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RESUME

Avec | 6®mer gence dans plusieurs domaines de n c
technologies qui ont révolutionné liesrastructures sociales et industriels, la demande pour des matériaux de
nouvelle génération multifonctionnels a propriétés spécifiques enregistre une forte croissance. Notamment, les
matériaux superhydrophobes et autoréparant ont connu une ascensiganfelgau cours des dernieres
décennies.

Dans des applications pour la vie quotidienne, les revétements et les surfaces subissent de séveéres

contraintes m®caniques qui af fectent | 6int®grit® de
métodes di sponibles pour mai ntenir |l 6efficacit® et I
abi m®es. Ainsi, s6i nspir anrégérfrassions dee systemesbiolegiques, ded U p o

matériaux composites autoréparant ont ételddpé pour apporter une solution atdparatrice avec trés peu
voire aucune intervention humaine.

Il ci, Il a conception dbéun rev°®°tement superhydropho
vie effective des i s olrdenetne préoccupatiora Qetdernier \@sa & prévemir veiet a u
retarder les éventuels dommages mécaniques causés par les arcs électriques et les contournements résultant de
problemes de mouillabilité et de ces dommages.

Dans un premier temps, un polydiméthylei x ane dot ® dbéune terminaison
(DMS-S12) et un catalyseur (dilaurate de Dibutylétain, DBTL) ont été encapsulés séparément dans membrane
de poly (mélaminairéeformaldéhyde) via la technique de polymérisation en émulsion. L'encapsulas
matériaux du noyau ainsi que la morphologie de surface, la distribution de leur taille et la stabilité thermique
des microcapsules ont été étudiées. Les microcapsules synthétisées présentaient un diamétre compris entre 10
110 um avec une morpholagisphérique et uniforme, et une stabilité thermique jusqu'a des températures
élevées. Celles ont été incorporées par la suite a l'intérieur d'une matrice élastomérique de polydiméthylsiloxane
(PDMS), dénommée SILGARD 184 pour former le revétement compast@otentiel de cicatrisation du
composite de silicone ainsi obtenu a été évalué en surveillant une réparation de fissure par microscopie
électronique a balayage (MEB) et en mesurant I'ampleur de la récupération des propriétés mécaniques par des
essais d traction.

Dans un second temps, le revétement développé a été appliqué par pulvérisation sur une variété de
substrats notamment le verre, la porcelaine, I'aluminum et l'acier. Le revétement présent un angle de contact
de 163 et une hystérésis d'amgtie contact de.Z avec d'excellentes propriétés autonettoyantes (évalué en
pollution séche et humide) et glaciophobes (faible adhérence a la glace et retard élevé du temps de congélation).
La robustesse et la durabilité représentent généralement riedtélchille des matériaux superhydrophobes.
Cdbest pourquoi un ensemble des essai s m®cani ques et
revétement final vis a vis des conditions réels. Les résultats recueillis ont confirmé la stabpitépdigtés du
revétement développé soumis a conditions extrémes.

Troisiemement, la performance du revétement superhydrophobe final (SHP) sous contrainte électrique
aété évaluée a l'aide de diverses méthodes tels que la spectroscopie diélectrique, des tests de mesure de tension
d'amorc¢age, de condensation et des tests de plan incliné. Le revétement SHP offrait une permittivité diélectrique
et un facteur de perte inféurs a ceux d'un échantillon vierge dans la plage de fréquences est comprise entre
10* et 16 Hz. De plus, les résultats portant sur le courant de fuite ont montré que le revétement réduisait avec
succes le courant de fuite a sa surface dans des eresnents a forte humidité. En plus, une augmentation de
|l a tension de contournement dans diff®rentes condi't
observée.

