticity and the presence of a lubricating layer, 

a considerable reduction in ice adhesion strength is possible. It has been shown that 

elastomers can offer a lower ice adhesion strength than thermoplastic polymers owing 

to their viscoelastic characteristic. This property promotes interfacial slippage which 

results in ice detachment [43,94,200,203,204,239]. Furthermore, the polymer stiffness 

is the mechanical property that can be affected by lubricant infusion, resulting in ice 

adhesion strength lower than 20 kPa [94]. For instance, liquid paraffin was infused in 

polydimethysiloxane (PDMS) that oil infusion led to swelling the elastomeric matrix. 

An ice adhesion strength of 1.7 kPa was obtained at −30 °C, which remained below 10 

kPa until −70 °C. The increase of ice adhesion can be resulted from rise of oil viscosity 

when temperature decreased [158]. 

Losing lubricant over time can cause problems in SLIPS, and influence their 

efficiency. The uppermost lubricant layer can be removed due to conditions such as 

icing/de-icing cycles, and evaporation [48,95,130]. So, much effort has been focused 

on finding relationship between surface morphology and ice adhesion to promote the 

durability of SLIPS [48,73,148] 
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Here, we successfully fabricated liquid-infused surfaces (LIS) and liquid-

infused textured surfaces (LITS) through a replication method. We then, studied the 

effect of viscosity and lubricant contents on the morphology and icephobicity of the 

produced surfaces. It is worth mentioning that LITS can be considered as a developed 

subcategory of conventional slippery liquid-infused porous surfaces (SLIPS); while 

LIS presents liquid infused surface without texture. Therefore, using these surfaces 

allows us to study the effect of textures on surface characteristics. The focus of this 

study is on the lubricant infusion in the bulk and investigation of the effect of surface 

textures on the long-time durability. While the conventional SLIPS benefit from 

lubricant impregnated only on the surface, here, the lubricant is embedded in the 

elastomeric matrix which endows enhanced properties. 

We embedded a lubricant of two different viscosities (50 and 500 cSt) into the 

elastomeric matrix at various lubricant contents (10, 20, 30, 40, and 50 wt.% of the 

silicone) and transferred the microtextured templates from a textured aluminum 

template. We then performed cyclic icing/de-icing tests on the LITS samples and 

examined the relationships between lubricant contents, oil viscosity, and LITS 

durability. 

2.3 Materials and methods 

2.3.1 Fabrication of the oil-infused microtextured silicone material 

To obtain microtextures on the silicone surfaces, we cut an A5052 aluminum 

sheet into 2.5 cm × 3 cm coupons. They were ultrasonically cleaned in acetone and 

deionized water for 0.5 h, followed by drying in an oven at 70 °C for 1 h. The coupons 
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were then chemically etched by being placed in 15 wt.% hydrochloric acid for 2h. This 

etching process has been successfully used in our group’s previous research work 

[144]. The above cleaning and drying procedures were repeated to remove any residual 

particles from the Al coupons.  

Throughout the replication process, the elastomer material can stick to the 

template surface and heighten the difficulties of replication. Although various 

strategies have been proposed to solve this issue, we applied anti-stiction coatings on 

the textured surface to improve the quality of the insert surface and the uniformity of 

the textures. Applying an anti-stiction coating allows the templates to be used in the 

replication process. The most commonly used anti-stiction coatings are low-surface-

energy coatings applied via the self-assembled monolayer (SAM) method. To facilitate 

releasing surfaces from the templates, we prepared a 6 mM solution of diluted Trichloro 

(1H,1H,2H,2H-perfluorooctyl) silane in methanol (TPFS=CF3(CF2)5CH2CH2SiCl3) as 

the anti-stiction coating, and samples were immersed in the solution for 2 h at a 

temperature of 70 °C. The dip-coated aluminum templates were then dried at 70 °C for 

1 h. 

Sylgard 184 PDMS was received from Dow Corning, and the base resin was 

mixed with a curing agent in a standard weight ratio of 10:1. Then, we mixed various 

percentages (10, 20, 30, 40, and 50 wt.%) of each silicone oils (two viscosities of 50 

and 500 cSt form Dow Corning, Xiamater PMX-series) into the PDMS mixtures. We 

therefore created ten combinations of viscosity and infusion levels for the prepared 

samples. 
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The microtextures were then replicated to the oil-infused silicone elastomer. 

The surface of the textured templates was covered with the oil-infused elastomer 

mixtures, and the template–mixture preparations were placed in a vacuum chamber to 

degas and increase the penetration of the mixtures into the polymeric materials within 

the microtextures. They were then cured at 90 °C for 30 min. The cured elastomers 

were removed from the template surface to obtain the replicated silicone elastomer 

having microtextured surfaces. 

In addition to the oil-infused microtextured materials, we also fabricated 

microtextured and smooth PDMS materials without oil infusion and smooth PDMS 

materials with oil infusion (resembling SLIPS surfaces) to serve as control substrates 

for the ice adhesion tests. 

2.3.2 Surface characterization 

The wettability of oil-infused microtextured surfaces was examined using a 

contact angle goniometer (Kruss™ DSA100). A 4-μL water droplet was used for the 

static contact angle measurement (CA). The droplet was deposited onto the surface, 

and the CA was calculated using the Young-Laplace approximation. Contact angle 

measurements were repeated at five different points on the substrate to consider any 

variation in wettability performance, and we calculated the average CA. We also 

obtained water and diiodomethane contact angles to calculate surface energy of our 

fabricated samples using Fowkes model [240]. 
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 To measure the water droplet velocity, a 5-μL water droplet was placed onto 

the surfaces sloped at an angle of ~30°, and we recorded the time for a water droplet to 

travel along a given distance. 

The characterization of the microtexture morphology of the replicated silicone 

elastomer surfaces was performed using a scanning electron microscope (JSM-6480 

JEOL SEM manufactured by JEOL Japan). Prior to the analysis, the samples were 

coated with a thin layer of gold alloy to enhance imaging. We also used an attached 

energy-dispersive X-ray spectroscopy (EDS) to study the elemental composition of the 

surface. 

To improve our understanding of the produced surfaces, we obtained localized 

surface elasticity (stiffness) maps through atomic force microscopy (AFM), using a 

Dimension ICON microscope (Bruker, USA) in tapping mode, to qualitatively assess 

changes in the surface composition of samples. The qualitative maps were generated 

on the basis of the contrasting viscoelastic properties of various components across the 

surface. 

2.3.3 Mechanical Properties 

To examine the mechanical properties of the prepared samples, we measured 

the hardness values using a 2000 max-hand Shore A durometer (Rex Gauge, USA). 

Samples having a minimum thickness of 4.0 ± 0.1 mm were used for these 

measurements. To guarantee the accuracy of our measurements, we performed five 

separate measurements with a constant load for each sample at room temperature (~23 

°C). 
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2.3.4 Icephobic Properties 

To investigate the effect of surface properties on the ice nucleation, we ran 

differential scanning calorimetry (DSC). For this purpose, a 5-mg deionized water 

droplet was poured into T-zero aluminum pans, each pan coated with a very thin layer 

of a coating and sealed with lids. The measuring process included the cooling down of 

a prepared sample (from 30 to −40 °C at a 3 K/min ramp) and an empty sealed pan as 

a reference. 

The freezing delay times were measured using a Kruss machine equipped with 

a cold chamber and a Peltier stage that can cool down to −30 °C. To minimize the effect 

of condensation on the measurements, we used anhydrous calcium sulphate desiccants. 

The freezing delay time was described as the time at which a water droplet, placed on 

the surface, began to freeze. 

Ice adhesion on the sample was measured via a homemade push-off apparatus 

[67,195]. In this test, a cylindrical plastic mold, having a diameter of 1 cm, was placed 

on the prepared surface and filled with deionized water. Samples with their respective 

filled plastic molds were then placed into a cold chamber at −10 °C for 24 h to obtain 

an ice cylinder on the sample surface. The samples were then placed into the holder of 

the apparatus and fixed using a vacuum. The test began as the probe of the force meter 

approached the cylinder at a rate of 0.1 mm·s−1 and pushed on the cylinder. The force 

shear was measured by the force meter and recorded the breaking point when the ice 

detached from the surface. We obtained ice adhesion shear stress by dividing the 

maximum force by the icing area. 
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2.3.5 Durability Properties 

2.3.5.1  Lubricant depletion/recovery 

The oil replenishment capability of the fabricated samples was evaluated by 

depletion/recovery repeating tests [241]. We assessed the recovery capability of the 

fabricated samples via the procedure, described in the reference [241]. First, the sample 

was weighed using a balance (Sartorius Co., precision 0.1 mg), and the measured value 

was recorded as m0. In a second step, an oil-absorbing paper was applied to remove oil 

film off the sample’s surface, and the sample was then reweighed. This step was 

repeated for n cycles, and the corresponding weight was recorded as mn. We used Eq. 

2-1 1 to calculate the rate of weight loss. 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑚0−𝑚𝑛

𝑚0
× 100                              (Eq. 2-1) 

2.3.5.2 Icing/de-icing cycles 

We combined the push-off adhesion test and icing/de-icing cycle to assess the 

durability of the samples. For this purpose, we subjected samples to multiple icing/de-

icing cycles, and repeated push-off test seven times with the same method. 

2.3.5.3 Weathering test 

We utilized a QUV accelerated weathering tester to analyze the effect of 

ultraviolet radiation followed by moisture condensation on the destruction of the 

sample. This test method allowed us to assess the durability property of the fabricated 

samples when exposed to simulated outdoor conditions. The test method was carried 



73 

 

out based on ASTM G154 using UVA-340 fluorescent lamps. The test consisted of   

300 h UV light exposure as a test cycle of 8 h, a temperature of 60 °C, and an irradiance 

of 0.89 W.m−2, followed by 4 h of condensation at 50 °C. 

2.4 Results and discussion 

2.4.1 Surface characterization 

Figure 2-1 illustrates the surface morphology of smooth PDMS, the etched Al 

coupon and micro-textured PDMS materials. We tried to optimize the effect of etching 

conditions on replicated surfaces in terms of acid concentration and etching time. 

However, it was verified that using the etching conditions of 15 wt.% hydrochloric acid 

for 2 h was successfully created microtextures, as the same as previous work in our 

group [144]. It can be confirmed that the replication was clearly done on the 

elastomeric matrices. 

The evaluation of the SEM images (Figure 2-2 and Figure 2-3) revealed 

differences in the surface morphologies caused by oil viscosity and the percentage of 

oil infusion. For the 50 cSt oil-infused surfaces, regardless of oil infusion percentages, 

the microtextures were clearly visible. To get better understanding, we marked the 

specific location in lower magnifications where the higher magnification has been 

taken to make the identification clearer. As the oil content increased from 10 to 50 

wt.%, the sharpness of the microtextured edges gradually decreased, which confirmed 

the slight presence of oil on the surface (Figure 2-2). On the other hand, the surface 

textures were considerably changed in the samples containing oil with 500 cSt 

viscosity. Increasing the oil percentage of this 500 cSt oil caused the microtextures to 



74 

 

gradually vanish. Although the sample containing 10 wt.% infused oil presented 

surface microtextures, few microtextures were observed on the 50 wt.% oil-infused 

surface (Figure 2-3). Therefore, for surface containing oil with 50 cSt viscosity, the 

microstructures produced by the replication were more obvious in comparison with 

those containing lubricant with 500 cSt viscosity.  

 

Figure 2-1. SEM images of (a) the chemical etched coupons, (b) the pristine PDMS 

elastomer and (c) the replicated microtextured PDMS without infused oil. 

 

In the sample without microstructures, the oil migration can result in excessive 

availability of oil on the surface and therefore, covering the asperities. The surface 

morphologies of these oil-infused microtextured materials affect the wetting 

characteristics of the coatings (discussed in the following section). This wide range of 

oil–texture combinations provided us the opportunity to scrutinize the contribution of 

each variable (oil and surface microtextures) on the icephobic properties of the 

produced surfaces. 
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Figure 2-2. Micrographs of liquid-infused textured surfaces containing silicone oil 

with 50 cSt viscosity. (a) 10 wt.%, (b) 30 wt.%, and (c) 50 wt.% of oil at 500x 

magnification. (d) 10 wt.%, (e) 30 wt.%, and (f) 50 wt.% of oil at 1000x 

magnification. 

 

 

Figure 2-3. Micrographs of liquid-infused textured surfaces containing silicone oil 

with 500 cSt viscosity. (a) 10 wt.%, (b) 30 wt.%, and (c) 50 wt.% of oil at 500x 

magnification. (d) 10 wt.%, (e) 30 wt.%, and (f) 50 wt.% of oil at 1000x 

magnification. 
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The Si content on the developed surfaces were measured by the energy-

dispersive X-ray spectroscopy. As can be seen, regardless of the oil viscosity, the 

presence of oil increases the Si content on the surface. Although the Si content of 

samples having no oil infusion was identical for both viscosities (50 and 500 cSt), as 

the weight percentage of silicone oil increased, the weight percentage of Si on the 

surface increased more for samples with the infused 500 cSt silicone oil than those 

having the 50 cSt oil. These measurements agreed well with the SEM images were 

more oil contents resulted in more microstructures covered by oil. As silicone oils 

contain Si content, it would enhance the overall silicone content on the surface. So, it 

confirmed the presence of lubricant over the surface compared to no oil samples. 

 

Figure 2-4. Silicon content of the samples in relation to the infusion level of the 

silicone oil, as obtained by energy-dispersive X-ray spectroscopy. 
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Atomic force microscopy (AFM) produced the localized surface elasticity 

(stiffness) maps to provide information about the composition of materials on the 

surface in terms of their viscoelastic properties (Figure 2-5). Phase contrast microscopy 

detected compositional changes across the polymeric surface and lubricated surfaces. 

Phase change usually occurred owing to the interaction between the surface and the 

AFM stylus tip. The mechanical characteristics of the surface, such as stiffness and 

frictional properties, also affect the observed phase [242]. 

A parameter used in this technique is the contrast of viscoelastic properties 

acquired from the various viscous energy dissipations of the materials across the 

surface [243]. Materials having limited viscoelastic properties showed lower phase 

angles. Domains with different mechanical properties could be determined using the 

contrast of the phase images with a high lateral resolution. Generally, the lighter 

regions illustrate areas having a low phase shift, and the darker areas represent regions 

having a higher phase shift [243]. 

The no-oil sample showed no real phase contrast (Figure 2-5a). We observed 

only cross-talk, which is the inherent error in the AFM method arising from lateral and 

normal signals  [244]. The sample surface was homogeneous in terms of phase contrast; 

thus, no viscoelastic contrast was observed. In the oil-containing samples, however, the 

lighter brown and darker brown areas illustrated a real phase contrast, suggesting some 

heterogeneity in the distribution of the oil. For samples containing 10 wt.% lubricant 

with 50 cSt viscosity (Figure 2-5b), the phase contrast was considerably stronger than 

for the no-oil sample. In the lighter brown domains, the surface was covered with oil, 

and the darker brown phase area was oil-free, which stemmed from the difference in 
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modulus and viscoelastic properties of the lubricant and cured polymeric matrix. 

Accordingly, the phase contrast clearly showed the oil distribution and heterogeneity 

across the surface. As expected, the proportion of lighter brown areas increased in the 

oil-infused sample (50 wt.%, 50 cSt), which confirmed the higher coverage of the 

surface by the lubricant (Figure 2-5c). In addition, the AFM imagery of oil-infused 

elastomer (10 wt.%, 500 cSt) showed considerably more lubricant on the surface 

compared with samples containing 50 cSt oil viscosity at the same infusion level 

(Figure 2-5d). 

 

Figure 2-5. AFM images of microtextured elastomer containing (a) no oil, (b) 10 

wt.% 50 cSt oil, (c) 50 wt.% 50 cSt oil, and (d) 10 wt.% 500 cSt oil surfaces. 
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 A comparison between the lighter brown areas of the 10 wt.% 50 cSt and 10 

wt.% 500 cSt samples revealed that 50 cSt oil was less present between the surficial 

microtextures than the 500 cSt oil. The 10 wt.% 50 cSt sample showed a heterogeneous 

surface as indicated by the darker brown areas. These relatively darker areas represent 

the effect of the underlying microtextures. The strong homogeneity of the lighter brown 

areas of the 10 wt.% 500 cSt sample indicated a thicker layer of lubricant, which did 

not allow the underlying microtextures to be exposed. The thick layer of lubricant 

covering the 50 wt.% 500 cSt samples prevented the evaluation of its surface using the 

AFM technique. 

2.4.2 Surface wettability 

After evaluating the distribution of the lubricant material on the microtextured 

surfaces and its effect on the microtopography, we assessed the surface wettability and 

surface energy of the oil-infused silicone elastomers. Increased oil content decreased 

the water CA (Figure 2-6 ). Also, samples containing oil with viscosities of 50 and 500 

cSt showed an increase in surface energy from 20.64 and 21.48 mN/m to 24.57 and 

25.35mN/m, respectively, when oil content increased (based on Fowkes model 

calculations). This overall trend is resulted from the filling of the microtextures with 

oil.  
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Figure 2-6. Water contact angle in relation to oil content (wt.%) for two oil 

viscosities (50 cSt and 500 cSt). 

The higher surface energy of the silicone oil than that of the trapped air between 

the microtextures led the water droplet to spread out more on the surface and 

consequently wet the surfaces of the samples containing the lubricant. Moreover, the 

samples containing oil with 50 cSt viscosity produced a higher CA than the 500 cSt 

samples, regardless of the percentage of oil infusion. This observation agreed with the 

SEM imagery and demonstrated that samples containing 50 cSt silicone oil still 

benefited from a microtextural contribution to the anti-wetting properties, whereas for 

samples having 500 cSt silicone oil, a layer of oil covered the surface microtextures of 

the samples. 
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2.4.3 Water-repellency properties 

To better evaluate the contribution of surface microtextures to the dynamic 

behavior of water droplets on the LITS, we measured water droplet velocity to predict 

the mobility behavior of a water droplet on the lubricated surfaces [130][245]. We also 

analyzed the role of lubricant viscosity and oil infusion level on water droplet velocity. 

We observed a marked difference between water droplet velocities for the surfaces 

containing low-viscosity (50 cSt) and high-viscosity (500 cSt) lubricants (Figure 2-7). 

Water droplet velocity was much higher on the slippery surfaces containing 50 cSt 

lubricant than those containing the 500 cSt lubricant. The relationship between droplet 

velocity (V) and oil viscosity is presented in  Eq. 2-2 [132], in which the effect of 

lubricant viscosity on the repellent liquid droplet velocity and droplet behavior over 

the lubricant layer are considered. The droplet velocity is inversely proportional to oil 

viscosity. 

V~
(𝜌𝑔)3/2𝑅3

𝛾𝑜𝑎∅3/2𝛽η0
. 𝑠𝑖𝑛3/2α  (Eq. 2-2) 

where R, 𝛾𝑜𝑎 , ∅, η0, α, and 𝛽 represent the contact radius, oil–air surface 

tension, texture density, oil viscosity, tilt angle, and the factor that present the 

dissipation at the tip of the wedge, respectively. (𝜌𝑔)3/2𝑅3  is related to the droplet 

weight. 
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Figure 2-7. Water droplet velocity across the LITS as a function of infusion 

percentage and lubricant viscosity. 

 

The lubricant infusion percentage also affected the behavior of water droplets 

on the surfaces. Given that the thickness of the lubricant layer over LITS for the 500 

cSt oil was obviously higher than that of the lower viscosity 50 cSt oil, we observed 

that by increasing infusion percentages, the speed of the droplets increased. According 

to Eq. 2-1, V is inversely proportional to β (the factor that corresponds to the dissipation 

at the tip of the wedge). β is related to the thickness of the lubricant by β ≈ ln (L/h), 

where L and h are the typical size of the surrounded liquid by the lubricant materials 

and lubricant thickness, respectively [132]. Accordingly, by increasing thickness, β 

decreases, thereby producing a greater water droplet velocity (Eq. 2-1). Consequently, 

for a given lubricant viscosity, a greater lubricant infusion followed by an increased 

thickness results in the increased water droplet velocity across the lubricated surface. 
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For the surfaces infused with the low-viscosity lubricant (50 cSt), however, the 

relationship between the oil infusion level and water droplet velocity was very 

different. Greater infusion levels of lubricant reduced the water droplet velocity over 

the surfaces. Unlike the fully lubricated surfaces of the high-viscosity lubricant (500 

cSt) samples, the microtextures, as seen in SEM images, were more exposed on the 

samples infused with a low-viscosity lubricant (50 cSt). Therefore, on such surfaces, 

the water droplet velocity depended on microtextures to a much greater extent than on 

lubricant thickness. At low levels of oil infusion (10 wt.%), the oil-infused surface 

showed a CA >150°, which acted as a key factor affecting water droplet roll-off and 

the increased velocity (Figure 2-7). By heightening the lubricant content, the surface 

microtextures became increasingly covered by the lubricant, and, consequently, the CA 

decreased. As such, the surface lost its roll-off properties, resulting in a reduced water 

droplet velocity.  

2.4.4 Depletion/recovery cycle tests 

The replenishment of lubricant is a distinguishable characteristic of oil-infused 

slippery surfaces by which the long-term durability of such surfaces is possible 

[246,247]. We compared the lubricant weight loss of liquid-infused surfaces (LIS) and 

liquid-infused textured surfaces (LITS) per number of cycles of testing (Figure 2-8). 

Regardless of lubricant viscosity, the oil loss gradually increased, and this oil loss for 

LIS samples was significantly higher than that observed for the LITS samples. This 

trend confirmed that untextured surfaces (LIS) provide more available lubricant on the 

surface for each cycle and highlighted the importance of microtextures in the oil-

infused samples; microtextures are very important for reducing the rate of lubricant 
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depletion considerably, thereby optimizing the recovery of surface lubrication. A 

textured surface increases the available volume to trap more oil; therefore, once the 

silicone oil is diffused into the surface, it becomes trapped within the microtextures. 

Wiping the surface with oil-absorbent paper did not easily remove the trapped 

lubricant, allowing the LITS surfaces to display enhanced durability. For LIS, the 

lubricant was more available on the surface and permitted a greater oil depletion by 

external forces. 

The oils in the oil-infused samples for all oil combinations of infusion levels 

and viscosities can migrate to the surface; however, the migration rate differed between 

the low- and high-viscosity oils. The migration rate for samples of 500 cSt oil was 

greater than that for samples containing 50 cSt oil (Figure 2-8). This behavior can be 

attributed to the different diffusion rates of oil molecules through the free volumes of 

the cross-linked polymeric network. From the Stokes–Einstein relationship [248] , Eq. 

2-3, the chain self-diffusion coefficient D can be related to viscosity (η) as: 

𝐷 ∝
1

η.𝑅ℎ
    (Eq. 2-3) 

where Rh is the polymer hydrodynamic radius. This equation is usually used to 

interpret the behavior of a polymer in a dilute solution. In this study, silicone oil is 

considered to be the solvent owing to its lower molecular weight than the main matrix. 

As such, according to this equation, at a high viscosity (500 cSt), a lower diffusion of 

the oil within the polymeric network is expected. Furthermore, at 500 cSt viscosity, the 

silicone oil molecules have a greater tendency to migrate from the bulk material toward 

the surface than the 50 cSt oils because they are not trapped within the cross-linked 
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network. In other words, the low-viscosity silicone oil molecules diffuse in greater 

amounts into the free volumes, thereby becoming trapped in the cross-linked network. 

Consequently, these molecules are gradually released to migrate toward the surface. 

The observed differences in behaviours are of great importance for the anti-

icing properties, in particular for the durability of anti-icing properties of the produced 

oil-infused surfaces. This will be discussed in the following sections.  

 

Figure 2-8. The rate of weight loss for LIS and LITS samples in relation to the 

number of test cycles of oil recovery/depletion. 

 

2.4.5 Anti-icing properties 

We evaluated the anti-icing properties of LITS in regard to its resistance against icing 

and the material’s icephobic properties. The resistance against icing involves reducing 

the ice crystallization point to delay heterogeneous ice nucleation and, consequently, 
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ice formation on the surface. Icephobic properties relate to a decreased ice adhesion 

strength on a surface that is already covered by ice. Therefore, we evaluated the delay 

in ice nucleation temperature, the delay in freezing time, and the ice adhesion strength 

of the textured slippery surfaces in relation to viscosity and silicone oil content. 

2.4.5.1 Ice nucleation 

Ice nucleation was determined by DSC analysis of all samples and the contact 

with droplets of deionized water (Figure 2-9). Compared with the ice nucleation 

temperature of the PDMS sample without oil (about −14 °C), increasing the oil 

percentage to 50 wt.% for both oil viscosities (50 and 500 cSt) resulted in a lower ice 

nucleation temperature to near −20 °C and −18 °C, respectively. This can be attributed 

to the heat insulation effect of the lubricating layer that extended the freezing time of 

water in contact with the surface. The used silicone fluids have a lower thermal 

conductivity (0.00037 cal/s·cm·°C) compared with that of the silicone elastomeric 

matrices (0.00062 cal/s·cm·°C). It is worth mentioning that thermal conductivity can 

be described as the capability of a material to transfer heat. Indeed, the heat 

conducting capability of the material is affected by its thermal characteristics [249].  

By increasing the lubricant content, the overall thermal conductivity of oil-infused 

surfaces decreased. According to the mechanism of ice nucleation, heat transfer 

through the water droplet–substrate interface plays a vital role in ice nucleation 

phenomena, and lowering the thermal conductivity can delay ice nucleation [195]. 

The results showed that the viscosity of the silicone lubricant had no 

considerable effect on ice nucleation temperature. However, the samples containing a 



87 

 

silicone lubricant with 500 cSt viscosity showed a slightly higher ice nucleation 

temperature than those with a 50 cSt viscosity. The thermal conductivity of polymers 

depends on physicochemical properties such as viscosity and the molecular weight of 

polymers. Furthermore, it has been found that thermal conductivity increases as 

molecular weight and consequently the viscosity of the polymer increases [250]. 

Therefore, our results confirm that lower viscosity (50 cSt) LITS have a lower thermal 

conductivity, which leads to slightly lower ice nucleation temperatures relative to those 

of the 500 cSt LITS.  

 

Figure 2-9. Ice nucleation temperatures for samples infused with oils having (a) 50 

cSt and (b) 500 cSt viscosities, as determined by differential scanning calorimetry. 

 

We then measured the icing delay time of water on different surfaces. The 

measurements confirmed the previous results obtained from DSC that the presence of 

the oil affected the freezing delay time. The freezing delay time for samples containing 

50 wt.% silicone oil with viscosities of 50 and 500 cSt increased to about 1300 and 
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1160 s, respectively (Figure 2-10). The freezing delay time for the sample containing 

no oil was about 200 s. APPENDIX II (see Figure A.II.1) shows more detailed 

information about unset ice nucleation and complete freezing time corresponding to 

each sample.  

 

Figure 2-10. Ice nucleation time on the surface of samples having various levels of 

oil infusion for the 50 and 500 cSt viscosity oils. 

 

2.4.5.2 Ice adhesion 

The ice adhesion force plays an important role in the icephobic performance of 

the surfaces covered by ice. We evaluated the change in the ice adhesion strength of 

the oil-infused textured PDMS surfaces—surfaces differing in oil content and viscosity 

and a no-oil surface—over seven icing/de-icing cycles (Figure 2-11). A greater oil 

content for both viscosities markedly decreased ice adhesion strength. This loss of ice 
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adhesion strength resulted from a higher amount of oil in the ice/surface interface and 

an increased slipperiness on the surfaces. 

 

Figure 2-11. Ice adhesion of samples containing various amounts of infused silicone 

oil over multiple icing/de-icing cycles for oils of (a) 50 cSt and (b) 500 cSt viscosities. 
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We also observed the general increasing trend in ice adhesion strength over 

multiple icing/de-icing cycles owing to the depletion of surficial oil after each cycle 

and resulting in a gradually reduced icephobic performance. Samples containing more 

than 30 wt.% lubricant (at 50 cSt viscosity) had ice adhesion strengths almost always 

below 20 kPa (Figure 2-11a), and surfaces infused with the 500 cSt oil required only 

more than 20 wt.% lubricant to attain similar results (Figure 2-11b). The ice adhesion 

strength highly depends on the extent of the lubricant presence on the surface.  

The lowest ice adhesion strength (<10 kPa) was achieved at the highest level of 

oil infusion for both oil viscosities (Figure 2-11); because oil migrated more from the 

bulk material to the surface [251]. Consequently, this led to more lubricant available at 

the surface to facilitate a greater slippage between ice and surface. It is noteworthy that 

the high oil content can increase the risk of contaminations in long-term [252]. 

Moreover, our results showed that the presence of silicone oil on the surface 

was not considerable at infusion percentages of 10 and 20 wt.% in both viscosities. 

This low amount of oil on the surface nonetheless increased the slipperiness between 

ice and the surface. Hence, we concluded that both the low slipperiness and the 

microtextures were responsible for the observed reduction in the ice adhesion strength 

compared with the no-oil surfaces.  

Given the importance of the rate at which the infused silicone oil migrates from 

the bulk material to the surface, we conducted an additional investigation to study the 

impact of resting time, following the preparation of the polymers, on the migration of 

the silicone oil and, consequently, the ice adhesion strength. We evaluated the ice 



91 

 

adhesion strength of non-textured (LIS) and microtextured (LITS) silicone surfaces at 

low infusion levels (10 wt.%) for the two oil viscosities of 50 cSt and 500 cSt. (Figure 

2-12) to clarify the contribution of both microtextures and the infused oil to ice 

adhesion strength over time.  

 

Figure 2-12. Ice adhesion behavior of LITS and LIS during resting periods for 

samples (a) 10 wt.% oil infusion and 50 cSt viscosity and (b) 10 wt.% oil infusion and 

500 cSt viscosity. 

 

Unlike the LIS samples, immediately after the fabrication of the LITS there was 

insufficient lubricant on the surface to reduce ice adhesion strength. Because of the 

mechanical interlocking between the microtextures and the ice, the ice adhesion 

strength was greater than that of the LIS. The smooth surface of the LIS provided a 

pinning-point-free surface. As observed in the oil replenishment test (Figure 2-8), the 

migration rate of lubricant through the LIS samples is greater than that through the 

LITS. This results in the more visible presence of oil on the LIS even shortly after the 
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fabrication. Thus, for the LIS, following a resting time and multiple icing/de-icing 

cycles (3 days), the ice detachment from these slippery smooth surfaces removed oil 

from the surface and, therefore, increased the ice adhesion strength. In the case of LITS, 

which have a slower rate of silicone oil migration to the surface than the LIS, the 

amount of oil on the surface increased markedly after about three rest cycles, leading 

to a greater slippage between the LITS and the ice. We conclude that, over the long 

term, the stability of oil on microtextured surfaces is greater than that for untextured 

surfaces. The microtextures on the LITS samples act as reservoirs for the infused oil 

and maintain a low ice adhesion strength for a longer duration. 

In terms of the role of lubricant viscosity, we observed very similar trends for 

both low (50 cSt) and high (500 cSt) viscosities for reducing ice adhesion after resting 

periods (see Figure 2-12). LITS having an oil viscosity of 500 cSt, owing to its 

relatively higher rate of oil migration toward the surface, retained a sufficient amount 

of oil on the surface, even at the beginning of the resting test (Figure 2-12b). Hence, it 

showed relatively stable ice adhesion strengths. As well, the reduction rate of its ice 

adhesion was lower than samples containing 50 cSt oil. Such surfaces (50 cSt), 

although showing an increased ice adhesion strength at the beginning of the resting 

periods, had considerable amounts of oil reaching the surface after three rest cycles; 

this resulted in a marked reduction in ice adhesion strength. These observations 

confirmed the important synergetic effect of microtextures and infused oil on the 

icephobic properties of the LITS samples.  

In fact, the presence of microtextures can play a complementary role in 

icephobic characteristics of the samples beside the oil infusion. Because the 
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microtextures act as oil reservoirs, ice adhesion strength remains low due to the 

controlled and prolonged presence of oil on the surface. So, the produced LITS samples 

can, therefore, be used in practical applications for long periods. 