Enfin, les microcapsules autoréparants obtenues ont été adaptées/ redimensionnéésep
incorporées dans des revétements de surface de maniére a obtenir une couche mince grace a certaines
modifications des parameétres du procédé. Les observations MEB ont révélé des diamétres moyens de 18 et 16
pm pour les microcapsules. Concernantdl@ation de la capacité d'augoérissons, les revétements ont été
rayés et inspectés visuellement en utilisant limagerie par microscopie. La spectroscopie d'impédance
électrochimique (EIS) a é#galementitilisée pour étudier quantitativement la fonatid'auteguérissons du
revétement tel que préparé. L'efficacité d'agwérissons et l'indice de délaminage du revétement ont été
calculés a l'aide des données obtenues a partir des mesures EIS (résistance de transfert de)chiarge (R
impédance (do1Hz)). Les données ont montré des efficacités d'‘gutirissons allant jusqu'a 96% par rapport
au revétement superhydrophobe vierge. L'indice de délaminage des échantillons a également confirmé que la
cicatrisation de la microfissure a liaprés 48 heures.



Mots clés: Auto-réparation extrinséqueMicroencapsulation; Efficacité d'autéparation; Revétement
superhydrophobdiuto-nettoyant; Glaciophobicité; Durabilité mécanigBelydiméthylsiloxane; Isolateurs en
porcelaine; Performances diélectriques; Essai sur plan incliné; témsien



ABSTRACT

With the emerging advancements in different fields of new materials, polymers, and technologies
which have been revolutionary industries, the demand for new generation of afutictional materials with
specific properties is highly growing. Superhydrophobic and-tsmfing materials are among these
developments and tiaarisen as an unstoppable demand in the recent decades.

In real world applications, coatings and surfaces are subjected to mechanical déuaicgesevere
threat to the integrity of the structures. Once polymeric structures are damaged, there might be few limited
methods available to sustain their functionfdtime. By the inspirations from mother nature and biological
systems, the seliealing composite materials are designed to trigger aieqedir response without any or slight
external human intervention.

Herein, we aimed at designing a multifunctionaparhydrophobic coating in order to increase the
effective lifespan of highvoltage insulators by preveng and/or delaying the possible arcing and flashover
driven damages that originated from wettability issues and mechanical damages.

Firstly, a telechelic silanol terminated polydimethylsiloxane (B$1R) and catalyst (Dibutyl tin
dilaurate, DBTL) werencapsulated inside poly (melamineeaformaldehyde) shells separately via emulsion
polymerization technique. The encapsulation of coegerials, surface morphology and size distribution of
microcapsules, and thermal stability of microcapsules were investigated. The synthesized microcapsules were
obtained within a size range of-100 um showing a spherical and uniform morphology, aechil stability
up to elevated temperature$he microcapsules were incorporated inside a polydimethylsiloxane (PDMS)
elastomer matrix, namely SILGARD 184, and the healing performance of the silicone composite was evaluated
by monitoring a crack repair viscanning electron microscopy (SEM) and measuring the extent of recovery in
mechanical properties via tensile and tear tests. The composites containing microcapsules dejrietdohgelf
efficiencies of 67% and 55% calculated based on the recovered &msghnd tearing energy of the healed
samples.

Secondly, a siliconbased superhydrophobi{&HP) coating was developed using spray coating
method which was applicable to a variety of substrates including glass, porcelain, aluminum, and steel. The
developedcoating exhibited contact angle of £68nd contact angle hysteresis of 2vdth excellent sel
cleaning (in both dry and wet pollution scenarios) and icephobic (low ice adhesion and high delay in freezing
time) properties. Robustness and durability whéece the Achiksheelof superhydrophobic materials were
assessed via a set of mechanical and chemical testing techniques in which the grestimpmproperties of
the asprepared coating was shown to be maintained even after various extreme ti®atmenvaterjet
i mpacting, immersing in pollutants and acid/ base sol

Thirdly, the performance of superhydrophobic coating under electrical stress was evaluated employing
a variety of methods inatling dielectric spectroscopy analyses, flashover voltage measurements tests,
condensation, and inclined plane te$tse SHP coating represented lower dielectric permittivity and loss factor
compared to a pristine sample within the frequency range 6f 1@* Hz. Also, the leakage current results
showed that the coating successfully reduced the leakage current on its surface in environments with high
humidity. Moreover, the developed coating was able to increase flashover voltage in different conditions
including dry, wet, and polluted states.