To evaluate the effect of infused oil on the mechanical properties of the 

produced samples, we conducted hardness tests (Figure 2-13). An increase in the 

hardness of materials increases modulus elasticity [253]. The surface hardness 

decreased markedly by as the oil content increased, and this was followed by the 

reduction of the modulus (Figure 2-13).  

Based on the literature, the Young’s modulus of ice is between 0.3 and 3.6 GPa; 

while silicone based coatings usually showed a Young’s  modulus  less than 10 MPa 

[254,255] .As such, the difference between the modulus of the ice and the surface was 

heightened. These different mechanical characteristics, which create different strain 

values under the given applied stress, facilitated the ice detachment from the surface. 

It is noteworthy that for a rubbery material, the stress distribution is not uniform and is 

more concentrated at the interface. This phenomenon can help facilitate ice release 

from the surface [256].  
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Figure 2-13. Hardness values in relation to oil viscosity and oil infusion level. 

 

The ultraviolet radiation and humidity as the weathering conditions can also 

have a destructive impact on elastomeric surfaces, resulting in their degradation. Here, 

the effect of such conditions on icephobic properties of fabricated surfaces has been 

evaluated. The ice adhesion strength did not change significantly after being exposed 

to 300 h UV light along with humidity condensation, representing about one year and 

half under real outdoor conditions [5] (Figure 2-14). Thus, it can be claimed that the 

fabricated surfaces offered an acceptable resistance capability against accelerated UV-

light and high humidity. 
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Figure 2-14. Variation of the ice adhesion strength before and after the 300-h-QUV-

accelerated-weathering test for samples containing various content of silicone oil 

with viscosity of (a) 50 cSt, and (b) 500 cSt. 

 

2.5 Conclusions 

Liquid-infused surfaces (LIS) and liquid-infused textured surfaces (LITS) were 

successfully fabricated to study the effect of microtextures and lubricant infusion on 

ice adhesion, ice nucleation, and the long-term durability of such surfaces. We aimed 

to combine the textured micromorphology and slipperiness of a lubricant-infused 

silicone elastomer via a replication method. To fabricate microtextured templates, we 

used a chemical etching method and then applied an anti-stiction coating on 

microtextured aluminum via SAM. The replication process was completed by 

transferring the microtextures to a lubricant-infused polymeric surface. Silicone oil of 

different viscosities (50cSt, 500cSt) were infused at various levels (10, 20, 30, 40, and 

50 wt.%) into the silicone elastomeric matrix. A lower oil viscosity produced a higher 

droplet velocity of the surfaces, although the droplet velocity also depended on the 
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presence of microtextures and lubricant thickness for the oil viscosities of 50 cSt and 

500 cSt, respectively. The heat insulation effect of the lubricant also influenced the ice 

nucleation temperature; increasing the lubricant percentage for both 50 and 500 cSt 

viscosity oils reduced the ice nucleation temperature to approximately −22 °C and −18 

°C, respectively, compared with microtextured samples without lubricant (near −14 

°C). 

The ice adhesion results showed that the designed slippery surfaces can 

decrease the ice adhesion strength (less than 20 kPa) by four orders of magnitude 

compared with a reference surface. Oil infusion levels above 30 wt.% for 50 cSt 

lubricants produced ice adhesion strengths below 20 kPa, and such results were also 

obtained at infusion levels greater than 20 wt.% for 500 cSt oils. The surficial 

microtextures also controlled the amount of oil present on the surface and enhanced the 

durability of the material’s anti-icing properties. The microtextures also reduced the 

rate of oil loss by holding oils at/near the surface. Therefore, relative to the smooth 

lubricant-infused surfaces, the designed lubricant-infused surfaces produced more 

durable and stable anti-icing properties for long-term applications. 
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3.1 Abstract 

Lubricant-infused surfaces have received increased attention because of their 

icephobic characteristics. However, the rapid consumption of the lubricant negatively 

affects the life service of these surfaces. Here we introduced a novel icephobic strategy 

using the synergistic effect of combining three different anti-icing mechanisms, namely 

stress localization (matrix), slippery and the formation of unfrozen molecules.  

Therefore, we fabricated two lubricant-loaded carriers by incorporating silicone oil or 

hydroxyl-terminated silicone oil within a hydrophobic nanoporous particles. Different 

quantities of lubricant-loaded carriers were then embedded into an alkoxysilane resin-

dimethylpolysiloxane (PDMS) blend having optimized mechanical properties. Using 

scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and the 

Brunauer, Emmett, and Teller (BET) method, we confirmed that both types of silicone 

oils were successfully loaded within the porous aerogels. Even though, the silicone oil–

loaded carrier accommodated more lubricant within its structure than the hydroxyl-

terminated silicone oil, the coatings with hydroxyl-terminated silicone oil exhibited a 

mailto:samaneh.heydarian-dolatabadi1@uqac.ca
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better anti-icing performance. This enhanced anti-icing property can be attributed to 

the formation of hydrogen bonds between the water molecules and the hydrophilic 

functional groups of the oil. These coatings also reduced ice accumulation on their 

surfaces. The coatings containing hydroxyl-terminated silicone oil–loaded carriers 

(HTSO/A), had a lower ice adhesion strength regardless of their concentration in the 

filler relative to those containing the silicone oil–loaded carriers. An ice adhesion 

strength of 15.9 kPa was achieved using 15% hydroxyl-terminated silicone oil–loaded 

carriers. Reduced ice adhesion in samples containing HTSO/A stems from producing 

localized stress (matrix), the slippery behavior of the surface and the formation of 

unfrozen molecules that are hydrogen-bonded with water molecules on their surfaces. 

The latter mechanism helps these coatings retain stable icephobic characteristics even 

after 20 icing/deicing cycles.  

 

Keywords: Slippery coatings, lubricant-infused coatings, icephobic surface, synergic 

effect, silicone matrix, lubricant absorbent, hydrogen bonding 

 

3.2 Introduction 

Ice accretion can have serious economic, operational, and safety consequences 

for exposed infrastructure. Ice accumulation events and the associated damage have 

led to greater interest in reducing the icing of surfaces in harsh cold-weather regions 

[62,65,257]. Much work has focused on preventing icing on the surfaces by delaying 

ice formation, limiting ice accretion, and reducing ice adhesion. The innovative use of 

icephobic coatings is an increasingly sought-after approach for anti-icing applications 
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because of reduced operational costs for these surfaces and the lack of a need for an 

external energy input [98,99,258]. Superhydrophobic coatings and slippery liquid-

infused porous surfaces (SLIPS) are among those icephobic coatings that have received 

much recent attention [33,35,84,259,260]. The fabrication of superhydrophobic 

surfaces usually involves concerns about durability, high costs, and the use of harmful 

materials, e.g., fluorine-containing substances [68,71,188,197]. On the other hand, 

SLIPS offer the potential to fabricate durable icephobic surfaces at a reasonable cost. 

Inspired by Nepenthes pitcher plants, SLIPS generally consist of two different parts: a 

lubricant and a micro-nanostructure infused with the lubricant [78,261]. Unlike 

superhydrophobic coatings, SLIPS replace a liquid–liquid contact with an air–liquid 

contact to eliminate water condensation in pores. This scenario reduces ice adhesion 

considerably, particularly under high-humidity conditions. Moreover, the lubricant can 

reduce interactions between water droplets and the surface to allow the droplet to slip 

readily along the surface [37,38,72–74,77,79,80,262]. 

Crosslinked polymeric systems offer an effective matrix for maintaining the 

lubricant for an extended duration. In these systems, the lubricant is infused into either 

a preformed structure, such as a porous material or a polymeric matrix, as a precursor 

solution for the final coating [23–28]. In the first method, the oil is infused in an 

already-prepared matrix, resulting in a swelling deformation of the matrix. The second 

approach can produce more desirable outcomes because there is greater control of the 

composition of the oil and the matrix to prevent deformation [43,158,246,263,264]. 

Furthermore, the surfaces can maintain, to some extent, their anti-icing characteristics 

even after lubricant loss when the matrix is produced from materials having low surface 

energy or low modulus [200,265]. 
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Wang et al. fabricated silicone-oil–infused dimethylpolysiloxane (PDMS) 

coatings, in which the low surface energy of both the silicon oil and PDMS and the 

high mobility of the oil combined to reduce ice adhesion [247]. The very low glass-

transition temperature of PDMS also favors the retention of a large free volume at low 

temperatures in which greater amounts of lubricant can be reserved. 

Thus, an effective SLIPS requires a lubricant to meet several criteria. First, the 

lubricant should be compatible with the matrix. Second, the affinity of the matrix for 

the lubricant must be much greater than that for the water droplet to be repelled from 

the surface. Finally, the lubricant should be immiscible with water [128]. 

Despite having desirable icephobic characteristics, SLIPS have shown limited 

service time because of lubricant loss, thereby restricting their application. Lubricant 

can be lost through the capillarity effect, external shear stress, drainage by gravity 

force, and evaporation [40]. This limited durability remains the key challenge for a 

wider application of these surfaces. 

Several methods have been proposed to enhance SLIPS durability. Aghdam et 

al. [266] benefited from a layer-by-layer self-assembly technique to fabricate a coating 

by depositing silica nanoparticles onto a substrate. They then infused a lubricant into 

the produced porous structure to obtain a slippery surface. The lubricant was trapped 

in the holes and cracks of the structure to improve the coating’s durability, and this thin 

film preserved 80% of its icephobicity after 50 icing/deicing cycles. Wang et al. [267] 

fabricated an icephobic coating by infusing the lubricant into a tubular silica composite 

structure. This coating exhibited a low ice adhesion strength of 17 kPa and reduced the 

loss of lubricating liquid during the icing/deicing cycles, as the lubricant was locked 

within the stack-hole structure. Microtexturing can also be used to enhance lubricant 
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retention. Liquid-infused textured surfaces fabricated with microtextures have a lower 

ice adhesion and an improved long-term durability. Such surfaces play a critical role 

in reducing the oil depletion rate because of the oil trapped within the microtextures 

[47–49]. 

Using oil-absorbent materials can be considered as another strategy to improve 

the lubricant retention ability of slippery coatings. The use of oil-absorbent materials 

(e.g., zeolite, polymers, nanoparticles, and aerogels) has increased in a range of 

applications [50]. Zhou et al. fabricated the anti-icing surfaces by infusing silicone oil 

and fumed silica—as an oil reservoir—into the epoxy resin matrix. The prepared 

surface had an ice adhesion strength of about 10 kPa and maintained a value lower than 

20 kPa after multiple icing/deicing cycles [268]. Moreover, aerogels, as 3D 

nanostructures, are characterized by a high carrier capacity, ultra-low density, a high 

specific surface area, high porosity, and large interfacial area [269,270]. Their more 

ecologically benign and nontoxic nature makes these materials preferred over 

nanoparticles. The particular characteristics of aerogels have made them potential 

candidates for many applications, in particular as oil-absorbing materials. Kim et al. 

[224] used a SiO2 aerogel to hold silicone oil, and this aerogel was dispersed within a 

PDMS matrix. Using this strategy, the authors tried to decrease the release rate of the 

oil into the matrix. The fabricate samples showed an ice adhesion strength of <20 kPa 

at high concentrations of 50-70 wt% (silicone oil-Aerogel/ PDMS), over 20 

icing/deicing cycles.  

Although in most previous research on SLIPS, the desired icephobic 

characteristics have been usually obtained through a high oil content, which can cause 

problems such as mechanical failure during the service life of the surfaces . 
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Particularly, those studies on oil reservoir have placed less emphasis on the stability of 

the lubricant in absorbent materials.  

The synergistic effect of combing two or more anti-icing strategies can create 

a more effective coating by avoiding the drawbacks of either strategy [271,272]. It is 

also noteworthy that in a hybrid anti-icing approach that consists of various strategies, 

the performance of each strategy should not have any negative effect on the 

performance of the other. Here, we aim to merge three different anti-icing strategies 

including stress-localization, slipperiness and producing non-frozen molecules, and 

fabricate an icephobic coating by incorporating lubricant-loaded aerogels as a carrier 

within a polymeric matrix. To increase the loading capacity of the carriers and stabilize 

the lubricant within pores, we use a specific three-step method to incorporate lubricants 

into the aerogel pores by applying negative pressure. We evaluate the effect of lubricant 

type on the anti-icing mechanism of the coatings by using two different oils: silicone 

oil (SO/A) and hydroxyl-terminated silicone oil (HTSO/A). These lubricants are then 

loaded into hydrophobic silica aerogels that serve as a lubricant carrier. Scanning 

electron microscopy (SEM), thermogravimetric analyses (TGA), and Brunauer, 

Emmett, and Teller (BET) tests confirm that the lubricants are successfully loaded into 

the carrier pores. Furthermore, we add alkoxysiloxane, as a co-binder, into PDMS 

matrix to compensate for the negative effect of the lubricant on the mechanical 

properties of the coating. We then design the final coating formula by impregnating 

various amounts of lubricant-loaded carrier into the prepared matrix. We conducted a 

comprehensive set of tests and analysis to evaluate the icephobic characteristics of the 

fabricated coating under various conditions. We determine ice adhesion strength for 

different ice types using push-off test and centrifuge tests and run differential scanning 
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calorimetry (DSC) and the Peltier cooling machine to evaluate ice nucleation 

temperature and freezing time, respectively. We then measure ice accumulation on the 

samples using a static accumulation test (SAT) and IR camera. Finally, the durability 

of the samples is assessed by combining the push-off adhesion test with multiple 

icing/deicing cycles. 

3.3 Experimental section 

3.3.1 Materials 

Hydrophobic silica aerogel (Enova® Aerogel IC3100), having a 2–40 µm 

particle size, was purchased from Cabot Aerogel. Sylgard 184 silicone elastomer 

(polydimethylsiloxane (PDMS)), silicone oil (XIAMETER™ PMX-200 silicone fluid 

50 cSt), tetraethoxysilane (TEOS), and reactive alkoxysiloxane resin (DOWSIL™ 

2405) were received from Dow Corning. The hydroxyl-terminated silicone oil was 

obtained from Genesee Polymers. 

3.3.2 Preparation of the lubricant-loaded carriers 

The procedure of loading the lubricant inside the carrier comprised three steps 

(Figure 3-1). First, 10 g of a 60 wt.% solution of lubricant in hexane, as a solvent, was 

added to 0.1 g of silica aerogel. Second, the prepared mixture was sonicated for 10 min 

to obtain a uniform dispersion and then vacuumed at 60 kPa at 40 °C for an hour. This 

step was repeated three times to de-aerate the internal pores of the aerogel. In the final 

step, a washing procedure with hexane and centrifugation were followed by drying 

overnight at 60 °C to obtain the lubricant-loaded powders.  
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We labeled the powders based on the type of lubricant. The lubricant-loaded 

carriers HTSO/A and SO/A represented silica aerogel infused with hydroxyl-

terminated silicone oil and silicone oil, respectively. 

 

Figure 3-1. Schematic illustration of the preparation process of the lubricant-loaded 

carriers. 

3.4 Fabrication of the coatings 

PDMS was blended with alkoxysiloxane resin at a ratio of 70:30. The 

alkoxysiloxane resin acts as a co-binder to enhance the physical performance of 

coatings. The lubricant-loaded powders were mixed in xylene (as a solvent), and the 

dispersion was added into the precursor at various percentages on the basis of the 

weight ratio of lubricant-loaded powders to the precursor (5 wt.%, 10 wt.%, and 15 

wt.%). The curing agent was then added to the mixture at a standard ratio of 1: 10 

(PDMS: curing agent). TEOS was added to the mixture as a coupling agent. The 

crosslinking and polymerization reactions between TEOS and alkoxy-siloxane resin 

create a three-dimensional network structure. The mixture was stirred for 10 min and 

then applied onto polished aluminum substrates using a Zehntner film applicator. The 

samples were kept at 80 °C for 24 h to obtain fully cured coatings. The average 

thickness of curried coatings was about 100 ± 5 µm, as measured by a micrometer. 
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3.5 Material characterization 

3.5.1 Morphology 

Particle morphology was investigated using a scanning electron microscope 

(JSM-6480 LV SEM, JEOL Japan). 

3.5.2  Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was conducted using a Netzsch STA 449C 

thermal analyzer under a nitrogen atmosphere to measure the loading capacity of the 

lubricant carriers. Ten milligrams of each powder was placed into the pan and heated 

at 5 °C min−1 from an ambient temperature to 1000 °C. 

3.5.3 Surface area measurements 

The specific surface area of the powder sample was obtained by the BET 

method using a Quadrasorb SI analyzer. Before the analysis, the sample was kept under 

vacuum for 18.5 h at 140 °C. Then, the adsorbate, namely N₂, was entered into the 

evacuated chamber. This method is based on the gas-sorption process, in which gas 

molecules—the adsorbate—form a thin layer on the entire particle surface under 

vacuum conditions. The amount of gas molecules covering the particle surface is 

estimated using BET theory. The continued process forms multiple layers of gas 

molecules that lie parallel to capillarity condensation. Saturation occurs when the pores 

are filled completely by the N₂ molecules. Therefore, the total pore volume of the 

particle can be obtained. 



107 

 

3.5.4 Surface characterization 

The static contact angles of deionized water on the fabricated surfaces were 

measured using a Kruss™ DSA100 goniometer. A 4-μL water droplet was deposited 

onto a surface, and the contact angle was calculated via the Young–Laplace 

approximation. To account for variability, we repeated our measurements at various 

places along the surfaces and calculated the average contact angle. The samples’ 

surface profile and roughness were obtained using a confocal laser scanning 

microscope (Profil3D Filmetrics). 

3.5.5 Mechanical characterization 

The mechanical properties of the samples were assessed in terms of hardness. 

We measured the hardness of samples, each having a minimum thickness of 4.0 ± 0.1 

mm, using a 2000 max-hand Shore A durometer (Rex Gauge, USA). The accuracy of 

measurements was ensured by performing five separate tests with a constant load. The 

measurements were carried out at the ambient temperature of approximately 23 °C. 

3.5.6 Icephobic Properties 

The ice nucleation temperature of the fabricated samples was evaluated by 

differential scanning calorimetry (DSC). The inner surface of a DSC lid was coated 

with a thin layer of each coating, and after the curing process, 5 mg of deionized water 

was placed onto the coating surface, subsequently sealed by the lid. An empty sealed 

pan served as a reference. The samples were cooled from 30 to −40 °C. The cooling 

rate was selected as a 5 K/min ramp. 
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The freezing time of the water droplets on the samples was obtained using a 

Kruss contact angle meter. The machine was equipped with a Peltier cooling plate 

adjusted to −20 °C. The effect of humidity on our measurements was minimized by 

placing anhydrous calcium sulfate desiccants within the cold chamber. 

The ice adhesion strength of each sample was evaluated using push-off and 

centrifugal tests. Different methods were required to determine ice adhesion under 

variable icing conditions. In the push-off test, nonimpact ice was used; thus, a 1-cm-

diameter cylindrical mold placed onto the sample was filled by deionized water and 

kept in a cold chamber at −10.0 ± 0.2 °C overnight to obtain a cylinder of completely 

frozen water. The probe of the force meter approached the ice at 0.05 mm·s−¹ into the 

side of the cylindrical column. We recorded the maximum force required to detach the 

ice column from the sample surface and then divided this value by the cross-sectional 

area of the cylindrical column to obtain the ice adhesion strength. The same process 

was repeated to evaluate the durability of the coatings over multiple icing/deicing 

cycles. 

In the centrifuge test, supercooled water microdroplets were sprayed onto the 

samples, glued to aluminum beams, at −10 °C to produce glaze ice with an average 

thickness of 7 ± 1 mm. The beams were placed onto the centrifuge apparatus to obtain 

the maximum centrifugal force required to detach the deposited glaze ice. 

Ice accumulation on the surfaces was evaluated by the static accumulation test 

(SAT) at various inclinations, including 0°, 45°, and 80°. The coatings were applied to 

3 cm × 15 cm aluminum substrates for this test. The samples were placed onto holders, 

fixed at the aforementioned angles, and kept at −5.0 °C. The samples were then exposed 

to 15 min of precipitation of microdroplets, having an average diameter of 327 µm, at 
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4°C. The samples were then kept at −5.0 °C for 45 min. The amount of ice accumulated 

on the samples was obtained through the difference between the sample mass before 

(without deposited ice) and after (with deposited ice) precipitation. Furthermore, an 

Optris PIX infrared camera was utilized to monitor the surface temperature of sample 

during SAT. 

3.6 Results and discussion 

3.6.1 Characterization of the lubricant-loaded aerogel 

The SEM images of the as-received aerogel, silicone oil–loaded aerogel, and 

hydroxyl-terminated silicone oil–loaded aerogel demonstrate that the sharp edges of 

aerogel, to some extent, disappeared when it was loaded with lubricant and the oils 

accommodated within the micropores (Figure 3-2). It was expected that the loaded oils 

would migrate toward the surface to maintain a slippery surface. The silicone oil can 

infuse into the pores of the silica aerogel because of the capillarity pressure effect and 

weak Van der Waals interactions [270]. The silicone oil molecules are adsorbed into 

pore walls until the inner surface of the pores is covered by the oil. Then, the other 

molecules of silicone oil are joined onto the adsorbent oil molecules via weak forces, 

such as Van der Walls; consequently, the pores are filled by the lubricant [270]. This 

infused lubricant can migrate into the matrix by a concentration gradient pressure and 

then be delivered into the surface because of the high mobility of the silicone oil within 

the large free volume of the matrix [157]. 
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Figure 3-2. Micrographs of the (a) as-received aerogel, (b) silicone oil–loaded 

carriers, (c) hydroxyl-terminated silicone oil–loaded carriers. 

 

Thermogravimetric analyses evaluated the loading capacity of the lubricant 

carrier in terms of the oil type. As the samples were heated to 1000 °C, the residual 

masses of the as-received aerogel, HTSO/A, and SO/A were approximately 89%, 42%, 

and 26%, respectively (Figure 3-3). Compared with the mass loss of the silica aerogel 

(around 11%), the loaded-lubricant mass values for the HTSO/A and SO/A powders 

were greater at about 47% and 63%, respectively. Thus, the silicone oil had more 

tendency to be absorbed by the hydrophobic-modified aerogel than the hydroxyl-

terminated silicone oil, likely because of the hydrophobic nature of silicone oil. 
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Figure 3-3. Thermographic curves for the as-received aerogel and aerogel carriers 

loaded with silicone oil (SO/A), and hydroxyl-terminated silicone oil (HTSO/A). 

 

We also used the BET method in which N2 sorption informs on the loading 

efficiency of the particles, i.e., the change in particles’ porosity and reduction in pore 

volume can be estimated. Pore volume decreased from 2.173 cc/g for the aerogel to 

0.108 cc/g for silicone oil–loaded particles and 0.270 cc/g for hydroxyl-terminated 

silicone oil–loaded particles; thus, the oils had penetrated the aerogel’s pores (see Table 

3-1).  

 

Table 3-1. Surface area analysis of the carriers using the BET method. 

 As-received aerogel SO/A HTSO/A 

Pore volume (cc/g) 2.173  0.108 0.207 

Surface area 

(m²·g−1) 
536.64 35.022 57.7 
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Moreover, in agreement with TGA, the loading capacity for the silicone oil was 

greater than for the hydroxyl-terminated silicone oil. The surface area of the particles 

also decreased after infusing the lubricant. This decrease reflects the filling of the 

micropores. This penetration of the lubricant firmly traps the oil and is critical for 

creating long-lasting slippery behavior. 

3.6.2 Selection and characterization of the matrix 

Impregnating the lubricant into the matrix can result in low ice adhesion; 

however, this infusion also alters the mechanical properties of the coating [255]. Thus, 

given that an excessive amount of silicone oil can affect the mechanical properties of 

a PDMS coating, we used an alkoxysiloxane-PDMS blend as the main matrix to 

enhance the mechanical properties of the prepared coating. By blending these 

polymers, we aimed to obtain a matrix with some properties of each component. In the 

other word, the prepared blend will have some desired characteristics of both polymers 

in the right combination [273].  

 Table 3-2 illustrates the hardness values corresponding to different 

combinations of PDMS and alkoxysiloxane. Matrix hardness values increase as 

alkoxysiloxane is added until peaking at a 70:30 ratio (PDMS: alkoxysiloxane) due to 

the presence of alkoysiloxane that acts as hard segments like a filler [274]. At the 

reduced hardness at a 60:40 ratio, we observed a miscibility of the two components, 

likely because of a saturation of the alkoxysiloxane in PDMS. We therefore used 

alkoxysilone as a co-binder at a ratio of 70:30 to compensate for the negative effect of 

lubricant on the coating’s mechanical properties and enhancing coating durability. So, 

the matrix would have both icephobic and mechanical characteristics of PDMS and 
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alkoxylsiloxane, respectively. Besides, mixing polymers can promote the free volume 

in the structure of the prepared blend [273], facilizing the migration of oil from the bulk 

into the surface. 

 

Table 3-2. Hardness values of the fabricated samples, as obtained by the Shore A 

durometer. 

Mixture 

(PDMS: alkoxysiloxane) 
100:0 90:10 80:20 70:30 60:40 0:100 

Hardness (Shore A) 55 ± 2 64 ± 1 66 ± 2 68 ± 1 58 ± 1 80 ± 2 
 

3.6.3 Characterization of the coatings containing the lubricant-loaded carriers 

3.6.3.1 Surface characterization 

3.6.3.1.1  Wettability 

Generally, impregnating of lubricant-loaded carrier will affect surface 

wettability. Using the water contact angle as a measure of wettability, we observed that 

the contact angle did not change markedly for either oil type in terms of lubricant-

carrier content. However, we did note that the water contact angle decreased from about 

105˚ for the reference to approximately 94˚ and 88˚ for samples containing SO/A and 

HTSO/A, respectively. 

Moreover, increased concentrations of both SO/A and HTSO/A produced a 

lower water contact angle hysteresis (CAH) (Figure 3-4). A low CAH prevents the 

pinning of the water droplet and, consequently, eases the removal of the droplet from 

the surface. Finally, we noted that the CAH values for the HTSO/A samples were 

slightly higher than those for the SO/A samples. 
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Figure 3-4. The contact angle hysteresis of samples containing (SO/A) and (HTSO/A) 

in relation to concentration of the lubricant-loaded carriers. 

 

3.6.3.1.2 Topography 

The profilometry technique was used to evaluate topography of samples (see 

Figure 3-4) as well as their surface roughness (Table 3-3). Surface roughness increased 

with a greater amount of lubricant-loaded carriers in the coatings. Samples containing 

HTSO/A had a higher surface roughness than the SO/A samples for a similar carrier 

concentration (Figure 3-5). TGA demonstrated that the HTSO/A powders consisted of 

a higher percentage of aerogel than for the SO/A powders; thus, for the same lubricant-

loaded carrier content, a higher amount of aerogel was present within the HTSO/A 

coatings than the SO/A coatings, resulting in the higher surface roughness for the 

HTSO/A samples. 
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Figure 3-5. 3D topographical maps of the (a) reference and samples containing (b) 

5%, and (c) 15% silicone oil–infused aerogels and samples containing (d) 5% and (e) 

15% hydroxyl-terminated silicone oil–infused aerogels. 

 

Table 3-3. Surface roughness parameters of the fabricated coatings. 

Roughness 

parameters 
Reference SO/A-5 SOA-15 

HTSO/A-

5 

HTSO/A-

15 

RMS 

roughness 

(Sq-nm) 

33.19 121.2 266.8 126  319.5 

Skew (Ssk) −0.149 0.946  0.190 0.5355  0.912 
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3.6.4 Icephobicity 

The coating’s performance against icing is usually assessed using various 

measurements, including ice nucleation temperature, average freezing time, ice 

adhesion strength, and the quantity of ice accumulation. Indeed, these methods can be 

categorized into two general groups. Some of the mentioned tests, such as measuring 

ice nucleation time measures delays in icing and the temperature of supercooled water 

droplets to enable water droplets to slip off a surface before freezing. Some other test 

methods, like ice adhesion measurements evaluate the icephobic performance of the 

coating in removing ice after freezing. 

3.6.4.1 Ice nucleation time and temperature 

Differential scanning calorimetry was used to evaluate ice nucleation 

temperature on the coating in contact with the water droplet. As illustrated in Figure 

3-6 the ice nucleation temperature on the reference sample was -16.25 °C and it 

continuously decreased by increasing the percentage of lubricant-loaded carrier 

powders of HTSO/A and SO/A. Incorporating lubricant-loaded powders within the 

polymeric matrix reduced ice nucleation temperature, and this effect was greater for 

the HTSO/A samples (−23.53 °C at 15 wt.%) than for SO/A samples (−21.26 °C at 

15%). 
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Figure 3-6. Evaluation by differential scanning calorimetry (DSC) of ice nucleation 

temperatures corresponding to samples containing carriers loaded with (a) silicone 

oil–infused aerogels (SO/A) and (b) hydroxyl-terminated silicone oil–infused 

aerogels (HTSO/A). 

 

To better understand the effect of type and content of lubricant on the anti-icing 

characteristics of the coating, we also measured freezing times. Figure 3-7 presents the 

icing delay measurement of different surfaces. Water droplets on the reference froze 

on average after 921 s. This freezing time extended to 1340, 1837, and 2846 s for 

samples containing 5, 10, and 15 wt.% of SO/A, respectively. These times reached 

2135, 3021, and 4805 s for samples containing 5, 10, and 15 wt. % of HTSO/A, 

respectively. This pattern agreed with the DSC results, as samples containing HTSO/A 

demonstrated a better anti-icing performance than SO/A-filled samples, and they could 

prolong icing time more effectively. This desirable effect on ice nucleation and freezing 

time relates to how heat insulation affects the lubricant layer. The silicone oils have a 

lower thermal conductivity than silicone elastomeric matrices. Increasing the lubricant 

content within the matrix reduces the total thermal conductivity of the coating. This 
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affects the heat transfer through the water droplet–coating interface, which has an 

essential role in ice nucleation, leading to a delay in freezing time. 

 

Figure 3-7. Water droplet freezing time on the surface of the samples containing 

silicone oil–infused aerogels (SO/A) and hydroxyl-terminated silicone oil–infused 

aerogels. 

 

 The better anti-icing performance of HTSO/A-infused samples can be 

attributed to the hydroxyl groups of the lubricant, which enhance hydrogen bonding 

between the lubricant layer on the surface and the water molecules. The bonding could 

contribute to the ice nucleation delay. To improve our understanding of this 

phenomenon, we applied Eq. 3-1, in which the ice nucleation rate J can be obtained. 
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where ∆gact and ∆𝐺𝑓
∗ are the activation energy barriers and the Gibbs free 

energy, respectively. Furthermore, KB and h are constants, and T is the absolute 

temperature. In the process of nucleation, water molecules must diffuse into an ice–

water interfacial layer to join an ice embryo. In the above equation, ∆gact is described 

as an energy barrier corresponding to the diffusion of water molecules. The formation 

of hydrogen bonds between the water molecules and the hydroxyl groups of the 

lubricant slows the transfer of water molecules because of an increased viscosity [275]. 

Thus, it leads to increased ∆gact and, subsequently, increase of the ice nucleation rate 

J, which prolongs the ice nucleation time. 

3.6.4.1.1 Ice accumulation 

Ice accumulation occurs as supercooled water droplets contact the surface at 

subzero temperatures. The SAT method evaluates the amount of ice accumulated on 

the surface at various inclinations (in our case 0°, 45°, and 80°). Generally, increased 

lubricant-loaded carrier content decreased ice accumulation on the surface (Figure 3-8). 

 For samples containing HTSO/A, this trend was apparent at all angles and 

samples, and ice accumulation decreased from 12.28, 6.89, and 4.1 g (for the reference) 

to 8.36, 3.92, and 1.95 g (at 15% carrier content) at 0°, 45°, and 80°, respectively. 

However, increasing SO/A content from 0% to 10% in the coating decreased the 

amount of ice accumulated on the samples at all angles. Ice accumulation increased at 

all angles when SO/A content was 15%. On an inclined surface, the tangential 

component of gravity force—equal to W sin α (W, droplet weight; α, angle 

corresponding inclination)—acts as the key factor for removing ice from the surface. 
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Therefore, a greater inclination (α) enhances ice removal. At an inclination of 0°, there 

is no tangential component of the gravitational force (sin 0° = 0), and this angle is 

usually used to determine the intensity of the precipitation. However, ice accumulation 

at 0° experienced a similar trend as ice accumulation at 45° and 80° for both types of 

lubricant-loaded carrier. Moreover, we expected to have less ice accumulation at 80° 

than at 45° because the tangential component corresponding to 80° is greater than that 

at 45° (sin 80° > sin 45°). On the other hand, ice adhesion strength is the main force 

resisting ice detachment from the surface. Therefore, evaluating the ice adhesion can 

help explain the observed ice accumulation on the surfaces (see Section 3.3.3). 

 

Figure 3-8. Ice accumulation on samples containing (a) silicone oil–infused aerogels 

(SO/A) and (b) hydroxyl-terminated silicone oil–infused aerogels (HTSO/A) on 

surfaces inclined at 0°, 45°, and 80°, as measured by a static accumulation test. 

 

Furthermore, infrared thermographs of the samples tilted at 80° after 5 minutes 

of precipitation showed that the surfaces of the samples were not fully covered by the 

supercooled water droplets. This indicates that the higher temperature observed in 

samples containing the lubricant-loaded carrier is caused by the oil's impact on the 
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overall heat insulation of the coatings (Figure 3-9). This effect agrees to a large degree 

with the observations for ice nucleation and freezing time. 

 

Figure 3-9. Infrared thermographs of the samples on surfaces inclined at 80° after 5 

min of precipitation. 

 

3.6.4.2 Ice adhesion 

To expand upon the interaction between the ice and the surface highlighted by 

the ice accumulation tests in the preceding section, we applied two different methods 

to examine ice adhesion strength. Ice adhesion is influenced by multiple factors, 

including surface elasticity, surface topography, liquid extent, and surface chemistry 

[168]. We used two methods, the push-off and centrifugal adhesion tests, to test 

nonimpact bulk ice and glaze ice, respectively. The glaze ice conditions represent 

harsher icing conditions than those analyzed by the push-off adhesion test. The blend 

of alkoxysiloxane resin and PDMS, used as the matrix, had a lower ice adhesion 

strength (133 kPa) than the PDMS coating (about 270 kPa), measured by a push-off 

 

Reference 5% SO/A 10% SO/A 15% SO/A 

 

   

T = −3.3 ± 0.2 °C T = −3.0 ± 0.1 °C T = −2.8 ± 0.1 °C T = −2.5 ± 0.1 °C 

Reference 5% HTSO/A 10% HTSO/A 15% HTSO/A 

    

T = −3.4 ± 0.2 °C T = −3.1 ± 0.1 °C  T = −2.8 ± 0.1 °C T = −2.6 ± 0.1 °C 
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test (Figure 3-10a). This difference relates to the difference in the modulus of the 

alkoxysiloxane resin and that of PDMS, which promotes stress localization during ice 

detachment [194]. Since polymeric blends are generally immiscible, and it is rare to 

obtain a homogenous blend in molecular scale [273][276] , so, the blends would consist 

of two soft (PDMS) and hard (alkoxysiloxane). Therefore, under the applied stress, 

each part can produce different strain value than other.  By considering the high 

modulus of ice, it can promote the localized stress on the surface, resulting in produce 

micro cracks in ice-surface interface and consequently, ice detachment.  

Adding HTSO/A to the coating decreased ice adhesion strength from 133 to 

15.9 kPa, whereas SO/A-containing samples experienced a decreasing ice adhesion 

until 10% to 30 kPa, then increased to about 44 kPa for the 15% SO/A-containing 

samples. In general, the reduced ice adhesion of both silicone oil groups can be 

attributed to the effective role of the oil that spreads over these surfaces, allowing the 

ice to slide over the surface. By increasing the amount of lubricant-loaded carrier, the 

availability of oil over the surface was greater. Consequently, the smaller direct contact 

area between the ice and the substrate reduced ice adhesion. Furthermore, the ice 

adhesion strength for samples containing HTSO/A decreased faster than for SO/A-

containing samples; therefore, lower ice adhesion strengths were achieved using 

HTSO/A at all concentrations. In samples containing HTSO/A, in addition to the 

mechanism of the slippery surface, there is another factor that affects ice adhesion. The 

hydrophilic groups of the hydroxyl-terminated silicone oil interact with water 

molecules to form hydrogen-bonded molecules. These molecules can remain unfrozen 

even at subzero temperatures and reduce ice adhesion strength [168]. In another words, 

combining three different anti-icing mechanisms, namely producing localized stress 
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(matrix), slipperiness (lubricant), and formation of unfrozen molecules (hydroxyl 

groups) play the main role in lowering ice adhesion in coatings containing HTSO/A. 

TGA demonstrated that HTSO/A had a lower oil content than SO/A; nonetheless, 

because of the synergistic effect of the above-mentioned mechanisms, this lower 

lubricant content still accompanied a lower ice adhesion strength for HTSO/A-

containing samples than SO/A-containing samples. Moreover, the greater ice adhesion 

strength of SO/A-containing samples at concentrations greater than 10% may relate to 

the increased surface roughness (see Figure 3-4), which enhances the mechanical 

interlocking between the ice and the surface asperities. 

 

 

Figure 3-10. Ice adhesion strength of samples containing silicone oil–infused 

aerogels (SO/A) and hydroxyl-terminated silicone oil–infused aerogels (HTSO/A), 

obtained using (a) push-off and (b) centrifuge tests. 

 

The results of the centrifugal tests of the samples showed similar trends to those 

of the push-off tests (Figure 3-10b). For samples containing HTSO/A, ice adhesion 

decreased from 259 to 79 kPa as the carrier quantity increased. For samples containing 

SO/A, the ice adhesion strength dropped to its lowest value, 118 kPa at 10%; it then 
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increased to 136 kPa at 15%. The ice adhesion strengths obtained by the centrifuge 

tests were generally higher than those measured by the push-off tests because of the 

harsher ice conditions in the former. 

3.6.5 Coating durability 

The durability of the coatings was evaluated by monitoring ice adhesion 

measured via a push-off test during 20 icing/deicing cycles (Figure 3-11). For samples 

containing SO/A at lower concentrations, namely 5% and 10%, we observed relative 

stability in ice adhesion during repeated icing/deicing cycles; ice adhesion remained 

below 81 kPa and 40 kPa, respectively. For samples containing 15% SO/A, ice 

adhesion strength varied between icing/de-icing cycles and showed an increasing trend 

associated with a loss of silicone oil and increased roughness relative to the samples 

having less aerogel. 

 

Figure 3-11. Ice adhesion strength in samples containing (a) silicone oil–infused 

aerogels (SO/A) and (b) hydroxyl-terminated silicone oil–infused aerogels (HTSO/A) 

over 20 icing/de-icing cycles, as measured by push-off tests. 
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For all samples containing 5% and 10% HTSO/A, the ice adhesion was, to a 

great extent, stable over the 20 icing/de-icing cycles. For samples containing 15% 

HTSO/A, we observed no considerable change in ice adhesion until the 12th cycle; 

beyond this point, ice adhesion gradually increased, probably because of oil 

consumption and increased surface roughness. 

To confirm these results, we also compared the surface roughness of the 

original samples with that of samples having undergone 20 repeated icing/de-icing tests 

(Figure 1-12). In general, the surface roughness of all samples increased after 20 

icing/de-icing cycles, probably because of oil consumption. However, the roughness 

of the SO/A-containing samples increased to a greater degree than those containing 

HTSO/A. This difference stemmed from the additional icephobic mechanism of the 

HTSO/A-containing samples, which lowered the ice adhesion strength of the surfaces, 

in turn limiting oil depletion and improving the coating durability. 

 

Figure 3-12. Root mean square (Rq) of surface roughness after 20 icing/deicing 

cycles. 
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The porous aerogel enhanced the locking of oil within the coating. Removal of 

the oil layer from the uppermost surface transfers lubricant from the microporous 

structure of the carriers to the upper surface because of the capillary effect. Therefore, 

as the available oil layer on the surface was eliminated during contact with ice, an oil 

concentration gradient developed between the surface and the bulk material. This 

difference acts as the driving force for transferring oil toward the surface. Using a 

lubricant-loaded carrier slows this migration and ensures the availability of a slippery 

behavior for a more extended period. Moreover, the icephobic performance of the 

HTSO/A-containing samples is more desirable than for other surfaces, a performance 

that can be attributed to the hydroxyl groups of the HTSO/A lubricant. The hydrogen 

bonding between the water molecules and hydroxyl groups on the oil help stabilize ice 

adhesion strength, even with a greater oil content. 

3.7 Conclusions 

We fabricated slippery coatings by infusing lubricant-loaded carriers into a 

polymeric matrix. The lubricant-loaded carriers were prepared by infusing two 

different lubricants, namely silicone oil and a hydroxyl-terminated silicone oil, into a 

hydrophobic-modified aerogel. Thermographic analysis demonstrated that about 47% 

and 63% of the lubricant-loaded carrier mass consisted of silicone oil and hydroxyl-

terminated silicone oil, respectively. A decrease in the pore volume and surface area of 

the powders after lubricant loading confirmed that the oil was accommodated within 

the micropores of the aerogel. Various concentrations of each type of lubricant-loaded 

carrier were then added into an alkoxysiloxane resin-PDMS blend. Incorporating the 

lubricant-loaded carriers and altering their content positively affected the anti-icing 
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characteristics of the coatings. Increasing the HTSO/A content produced a lower ice 

nucleation temperature and a longer freezing time relative to those containing SO/A. 

Furthermore, ice accumulation on the surfaces was generally lower as the amounts of 

lubricant-loaded carrier increased. Ice accumulation for the SO/A-containing samples 

increased for all surface inclinations once the lubricant concentration was above 10%, 

likely because of increased surface roughness. 

Evaluating ice adhesion can explain the observed trends in ice accumulation. 

Samples containing HTSO/A benefited from a reduced ice adhesion because of the 

presence of the slippery-surface mechanism and the formation of hydrogen bonds 

between the hydroxyl groups of the oil and water molecules. Thus, HTSO/A-containing 

samples had lower amounts of accumulated ice on their surfaces than samples 

containing SO/A. The three-step preparation of lubricant carriers improved the stability 

of lubricant within the matrix and heightened its anti-icing performance over 20 

icing/deicing cycles. By slowing the release rate of the lubricant, issues related to oil 

depletion can be controlled to improve the life service and durability of the coatings. 

Combining three different mechanisms, namely stress localization (matrix), slippery 

and the formation of unfrozen molecules can help us to achieve acceptable icephobic 

characteristics with lower oil content, compared to the previous studies. Therefore, 

such coatings can be applicable to existing applications such as wind turbine and 

insulators.   

In this chapter, we focused on investigating the icephobic performance of the 

coatings. As such, the HTSO/A-containing coating which has illustrated desirable 

icephobic properties through a comprehensive set of methods, moves forward to the 
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evaluation of its electrical performance. By conducting electrical tests, we aim to 

ensure that the selected coatings could maintain its efficiency for high voltage insulator 

applications while significantly reducing ice-related issues. 
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4.1 Abstract 

In cold climate conditions, insulators are subjected to ice accretion that could 

affect their electrical performance and consequently lead to power outages. Besides 

icing, other outdoor factors, such as UV, rain, and pollution, could influence their 

electrical insulation efficiency. Slippery liquid-infused coatings have attracted great 

attention due to their icephobic applications, and they could be considered as a potential 

candidate to overcome the aforementioned problem. However, the problems caused by 

lubricant depletion could restrict their service time and thus limit their applications. 

Here, hydroxyl-terminated silicone oil carriers were impregnated into a silicone-based 

blend. The fabricated coatings exhibited long-lasting icephobic characteristics, 

resulting in reduced amount of ice accumulated on the surfaces. This reduction in ice 

adhesion is related not only to the slippery behavior of the coatings but also the 

formation of unfrozen hydrogen-bonded molecules. The coatings exhibited desired 

stability against weathering conditions, such as UV exposure and humidity. The 

mailto:samaneh.heydarian-dolatabadi1@uqac.ca
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electrical characteristics of the prepared coatings were evaluated using dielectric 

spectroscopy, flashover, condensation, and inclined plane tests. Accordingly, the 

coatings containing lubricant-loaded carriers showed increased flashover voltage in 

dry, wet, and polluted states and reduced leakage currents in the condensation test. 

Moreover, during the inclined test, the tacking and erosion area was more restricted 

than that for the reference sample. 

Keywords: Icephobic surfaces, Slippery coatings, oil absorbents, high voltage 

insulator, leakage current, flashover 

 

4.2 Introduction 

Ice formation and accumulation could cause catastrophic blackouts in a wide 

range of settings, particularly power transmission and distribution [277,278]. The 

adhesion of ice on insulators, as an essential part of transmission lines, is also 

considered as a devastating economical and safety issue during ice storms in cold 

climate regions [279]. Such components are used to provide mechanical support for 

electrical components and separate high-voltage line conductors. Besides ice accretion, 

the presence of pollution layer, including soluble mineral substances, on insulators 

could affect their electrical performance [280]. In fact, the migration of these 

contaminations towards the uppermost layer of ice could change the accumulated ice 

into highly conductive matter, resulting in further leakage current. Consequently, this 

causes formation of conductive water layer on the surface, leading to flashover. Other 

issues, including thermal degradation, corona discharge, and dry band arcing, are 

among the factors that result in electrical failure [281].  
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Various preventative strategies have been used to remove ice and pollution 

from the insulator surface. These strategies included change in insulator substance, 

shape, dimension and applying grease as a de-icing material [282,283]. However, most 

of them were ineffective, and therefore, much work has been focused on modifying the 

surface characteristics of insulators that are mostly gloss- and porcelain-based [284]. 

Hydrophobic coatings based on room-temperature-vulcanizing (RTV) silicone 

rubber were among the pioneer generations that were applied on glass and porcelain 

insulators [285–289]. They were chosen due to their water repellency characteristics 

and suitable long-term performance under conditions of road salt and industrial 

pollution [234,290–292]. However, they were not effective at harsh icing 

circumstances due to loss of hydrophobicity, resulting in increased discharge current. 

Semiconductive silicone coatings containing conducting particles, such as zinc oxide 

and graphene oxide (GO), were also proposed to be applied on insulators that offered 

enhanced anti-icing performance [105,293–295]. However, they had some drawbacks, 

such as high-power loss, aging, and degradation [296–298]. Superhydrophobic 

coatings have also shown some promising results for being applied on insulators 

[10,14,54,110,299,300]. These coatings present high-water repellency that could result 

in decreased ice accretion over insulators. Despite their optimized icephobic 

effectiveness, using superhydrophobic coatings demonstrated some disadvantages that 

limit their applications, particularly exposure to harsh environmental conditions, such 

as high humidity that much likely leads to losing their anti-icing characteristics [301–

303]. Under such condition, water molecules condense in the porous surface structure 

that promotes mechanical interlocking between ice and the surface and consequently 

increase ice adhesion.  
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By imitating the morphology of Nepenthes pitcher plants, slippery liquid-

infused porous surfaces (SLIPS) have been developed, and they do not have issues 

related to water condensation in high-humidity conditions [33,261,304], due to 

replacing air by oil within the surface pores. Infusing a lubricant into the porous 

substrate produces a smooth surface with fewer pinning points that exhibits low contact 

hysteresis and tilted angle [70,83,185]. Polymer-based SLIPS are generally fabricated 

by infusing lubricant in either a preformed structure or a precursor matrix [39–41]. 

Having greater control on composition in the latter method could prevent swelling 

deformation of the matrix. 

SLIPS have shown high potential to be used in a wide range of applications, 

including anticorrosion, biomedical, and icephobic needs [35,69,71,170,241]. 

Aizenberg’s group designed SLIPS by infusing a perfluorinated lubricant into a 

micro/nanostructured surfaces [33]. Besides low contact-angle hysteresis and low 

sliding angles, the fabricated coatings showed excellent ice-repellency characteristics. 

Golovin et al. investigated the effect of lubricant being infused on the stiffness of 

polymeric matrices and proposed the concept of interfacial slippage [94,305]. 

Accordingly, the combination of elasticity and the presence of lubricating layer could 

result in ice adhesion strength of lower than 20 kPa. In another attempt, SLIPS was 

fabricated by infusing liquid paraffin into polymethysiloxane (PDMS), exhibiting a 

very low ice adhesion strength of 1.7 kPa at −30 °C [158].  

Due to the extraordinary icephobic characteristics of SLIPS, they could be 

considered as a suitable candidate to prevent ice accretion on insulators and thus 

electrical failure. Wang et al. prepared silicone-oil-infused PDMS coating with 

different lubricant contents and evaluated the ice accumulation of coated insulator in 
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high voltage chamber. The low surface energy of the lubricant and PDMS and the high 

mobility of the silicone oil within the matrix network could effectively contribute in 

reducing the ice adhesion strength on the insulator coated with the fabricated coatings 

[157]. Olad et al. developed SLIPS coatings by infusing perfluorinated lubricants into 

two different chemically modified porcelain substrates. The fabricated surfaces 

exhibited acceptable ice repellency properties, and they endured inclined plane test 

(IPT) at 4.5 kV for 6 h [306]. 

Given that oil is one of the essential components of SLIPS to have desirable 

icephobic properties, lubricant loss could result in limited service life and consequently 

restrict their applications [40]. Therefore, stabilizing the oil in the matrix structure to 

lengthen service life has become one of the main challenges in the fabrication of 

slippery coatings. Accordingly, some methods, such as using nanoparticles and nano-

porous materials and micro-texturing, have been proposed [266,268,307]. These 

strategies for lubricant retention in slippery coatings were not used in most relevant 

studies regarding the fabrication of such coatings for electrical applications. 

In this work, a slippery lubricant infused coating that contained silica-based 

carriers was developed to enhance the coating’s durability. First, hydroxy-terminated 

silicone oil was infused into the silica aerogel pores by applying negative pressure to 

obtain lubricant-loaded carrier (LLC) powders. Then, the fabricated powders were 

impregnated in silicone-based blend. The icephobic characteristics of the prepared 

coatings were evaluated using different test methods, including DSC, micro-push-off 

adhesion test, push-off test, and static accumulation test (SAT). The weathering 

resistance of the coatings were assessed using QUV. A comprehensive group of 

electrical tests, namely, dielectric spectroscopy, flashover and condensation test, and 
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IPT, was also conducted. The findings showed that the fabricated coatings containing 

lubricant-loaded carriers could be a suitable potential candidate for application on 

insulators.  

4.3 Materials and methods 

4.3.1 Fabrication of coatings containing lubricant-loaded carriers 

The preparation of the coatings consisted of two general procedures, namely, 

loading the lubricant inside the carriers and impregnating lubricant-loaded carriers 

within the matrix. In the former procedure, hydroxyl-terminated silicone oil (Genesee 

Polymers) was loaded into the hydrophobic silica aerogel (particle size of 2–40 µm, 

Enova Aerogel IC3100). To increase the loading capacity and stabilize lubricant within 

the aerogel’s micropores, the following three-step procedure was conducted through 

applying negative pressure. First, 0.1 g of aerogel was mixed with 10 g of a prepared 

solution of the oil in hexane (60 wt.%). After 10 min of sonicating, the prepared 

dispersion was then, vacuumed at 60 kPa at 40 °C for 1 h. This process was repeated 

three times to further infuse the oil within the carrier pores. Finally, the powder-like 

lubricant-loaded carriers were obtained after the mixture was washed with hexane and 

dried for 24 h at 60 °C. The loading capacity of the carriers was evaluated using 

thermogravimetric analysis (TGA, Netzsch STA 449C). 

The coatings were fabricated by embedding the prepared lubricant-loaded 

carriers within a blend of polydimethylsiloxane (PDMS) and alkoxy-siloxane resin. For 

this purpose, PDMS (Sylgard 184 silicone elastomer) serving as a base and a curing 

agent was mixed with the alkoxy-siloxane resin (DOWSIL 2405) at a ratio of 70:30, 

respectively. This ratio was selected based on the measurement of mechanical 
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properties descripted in APPENDIX III (Figure A-III. 1 and Figure A-III. 2). 

Furthermore, the SEM micrograph of the matrix with mentioned combination showed 

no evidence of immiscibly (see APPENDIX III- Figure A-III. 3). According to the data 

sheet, the alkoxy-siloxane resin could act as a co-binder that enhances the mechanical 

performance of silicone-based coatings. Different percentages (5 wt.%, 10 wt.%, and 

15 wt.%) of the lubricant-loaded carriers, dispersed in suitable amount of xylene, were 

added into the prepared polymeric blend. The curing agent of PDMS was added to the 

mixture (ratio of 1:10), and tetraethoxysilane (TEOS, Dow Corning) as a coupling 

agent of alkoxy-siloxane resin. Aluminum plates polished by 800 and 1200 SiC papers 

were used as the substrate by using a film applicator (ZEHNTNER testing instrument). 

After 10 min of stirring, each mixture was applied on the treated substrate by using a 

film applicator (ZEHNTNER testing instrument). The coated samples were then placed 

in the oven overnight at 90 °C to complete their curing process. The samples were 

labeled on the basis of the content of lubricant-loaded carriers as LLC-5, LLC-10, and 

LLC-15; for instance, sample LLC-10 contained 10 wt.% of LLC. Furthermore, the 

polymeric sample without LLC was selected as a reference. The average thickness of 

the curried coatings was around 100 ± 5 µm, measured by a coating thickness gauge. 

The micrographs of LLCs and cross-section of the coating containing LLCs were 

provided in APPENDIX III (Figure A-III. 4), depicting their size and spatial 

distribution. 

4.3.2 Surface characterization 

The water contact angle was measured using a Kruss DSA100 goniometer at 

25 °C, based on the Young-Laplace approximation. A 4 μL deionized water droplet 
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was placed onto the sample surface to determine the contact angle. The contact angle 

hysteresis was obtained by measuring the difference between the advancing and 

receding contact angles when the water droplet was moved by the needle across the 

sample surface. The measurement was repeated at three different points of each sample 

to ensure its accuracy. An optical profiler (Profil3D, Filmetrics, USA) was used to 

evaluate the topography of the samples and quantify the corresponding surface 

parameters.  

4.3.3 Icephobic Properties  

The delayed ice nucleation temperature of the prepared samples was obtained 

by DSC. In this procedure, a 5 mg-deionized water droplet was placed into an 

aluminum DSC pan that had already been coated by each coating. After being sealed, 

the pan was placed on a DSC sample holder, and the measurement was conducted by 

cooling down the sample from 40 to −40 °C with a ramp of 5 °C/min.  

The ice adhesion strength of the fabricated coatings in micro and macro scales 

was evaluated using micro-push-off and push-off tests. In the micro-push-off test, a 10 

µL deionized water was deposited on a cooling plate located in a small cold chamber 

at −10.0 °C ± 0.1 °C and under relative humidity of around 50% ± 3% (Figure 4-1). 

The freezing process was filmed via a high-speed camera. When the water droplet froze 

completely, the probe attached to the force meter approached the droplet at 0.5 mm/s, 

and the maximum force required to remove the frozen droplet from the sample surface 

was recorded. The ice adhesion strength of each sample was obtained by dividing the 

maximum force by the contact area of the frozen water droplet–sample interface.  
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Figure 4-1. Schematic of micro-push-off apparatus. 

 

Similar to the micro-push-off test, non-impact ice was used in the push-off test, 

but in this procedure, the ice adhesion was evaluated in a larger scale. A cylindrical 

plastic mold with the diameter of 1 cm was placed onto the samples while they were 

kept in a cold chamber at −10.0 °C ± 0.2 °C. Then, they were filled with adequate 

deionized water and left in the chamber for 24 h to obtain a frozen water column. In 

the following day, the samples were placed on the holder of the push-off apparatus, and 

the maximum force for ice detachment was recorded when the probe of force meter 

approached the cylindrical column. The ice adhesion strengths of the samples were 

obtained by dividing their corresponding maximum force by the cross-sectional area 

of the plastic mold.  

The ice accumulation on the samples was also evaluated using SAT. First, the 

coatings were applied to 3 cm × 15 cm aluminum substrates by using a ZEHNTNER 

film applicator. After the curing process, they were placed onto a special-designed 

stand with inclined angles of 0°, 45°, and 80° and placed in a cold chamber at −5.0 °C 

± 0.2 °C and, under relative humidity of around 84 ± 2 %. Then, the samples were 

exposed to freezing drizzle conditions by spraying supercooled water microdroplets 

with an average diameter of 327 µm and a temperature of 4.0 °C. They were iced for 
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about 45 minutes at −5.0 °C. The difference between the sample mass before and after 

icing condition was equaled to the amount of ice accumulated on each sample. 

4.3.4 Durability 

The durability of the samples was evaluated using QUV, which included 

exposing to simulated outdoor circumstances. The test was conducted following the 

test standard of ASTM G154. The samples were exposed to about 1000 h of UV light 

by using UVA-340 fluorescent lamps (0.89 W.m−2) as a test cycle of 8 h at a 

temperature of 60 °C. The UV exposure was then followed by 4 h of condensation at 

50 °C. 

The durability of the samples against the subsequent de-icing events was 

evaluated by combining the push-off test and 20 icing/de-icing cycles. For this purpose, 

the ice adhesion strength of the samples after each cycle was measured. 

The evaluating procedure of the replenishment capability of the samples was 

adopted from the work of J. Zhang at el. [47].  For this purpose, the weight of the 

sample was measured via a Sartorius balance (precision 0.1 mg) and recorded as m0. 

Then, the oil layer was removed from the surface using an oil-absorbing paper, and the 

weight of sample was again recorded. This process was repeated for n cycles, and the 

rate of weight loss was obtained using the Eq. 4-1.  

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑚0−𝑚𝑛

𝑚0
× 100         (Eq. 4-1) 

Where mn is the weight of sample after n cycles. 
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4.3.5 Electrical properties 

The dielectric response of the samples at 25 °C was evaluated via a Novocontrol 

broadband dielectric spectrometer (Microtonic Alpha-A high-performance frequency 

analyzer). The frequency was changed from 10−2 Hz to 106 Hz. The coatings were 

applied using a film applicator on circular-shaped paper substrates with a diameter of 

46 mm and a thickness of 2 mm. The measurement was carried out by placing the 

prepared samples between two solid electrodes to form a capacitor and then applying 

an AC voltage of 3 V. 

The flashover voltage was measured via a rod-plate configuration connected to 

the AC voltage source. The coatings were applied to porcelain substrates and then 

placed between two electrodes with a fixed distance of 36 mm (Figure 4-2a). The test 

procedure was conducted under two steps: rapid increase and gradual increase in 

voltage. The first step was continued until 50% of the predicted flashover value. 

Meanwhile, in the second step, the voltage was gradually increased at a rate of 0.5 kV/s 

until a disturbing discharge occurred, and then the corresponding voltage was recorded. 

The procedure was repeated 10 times on each sample. Furthermore, a 2-minute interval 

between each trial was allocated to dissipate the residual charges on the samples.  

Three different conditions, namely, nonpolluted/dry, polluted/dry, and 

polluted/wet, were chosen for each sample. A dispersion of Kaolin in deionized water 

was used to pollute the samples, which were then wetted by spraying deionized water 

on their surface before applying the voltage. 

Flashover test was carried out under sub-zero and zero temperature conditions. 

The rod-plate configuration was transferred into an EH40-2-3 climatic chamber with 
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adjustable temperature. Once the temperature reached −10 °C, deionized water was 

sprayed over the samples. When water was frozen, the flashover measurement was 

conducted on the basis of the abovementioned procedure. The flashover voltages were 

also measured at −5 °C and 0 °C. The measurement was repeated five times for each 

sample, with a 2-minute interval between each event. 

Condensation test was conducted in accordance with the test method proposed 

by the previous research work [308]. Under high-humidity condition, the moisture 

could be settled on the surface of cold insulator, resulting in the formation of a thin 

water layer. Therefore, the samples were placed in a chamber with variable temperature 

between 10 °C and 35 °C and a relative humidity of 95% (Figure 4-2b). For 

achievement of a uniform condensed water, the temperature of the chamber was 

increased to 35 °C for 30 min, resulting in condensation settlement on the surface. 

Then, the temperature was lowered to 10 °C for another 30 min. During the test, a low 

electric field of 4 kV/cm was applied, and the leakage current was monitored. A leakage 

current greater than 5 mA was considered as failure.  

 

 

Figure 4-2. (a) Top view of the flashover and (b) condensation setups. 
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The inclines plane test (IPT was used to assess the erosion and tracking 

resistance of the samples on the basis of the test standard of IEC 60587 [309]. This test 

is usually carried out either at constant voltage or by voltage steps. In the present work, 

the second process was used on the applied coatings on GPO3 substrates with standard 

dimensions of 50 mm width, 120 mm length, and 5.5 mm thickness and 5 mm diameter 

holes for fixing (Figure 4-3).  

 

Figure 4-3. (a) Schematic illustrating the test setup for inclined plane test (IPT); (b) 

and (c) parts used for mounting the samples for IPT. 

 

GPO-3 is a glass reinforced thermoset polyester with excellent tracking 

performance, and it was used in this work because its shape could allow samples to be 

easily produced. The prepared samples were placed on the holder that could 

accommodate them at an inclination angle of 45°. The contaminant consisted of an 

electrolyte solution of 0.1 wt.% NH4Cl and 0.02 wt.% Triton X100 in deionized water. 

Once the contaminant solution was flowing evenly at a rate of 0.6 mL/min through the 

filter, an initial 60 Hz of high voltage was applied, followed by 2.5, 3, and 3.5 kV (each 

for 45 min). The carbonaceous path (track) produced on the samples due to the arcing 
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was used to analyse the tracking and erosion lines of the samples. Moreover, a thermal 

camera was used to evaluate the leakage current and the variation of temperature. The 

endpoint was determined when the leakage current passing through the sample 

exceeded 60 mA.  

4.4 Results and discussion 

4.4.1  Surface characterization 

The water contact angle was measured to assess the effect of impregnating 

lubricant-loaded carriers on the coating wettability (Figure 4-4). Increasing the carrier 

content from 5 wt.% to 15 wt.% resulted in the contact angle decreasing from 105° for 

the reference to 93° (LLC-5), 90° (LLC-10), and 88° (LLC-15), respectively. In 

general, incorporating the carriers could result in reduced contact angle due to the lower 

surface energy of oil than that of the matrix. However, the variation of lubricant-loaded 

carrier content did not significantly affect the contact angle and the wettability of the 

samples containing the carriers. Water contact angle hysteresis also decreased by 

heightened carrier concentrations. In fact, reduced contact angle hysteresis equaled to 

decreased pinning points between the water droplet and the surface and consequently, 

easy removal of the water droplet. The topographical maps of the samples and their 

corresponding surface roughness values were obtained by profilometry (Figure 4-5). 

Accordingly, impregnating the lubricant-loaded carriers increased the surface 

roughness from 126 nm to 319 nm, very likely due to the presence of aerogel in the 

coating structure. 
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Figure 4-4. Variation of contact angle and contact angle hysteresis as a function of 

LLC content. 

 

 

Figure 4-5. 3D topographical maps of the (a) reference and LLC-5, (b) LLC-10, and 

(c) LLC-15. 

 

4.4.2 Icephobicity 

The icephobic characteristics of prepared coatings are usually evaluated using 

two different groups of methods. The test methods, such as measuring ice nucleation 

temperature, belong to the first group that characterize the samples before freezing. The 
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latter ones, including ice adhesion measurement and SAT, are related to the 

performance of the samples in removing ice from the surface. 

The ice nucleation temperature corresponding to each sample was evaluated 

using DSC. As seen in Figure 4-6a, the ice nucleation temperature continuously 

decreased from −16.25 °C for the reference to −23.53 °C for the sample containing 

15% of the lubricant-loaded carriers. The reduced ice nucleation time could be related 

to the decreased thermal conductivity of the coating due to the presence of the lubricant. 

In general, the thermal conductivity of silicone oils is lower than that of the PDMS 

matrix. Therefore, adding the lubricant to the matrix could result in the increased heat 

insulation effect of the coating system and consequently, delayed ice nucleation 

temperature. A notable detail that even a decrease of 1 °C in ice nucleation temperature 

could lead to multifold increase in ice nucleation rate [275]. 

The de-icing performance of the prepared coating was evaluated using SAT 

method, which exhibited the amount of ice accumulated on the samples inclined at 0°, 

45°, and 80° (Figure 4-6b). The ice accumulation on the samples decreased by 

impregnating lubricant-loaded carriers. Moreover, the increased carrier content 

resulted in a gradual reduction in accumulated ice on the surface from 12.28, 6.89, and 

4.1 g for the reference to 8.36, 3.92, and 1.95 g for LLC-15 samples at their 

corresponding angles, respectively.  

The tangential component (𝐹∥) of the gravity force (W) equaled to 𝑊 ·  𝑠𝑖𝑛𝛼, 

(α: the inclined angle) is a key factor in removing ice from the prepared samples. 

Increasing the inclined angle led to greater tangential force and consequently, less ice 

accumulation.  
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Meanwhile, ice adhesion strength, as the main resisting force against ice 

detachment, could significantly affect the amount of ice accumulated on the surface. 

Micro-push off adhesion test was used to evaluate the ice adhesion strength on the 

samples (Figure 4-6c). By using water droplet, micro-push-off test aims to measure ice 

adhesion in a smaller scale than push-off test. Furthermore, in micro-push-off test, 

parameters such as humidity could be controlled more. 

As illustrated in Figure 4-6c, adding the lubricant-loaded carriers to the coating 

decreased the ice adhesion strength from about 180 kPa for the reference to around 

14kPa for LLC-15 samples. The presence of oil over the surface could be the reason 

for the reduced ice adhesion of the samples. TGA confirmed that the loaded-lubricant 

mass value for the prepared powders was about 47%. This infused oil could migrate 

from the pores towards the surface to facilitate ice sliding. This migration occurred 

from the inner pores of aerogels into the large free volume of the polymeric bulk due 

to the produced concentration gradient pressure. The lubricant is then transferred into 

the surface because of the mobility of the lubricant small molecules through the bulk 

[157]. Another possible mechanism for the reduced ice adhesion is that the hydroxyl-

terminated silicone oil had hydrophilic groups that could produce hydrogen bonding 

with water molecules. These hydrogen-bonded molecules could preserve water in non-

frozen state at or below 0 °C, resulting in an additional factor to decrease ice adhesion 

[157,270].  
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Figure 4-6. (a) DSC evaluation of ice nucleation temperatures corresponding to 

samples with LLC content. (b) Ice accumulation on samples inclined at 0°, 45°, and 

80°, as measured by SAT. (c) Ice adhesion strength of samples, as obtained using 

micro-push-off test. (d) Ice adhesion strength in samples containing LLC over 20 

icing/de-icing cycles, as obtained by push-off test.  

 

4.4.3 Durability 

4.4.3.1 Subsequent de-icing events 

A total of 20 icing/de-icing cycles were conducted in the present study (Figure 

4-6d), and the ice adhesion strength was evaluated after each four trials by using push-

off adhesion test. For the LLC-5 and LLC-10 samples, no significant change was 

observed over all subsequent cycles, Meanwhile, for LLC-15, the ice adhesion strength 
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increased slightly after 12 icing/de-icing cycles, very likely due to the depletion of oil 

on the surface, consequently increasing the surface roughness.  

The presence of the micropores can promote the oil trapping within the aerogel. 

When the uppermost oil layer is removed from the surface, the capillary effect causes 

the lubricant to be transferred form the bulk towards the surface. In other words, ice 

detachment from the surface can eliminate the accessible oil layer, producing a 

concentration gradient of lubricant between the surface and the bulk that serves as a 

driving force for the lubricant transferring [157]. The presence of LLC results in the 

lubricant to be released in lower rate, and guarantees the slipperiness for longer service 

life.  Moreover, no significant change was observed over the icing/de-icing cycles that 

confirmed the capability of the surface in lubricant recovery.  

4.4.3.2 Accelerated weathering test 

Exposure to weathering conditions, such as UV and humidity, could lead to 

deterioration of coatings. Therefore, the effect of these weathering conditions on the 

surface and icephobic characteristics of the fabricated coatings was investigated. 

Figure 4-7 illustrates the evaluation of ice adhesion strength of the fabricated 

samples exposed to accelerated weathering conditions for 45 days, which equalled to 

about 5 years of real outdoor conditions [67]. In general, the coatings containing LLC 

maintained their icephobic performance even after a 1000-h exposure period to UV 

irradiation and humidity condensation. Furthermore, increasing the LLC content in the 

coating could result in more durable coating under these harsh conditions. This finding 

could be related to further availability of the oil in higher LLC content when it migrated 

from bulk towards the surface. The presence of the oil layer on the surface could reduce 
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the effect of UV light on the physical and chemical properties of the coating [310]. 

Thus, despite the increasing trend of ice adhesion strength for 45 days, LLC-15 

maintained its ice adhesion strength to below 25 kPa. For the reference sample that had 

no LLC, the ice adhesion increased significantly after the exposure period.  

Considering their presentation of desired icephobic characteristics and stability 

against weathering, LLC-10 and LLC-15 were chosen to evaluate their electrical 

performance in the next section. 

 

Figure 4-7. Evaluation of ice adhesion strength corresponding to samples during 45-

day accelerated weathering test. 

 

4.4.3.3 Lubricant replenishment 

 The lubricant depletion is considered as one of the main challenges of the 
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lubricant retention properties then the reference. It can be related to using the three-

step procedure that can significantly control the delivery of the lubricant on the surface, 

and therefore, it contributed effectively to reducing the lubricant depletion rate. 

 

Figure 4-8. The rate of weight loss the coating containing LLC and the reference (the 

coating containing the same amount of oil but without aerogel) in relation to the 

number of test cycles of oil recovery/depletion. 

 

4.4.4 Electrical characterization 

4.4.4.1 Dielectric spectral analysis 

 Dielectric spectroscopy is a common method to measure the permittivity and 

loss factor of insulating materials. In a complete insulating system, having a zero 

resistive leakage current (𝐼𝑅 = 0) is desirable. As this value could not be achievable, 

the insulation level is usually expressed by dissipation factor, tan δ, which be defined 

as Eq. 4-2 [311,312]:  

tan 𝛿 =
|𝐼𝑅|

|𝐼𝐶|
≈

𝜀′′ (𝜔)

𝜀′(𝜔)
                 (Eq. 4-2) 
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In this equation; 𝜀′ is the real part of the permittivity related to material 

dissipation; 𝜀′′ is the imaginary part of permittivity, which is equal to polarization 

losses; and IR and IC are the resistive and capacitive currents, respectively. Accordingly, 

a dissipation factor as small as possible must be achieved. 

Figure 4-9 depicts the variation of 𝜀′, 𝜀′′, and the dissipation factor (tan 𝛿). From 

the graphs, at low frequency, 𝜀′ and 𝜀′′ showed increased values, which then dropped 

dramatically when the frequency was increased and then levelled out with the change 

to high frequencies. In fact, the dipoles could become readily oriented with the 

electrical field at lower frequencies, resulting in enhanced mobility of the segments and 

consequently, increased values of 𝜀′ and 𝜀′′. The high values of 𝜀′ and 𝜀′′ could be 

attributed to conductivity and polarization losses, respectively. Meanwhile, at higher 

frequencies, the dipoles are not able to reorient rapidly with the electrical field due to 

lack of enough time.  

 

Figure 4-9. Variation of (a) real (𝜺′) and (b) imaginary (𝜺′′) parts of permittivity and 

(c) dissipation factor (𝑡𝑎𝑛 𝛿) in relation to frequency. 

 

As illustrated in Figure 4-9a and Figure 4-9b, the 𝜀′ and 𝜀′′ values of the 
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considered as nonpolar liquids with a low dielectric constant and loss factor and high 

electrical resistivity [313–315]. These liquids also offer low temperature and frequency 

dependency of electrical constant and dissipation factor [316]. Infusing silicone oil 

within the elastomeric matrix reduced the number of dipoles within coatings, resulting 

in reduced total dielectric constant and increased resistivity compared with reference 

samples. 

Figure 4-9c illustrates the variation of tan 𝛿 in terms of frequency at 25 °C. This 

factor obviously decreased rapidly by increasing the frequency and stabilized in high 

frequencies. The insulating properties of the lubricant infused within the matrix could 

prevent the electron mobility throughout the prepared coating at high frequencies. 

Moreover, LLC-15 showed the best performance in terms of tan 𝛿 at a power frequency 

of 60 Hz. 

4.4.5 Flashover 

High-voltage test is one of the essential techniques to evaluate the electrical 

performance of insulators by monitoring the flashover voltage of coated and uncoated 

surfaces. In this method, the maximum tolerance of surfaces is evaluated under 

applying high-voltage stress on a 36 mm sample. Figure 4-10a, Figure 4-10b and Figure 

4-10c illustrate the variation of flashover levels for the fabricated slippery coatings and 

uncoated surfaces in different conditions, including clean/dry, polluted/dry, and 

polluted/wet states. 

 Under the clean/dry condition, the slippery coatings of LLC-10 and LLC-15 

showed a disruptive discharge at around 35 kV, and LLC-15 could remain at this level 

after 10 repeated tests (Figure 4-10a). For the polluted condition in dry state (Figure 
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4-10b), the presence of pollution had no high negative effect on the performance of the 

coating under high voltage stress, and the coated surface could tolerance the same level 

of flashover (35 kV) as dry state, with acceptable stability after repetitive test. 

However, for the polluted/wet state (Figure 4-10c), a different behavior was observed 

between the slippery coatings containing LLC and the reference coating while water 

was sprayed.  

 

Figure 4-10. Evaluation of flashover voltage during 10 subsequent cycles under (a) 

non-polluted/dry, (b) polluted/dry, and (c) polluted/wetted conditions. (d) Evaluation 

of first flashover voltage at −10 °C, −5 °C, and 0 °C. 
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The slippery coatings did not allow the water to remain over the surface because 

of their slippage properties, whereas the reference coating did not have such 

characteristic, and the water film spread over the surface and completely wetted it. 

Therefore, the flashover level for reference (under 25 kV) was considerably lower than 

that for the fabricated coatings. After repeated cycles, the reference coating underwent 

electrical discharge, and the level of flashover dropped to about 15kV. The results 

indicated that the insulation effect of slippery coatings containing LLC not only 

degraded the electrical performance of the surface but also made it more stable against 

electrical discharge and flashover.  

Figure 4-10d illustrates the evaluation of the flashover voltage at −10 °C, −5 

°C, and 0 °C. At −10 °C, the samples generally showed the highest flashover voltages, 

and upon increasing the temperature, a reducing trend was observed for all samples.  

Increasing the LLC content resulted in increased flashover voltage at all 

temperatures. Furthermore, for 0 °C, at which ice turned into water, the difference 

between the flashover voltages corresponding to the reference sample and LLC-10 was 

higher than those at −10 °C and −5 °C. This finding could be related to the presence of 

a lower amount of water on the coatings containing LLC, which resulted from the 

slippage property of the coatings. 

4.4.6 Condensation test 

Condensation test was conducted to evaluate the electrical performance of the 

prepared coatings under controlled humidity conditions [308]. Figure 4-11a, and Figure 

4-11b exhibit the variation in leakage current for three cycles and the three-cycle 

average leakage current during subsequent heating/cooling events. 
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Figure 4-11. Evaluation of leakage current versus time on samples for a) three 

repetitive cycles and b) their averages, as obtained by condensation test. 
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surfaces. Accordingly, for samples containing LLC, such arcs spread in a narrower area 

than that for the reference. Figure 4-12b and Figure 4-12c shows the samples’ surfaces 

after the test, in which the eroded area and tracking path were clearly visible. 

Accordingly, the tracks and cracks on the reference surface were wider and deeper than 

those on the samples containing LLC. This finding could be related to the slippage of 

water droplet on the sample containing lubricant, which enhanced the water droplet 

velocity over them, resulting in reduced polluted spots that contributed to the initiation 

and progress of erosion. Figure 4-12d illustrates the leakage current evolution of the 

slippery coatings of LLC-10, LLC-15, and reference surface. The leakage current trend 

of each step showed various behavior for the corresponding sample. In the first step 

(2.5 kV), the reference sample exhibited the highest level of leakage current at around 

8 mA. Meanwhile, the leakage current of the fabricated coatings was about 4 mA. By 

increasing the voltage in the next step (3 kV), the leakage current increased for all the 

samples. However, the LLC-15 sample showed a little bit higher level of leakage than 

the LLC-10 sample. This behavior confirmed that the coating containing a lower 

content of lubricant-loaded porous particles exhibited, to some extent, more resistance 

towards degradation under applied voltage over time. Moreover, it could keep such a 

low leakage current even until the final step with a high level of voltage (3.5 kV). 

However, both slippery coatings generally did not allow the leakage current to increase 

significantly under high-voltage level. Moreover, considering that IPT is a very harsh 

test, the slippery coatings showed promising performance against tracking and erosion 

for electrical application. 
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Figure 4-12. (a) Thermal camera images of samples at the final minutes of IPT. (b) 

and (c) Images of the samples after the test. (d) Evaluation of leakage current over 

time during IPT. 

 

4.5 Conclusions 
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The coatings exhibited decreased dielectric permittivity and loss factor under 

applied frequency range of 10−4–103 Hz, very likely due to the nonpolar characteristics 

of the infused lubricant. Furthermore, due to the insulating effect of the fabricated 

coatings, they had desirable resistance against electrical discharge and flashover 

voltage, particularly under wet and polluted conditions. The condensation test also 

confirmed that the coatings enhanced the insulation performance of the insulators under 

controlled high-humidity circumstances. The adapted inclined plane test was carried 

out to evaluate the erosion and tracking resistance of the samples under applied voltage 

steps. The results confirmed that the coatings with lubricant-loaded-carriers were more 

resistant against the degradation caused by applied voltage over time, and they 

preserved a low leakage current even under a high voltage of 3.5 kV. 

In summary, the coating containing LLC exhibited desirable anti-icing and electrical 

performance that opens an avenue towards designing efficient strategies to tackle icing-

related challenges on high-voltage insulators. 
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Chapter 5: Conclusions 

 In this section, the main findings of this project are summarized as the partial 

and general conclusions. The main results achieved in each paper are first presented, 

followed by the general conclusion.  

Fabrication of liquid-infused textured surfaces (LITS): the effect of 

surface textures on anti-icing properties and durability 

- LIS and liquid-infused textured surfaces (LITS) were produced by combining 

textured micromorphology and the concept of slipperiness. Then, the morphology and 

icephobic characteristics of the fabricated surfaces were evaluated in terms of viscosity 

and infusion percentages of the lubricant. Furthermore, the effect of microtexturing on 

long-lasting durability was assessed.  

- The replication method was employed to produce microtextures on LITS. In this 

method, the surface of aluminium coupons was chemically etched to obtain 

microtextured templates. In the next step, the microtextures of the templates were 

transferred to lubricant-infused silicone elastomer. The silicone oil of two viscosities 

(50cSt, 500cSt) were infused into the polydimethylsiloxane matrix at five various oil 

contents.   

- The water contact angles of samples containing silicone oil with 50 cSt were higher 

than those of the samples containing silicone oil with 500 cSt viscosity. This property 

can be attributed to the contribution of microstructures to the de-wetting characteristics. 

Moreover, the presence of microtextures and lubricant thickness can affect the droplet 

velocity on the fabricated surfaces. Depletion/recovery cycle test also confirmed that 
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the LITS samples had a lower rate of lubricant depletion than the LIS samples, 

regardless of lubricant viscosity. 

- DSC test demonstrated that the oil viscosity had no considerable effect on ice 

nucleation temperature. The samples containing oil with lower viscosity had a slightly 

lower ice nucleation temperature than those with the viscosity of 500 cSt possibly 

because of the heat insulation effect. 

- The ice adhesion measurements showed that the LITS samples had an ice adhesion 

strength of less than 20 kPa that can be related to the synergetic effect of microtextures 

and infused oil. Moreover, microtextures have a key role in reducing the rate of oil 

depletion. Therefore, LITS samples presented more durable and stable icephobic 

characteristics than the LIS samples.  

Icephobic behavior of a slippery coating containing nanoporous particles 

as lubricant-loaded carriers 

- An icephobic coating was designed by embedding lubricant-loaded carriers within a 

polymeric blend. A three-step procedure was employed to enhance the loading capacity 

of the carriers and therefore lengthen the durability of the prepared coatings. 

Furthermore, two different lubricants, namely, silicone oil and hydroxyl-terminated 

silicone oil, were used to study the effect of oil type on the icephobicity and durability 

of the coatings.  

- TGA results showed that the loaded-lubricant mass percentages for the carriers 

infused by silicone oil and hydroxyl-terminated silicone oil were approximately 47% 
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and 63%, respectively. Moreover, BET test confirmed that the lubricants were 

accommodated within the micropores of the carrier.  

- The coating’s performance against icing was evaluated using a comprehensive set of 

methods. In general, the incorporation of lubricant-loaded carriers within the matrix 

can reduce the ice nucleation temperature. Notably, for samples containing hydroxyl-

terminated silicone oil, the reduction in ice nucleation temperature was greater than 

that for samples containing the silicone oil. The evaluation of the freezing delay time 

supports this pattern, because samples containing hydroxyl-terminated silicone oil 

could prolong the icing time more effectively compared with the other group. These 

improved anti-icing properties can stem from the formation of hydrogen bonding 

between the hydroxyl groups of the oil and water molecules. 

- Generally, heightened lubricant-loaded carrier percentage in the polymeric matrix 

decreased the amount of ice that accumulated on the surface. This trend can be 

attributed to the reduced ice adhesion caused by the presence of the slippery-surface 

mechanism. For samples containing hydroxyl-terminated silicone oil, in addition to the 

mentioned mechanism, the formation of hydrogen bonds between hydrophilic groups 

and water molecules produced unfrozen structures, thus further reducing the ice 

adhesion strength compared with the samples containing silicone oil.  

- Monitoring ice adhesion evaluated via the push-off test during 20 subsequent de-icing 

events confirmed that generally, samples at lower carrier contents showed relative 

durability in their icephobic performance. This phenomenon can be attributed to the 

enhanced stability of the lubricant within the coating caused by the three-step 
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preparation of lubricant carriers that slowed the release rate of the lubricant during the 

icing/de-icing cycles. 

Icephobicity and electrical assessment of durable slippery coating 

impregnated with lubricant absorbent materials for application on high-voltage 

insulators 

- Considering the high demand for durable icephobic coatings for application on high-

voltage insulators, a slippery coating was fabricated by incorporating the lubricant-

loaded carriers into a polymeric matrix. A three-step procedure based on the application 

of negative pressure was followed to promote the infusion of the lubricant within the 

carrier’s pores, thus enhancing the service life of the coatings.  

- DSC analysis results confirmed that embedding the lubricant-loaded carriers into the 

silicone-based blend decreased the ice nucleation temperature from approximately 

−16 °C (for the reference) to approximately −23.5 °C (for the sample containing 15% 

lubricant-loaded carrier). Moreover, the slippery-surface mechanism and the 

production of unfrozen molecules at the ice-coating interface can contribute to the 

enhanced de-icing performance of the prepared coatings. 

- After exposure to UV irradiation and humidity condensation, the effect of the 

weathering conditions on the icephobic performance was assessed. The coating 

containing the lubricant-loaded carriers showed relative stability in the icephobic 

characteristics after harsh condensation cycles and UV exposure. Moreover, 

considering the application of the prepared coating for insulators, their electrical 

properties were evaluated using a comprehensive set of electrical tests, including 

dielectric spectroscopy, flashover, condensation, and inclined plane tests.  
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- The dielectric spectroscopy confirmed that the coatings containing lubricant-loaded 

carriers exhibited lower dielectric permittivity and loss factor than the reference, which 

lacks the carriers under an applied frequency of 10-4−103 Hz.  

- The flash over voltage of the slippery coatings and the uncoated substrates were 

investigated under various conditions, namely, clean/dry, polluted/dry, and 

polluted/wet states. Under all conditions, the samples containing lubricant-loaded 

carriers showed higher flashover levels than those for the bare porcelain substrates. 

Under wet and polluted condition, the flashover level corresponding to the reference 

lowered more considerably than that of the samples containing lubricant-loaded 

carriers.  

- Condensation test was performed to assess the electrical performance of the slippery 

coating under controlled humidity condition. For coatings containing lubricant-loaded 

carriers, the leakage current remarkably decreased possibly because of the presence of 

the lubricant, thus enhancing the insulation performance of the coating. 

- An adapted version of the inclined plane test for thin films was employed to assess 

the resistance of the prepared coatings to erosion and tracking as electrical voltage was 

applied. IPT results confirmed that the coating containing lubricant-loaded carriers 

showed higher resistance to the degradation caused by the applied voltage compared 

with the pristine sample. This slippery coating preserved a low leakage current event 

until the last step, including the high-voltage condition (3.5 kV).  

General Conclusions 

Ice accretion on the surface of high voltage insulators can result in severe 

damages, such as deformation, flashover, and power outages. Therefore, two 

approaches were presented to create slippery LIS with enhanced durable icephobic 



163 

 

characteristics. Inspired by the Nepenthes pitcher plant, such coatings can offer an 

efficient anti-icing solution to protect the infrastructure subjected to harsh cold-weather 

environment. The replication process was first used to fabricate the slippery surfaces 

by infusing lubricants into the silicone-based matrix. Then, the icephobic 

characteristics of the prepared samples were evaluated to determine the effect of the 

lubricant content and viscosity on their durability. The water droplet velocity increased 

on the surface containing the lubricant with lower viscosity than that with higher 

viscosity.  The synergistic effect of the combination of microstructures and the 

slipperiness in the prepared surfaces can reduce ice adhesion strength by four orders of 

magnitude compared with the reference sample. Moreover, the presence of the 

microstructures can effectively contribute to the reduction of the rate of lubricant loss 

by keeping it within the superficial asperities. Therefore, the prepared slippery surfaces 

can offer more long-lasting icephobic characteristics.  

In terms of the low durability of the oil-infused coatings caused by oil depletion, 

a slippery coating was designed by incorporating lubricant-loaded carriers into a 

polymeric blend. A three-step method was used by applying the negative pressure, and 

it increased the loading capacity of the aerogel carriers and controlled the rate of oil 

migration toward the surface. Therefore, the coating containing lubricant-loaded 

carriers offered enhanced anti-icing and de-icing properties for a longer service life. 

The combination of three different mechanisms, namely stress localization (matrix), 

slippery, and the production of hydrogen bonds between water molecules and the 

hydroxyl groups of the lubricant played an essential role in obtaining desirable 

icephobic characteristics.  
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Third, the coatings containing aerogel carriers infused by hydroxyl-terminated 

silicone oil, and their electrical performance was assessed using a comprehensive set 

of tests. Dialectical spectroscopy showed that incorporating the lubricant-loaded 

carriers into the coating reduced dielectric permittivity and loss factors. Moreover, the 

insulation effect of such coatings enhanced their resistance against electrical stresses 

specially under wet and polluted conditions. Condensation test showed that the coating 

containing lubricant-loaded carriers could reduce leakage current under high humidity. 

Moreover, the prepared coating exhibited a desirable level of resistance against 

degradation under applied voltage. 



 

 

Chapter 6: Recommendations 

In this Ph.D. thesis, the fabrication of slippery liquid infused surfaces through 

different strategies is reported. These strategies include the production of micro 

textures over elastomeric surface and the use of lubricant loaded carriers to guarantee 

long-lasting surfaces. The fabricated surfaces exhibited remarkable results in terms of 

icephobicity, lubricant stability, durability, and electrical performances. Some 

recommendations are worth considering for more investigation in this field.  

- In the present work, the effect of microtexuring on lubricant depletion, anti-icing 

durability, and water droplet velocity was assessed extensively. The use of other types 

of textures such as nano, micro-nano, hierarchical, and ordered structures could be 

beneficial. Various structural parameters such as pore size, and pillar dimension could 

affect the rate of lubricant depletion and durability. 

- The use of lubricant absorbent materials could open a new horizon toward increasing 

the stability of lubricant inside the polymeric matrix and over the surface. Here, silica 

aerogel with specific pore size and surface area was used. The synthesis of porous 

particles to control the pore size and surface properties can be employed, and this 

method can optimize the adsorption-desorption of the lubricant.  

- The lubricant was physically infused into the polymeric matrix. It can also be 

chemically stabilized within the matrix to enhance durability. Moreover, the new 

category of substance, called SOCAL, can covalently attach to the surface and create a 

liquid-like layer.  
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- The use of the proposed strategies remarkably affected the coating durability and 

lubricant retention, and slippery coatings are still vulnerable under harsh cold-weather 

conditions. Recently, the idea of lubricant-free slippery materials has gained more 

attention in eliminating the problems related to lubricant depletion. For this type of 

surface, solid lubricants such as organogels and polymer brushes can be used, and these 

materials do not suffer from oil evaporation and shear loss. 

- Among the modifications carried out in this research work was the improvement of 

the mechanical properties by using the appropriate material selection. The selection of 

other types of either polymeric blends or inorganic lubricant absorbents that are 

compatible with desired lubricant could lead to obtain slippery coatings with 

remarkable mechanical robustness.  

- The electrical performance of the fabricated coatings was assessed in laboratory scale, 

including small samples and setups. Scaling-up the experiments in other whole 

porcelain insulators could provide a better understanding of the performance of the 

fabricated coatings. 



 

 

APPENDIX I 

SUPPORTING INFORMATION FOR LITRATURE REVIEW 

Table A-I.1. Illustration of wetting configurations, the associated calculations of total interface energies per unit area, and their 

respective equivalent stability requirements [130]. 

Table A-I.2. Summary of the slippery surface fabrication methods. 

Interface Configuration 
Total interface energy 

per unit area 
Equivalent criteria   

  Oil-Solid-Air 
 

 

 

A1           Dry 

 

𝐸𝐴𝑙 = 𝑟𝛾𝑠𝑎  𝐸𝐴1 < 𝐸𝐴2, 𝐸𝐴3  𝑆𝑜𝑠(𝑎) < −𝛾𝑜𝑎 (
𝑟 − 1

𝑟 − ∅
) 𝜃𝑜𝑠(𝑎) > 𝜃𝑐 

A2  Impregnated, emerged 

 

𝐸𝐴2 = (𝑟 − ∅)𝛾𝑜𝑠 + ∅𝛾𝑠𝑎  

+(1 − ∅)𝛾𝑜𝑎 
𝐸𝐴2 < 𝐸𝐴1, 𝐸𝐴3  

−𝛾𝑜𝑎 (
𝑟 − 1

𝑟 − ∅
) < 𝑆𝑜𝑠(𝑎)

< 0 

0 < 𝜃𝑜𝑠(𝑎) < 𝜃𝑐 

A3       Encapsulated 

 

𝐸𝐴3 = 𝛾𝑜𝑎 + 𝑟𝛾𝑜𝑠 𝐸𝐴3 < 𝐸𝐴2, 𝐸𝐴1  𝑆𝑜𝑠(𝑎) ≥ 0 𝜃𝑜𝑠(𝑎) = 0 

Oil-Solid-Water 
 

 

 

W1       Impaled 

 

𝐸𝑤1 = 𝑟𝛾𝑠𝑤  𝐸𝑤1 < 𝐸𝑤2, 𝐸𝑤3 𝑆𝑜𝑠(𝑤) < −𝛾𝑜𝑤 (
𝑟 − 1

𝑟 − ∅
) 𝜃𝑜𝑠(𝑤) > 𝜃𝑐 

W2 Impregnated, emerged 

 

𝐸𝑤2 = (𝑟 − ∅)𝛾𝑜𝑠 + ∅𝛾𝑠𝑤 

+(1 − ∅)𝛾𝑜𝑤 
𝐸𝑤2 < 𝐸𝑤1, 𝐸𝑤3 

−𝛾𝑜𝑤 (
𝑟 − 1

𝑟 − ∅
) < 𝑆𝑜𝑠(𝑤)

< 0 

0 < 𝜃𝑜𝑠(𝑤) < 𝜃𝑐 

W3    Encapsulated 

 

𝐸𝑤3 = 𝛾𝑜𝑤 + 𝑟𝛾𝑜𝑠 𝐸𝑤3 < 𝐸𝑤1, 𝐸𝑤2 𝑆𝑜𝑠(𝑤) ≥ 0 𝜃𝑜𝑠(𝑤) = 0 
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Surface fabrication 

method 
Category Material composition Infused lubricant Characteristics 

Photolithography [48] 

 
Ordered 

 

Silicon wafer/OTS (octadecyl 

trichlorosilane) 

 

Silicone oil/tetramethyl 

tetraphenyl trisiloxane 

Dependency of the ice 

adhesion strength of the 

slippery surface on the 

texture density. 

Laser irradiation/ 

replication [145] 
Ordered Al/PDMS polymer 

Silicone oil 

 

Fabrication of oil-infused 

slippery surfaces with 

superhydrophobicity 

characteristics. 

- Optimizing the results in 

terms of viscosity and oil 

content. 

Spraying method [134] Disordered 
SiO2 nanoparticles/poly (methyl 

methacrylate) (PMMA) 

Perfluorotripentyl amin 

 

Comparison the water 

repellency of slippery 

coating with 

superhydrophobic surfaces. 

Spin coater [32] Disordered Polytetrafluoroethylene (PTFE) 
Perfluoropolyether (PFPE) 

- Development of the one-

step substrate-independent, 

transparent SLIPSs. 

-Evaluation of liquid-

repellency, self-cleaning, 
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icing-delay, and ice 

adhesion. 

Electrodeposition [33] Disordered Polypyrrole (PPy) /Al Perfluoroalkylether (Krytox 

100) 

- Controlling the 

morphology of the surface 

by deposition variables and 

monomer concentration. 

- Reduction of ice adhesion 

considerably compared to 

bare Al. 

Double-layered structure/ 

hydrothermal method 

[147] 

Disordered 

 

Mg5(CO3)4(OH)2/Mg6Al2(OH)18∙4 

phases 

 

Perfluoropolyether (PFPE) 

 

Superior corrosion 

resistance and anti-icing 

performance with enhanced 

durability compared with the 

SHS coatings. 

Liquid Flame Spray[317] Disordered 

Titanium-oxide anoparticles/ low 

density polyethylene (LDPE) 

Silicone oil 

 

Superior corrosion 

resistance and anti-icing 

performance with enhanced 

durability compared with the 

SHS coatings. 
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Sample T=0 s 
Unset 

nucleation 

Complete 

freezing 

No oil 

   

 0 120.2 s 188.1 s 

10-50 

   
 0 275.1 s 330.4 s 

30-50 

   
 0 783.5 s 870.1 s 

50-50 

   

 0 1210.2 s 1290.3 s 

10-500 

   

 0 210.2 s 290.7 s 
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 Figure A-II.1. Ice nucleation time on the surface of LITS samples.

30-500 

   
 0 701.4 s 775.1 s 

50-500 

   
 0 1087.3 s 1157.8 s 
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Figure A-III.1. Strain-stress curves of the samples containing different HTSPO/A 

content. The tensile test was conducted using a TA.XTPlus 100 apparatus equipped 

with a 5 kg load cell. The free films with dimensions of 10 mm × 1 mm × 2 mm. were 

prepared for the measurements. 

0 20 40 60 80 100
0

1

2

3

HTSO/A (15%)

HTSO/A (10%)

Reference

S
tr

es
s 

(M
P

a
)

Strain (%)

HTSO/A (5%)

mailto:samaneh.heydarian-dolatabadi1@uqac.ca


173 

 

 

Figure A-III. 2. Hardness values of the matrixes with different combinations. The 

hardness of the samples was evaluated via a 2000 max-hand Shore A durometer (Rex 

Gauge, USA). The measurement was carried out at five points on each sample having 

a thickness of about 4.0 ± 0.1 mm.  
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Figure A-III. 3. SEM image of the matrix obtaining by mixing PDMS with the 

alkoxy-siloxane resin (DOWSIL 2405) at a ratio of 70:30, illustrating no evidence of 

immiscibility in the matrix surface. 

 

 

Figure A-III. 4. Micrographs of the (a) lubricant–loaded carriers (LLCs), and (b) 

cross-section of the coating containing LLC. These images show that the LLC had the 

particle size ranged between approximately 5 and 30 µm, and they dispersed, to a 

larger extent, homogenously throughout the matrix. 

(a) (b) 
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