Lastly, the obtained seliealing microcapsules weeslapted for incorporation in thin layer surface
coatings by some modifications in the process parameters. The SEM observations illustrated mean diameters
of 18 ard 16 um for microcapsules. For the evaluation of-keHling ability, the scratched coatings were
visually inspected using microscopy imagindgedrochemicalmpedancespectroscopy (EIS) was employed
to quantitatively investigate the sdiéaling function of the asprepared coating. The séitaling efficiency and
delamination index of the coating were calculated using the obtained data from EIS measurements (charge
transfer resistance (R and impedance ¢4: +)). The data showed sdialing efficiencies up to 96%
compared to the blank superhydrophobic coating. The delamination index of the samples also confirmed the
healing of the microcrack after 48 hours.

Keywords: Extrinsic selfhealing; Microencapsulation; Sdikaling efficiency; Superhydrophobic coating;
Waterrepellency; Seltleaning; Icephobicity; Mechanical durability; Polydimethylsiloxane; Porcelain
insulators; Dielectric erformance; Inclined plane test; Flashover voltage.
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INTRODUCTION

Definition of Problem

Outdoor insulators are of the main components irhtgb-voltage sectorsandther accurate
function will guarantee theperational safetgndefficiency ofthe electrical powein the transmission
system therefore these components mdigkfil particularly high demand# terms of electrical,
mechanical and chemiaaliability for seveal yeardq1], [2]. Insulators are used to mechanically support
high-voltage conductors and electrically separate them from each other or ground andresistild

normal operating electrical stresses without flashover failure.

The main dielectric materials used for outdoor high voltage insulation are glass, porcelain, and
composite polymeric materials. Ceramic insulators, made of porcelain and glass, érausdztin the
power utilities for over one century. These types of insulators demonstrate great mechanical performance
and weathering resistance. Furthermore, they have outstanding resistance against electrical stresses
degradation and discharge actitjd]. Due to their high surface energy, porcelain and glass insulators
have always suffered from high degrees of wettability by water which leads to the formation of
conductive filmsalong the creepage way, resulting in higher values of surface leakage currents to stream
on the wet surfacg]i [6]. In cold regions of North America, Europe and Asia, transmission towers,
conductors and high voltage insulators arergwear exposed to ice accumulation causing severe
damages, deformations, power ougdgtashovers, compromising the reliability of power lines and
telecommunication services, black outs and losses of millions of dilaf40]. When ice and snow
accumulate on exposed equipment and surfaces, the increased weight can deform or even make the
structure collapse. The formation of ice along the insulators can flasBevers due to bridging the
shed spacing (distance between convolutions in the insulator surface) or creating a conductive film on

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

The contamination flashover is alsonzjor problem especially in industrial, coastal, and
polluted regions and involves the propagation of arc across the surface of an electrolyte created by

chemical residues, dust, or salts. The pollution not only afteet appearance and efficiency oéth



power equipment, but also can increase the conductivity of the insulator surface and decrease the
performance of insulators against leakage, arc, and discharge. The pollutants are usually inactive while
staying dry, being active as they are exposed fferdnt types of water (fog, dew, rain, snow, frost,

condensation, etc.) and form a conductive layer on the syff@fe

A coating layer iknown asa universal solution to endow desired functions and propécties
diverse substrate materials. Therefore, by properly designing an appropriate coating applicable on
porcelain insulators, one can benefit from the outstanding characterispioscelain whileits surface

properties are governdyy thecoating layer.

w o

-

!

a) Collapse of transmission tower due to ice stamn$lovenia 201413]; b) A flashover process by ice
[14]; c) Discharges and dry bands on long rod insulators by pollytl&h d) Discharges on 118V
line insulatorsin Israel[15] (Reprinted with permissign

Currently, room temperature vulcanized (RTV) silicone rubber coatings are yadpto
prevent contaminatierelated outages of power networks. Polydimethylsiloxane (PDMS) is one of the
main components of RTV silicone rubber coatings, the molecular chains of which contaigrotips
providing a certain degree of hydrophobicity. Waintact angles on the surface of RTV silicone rubber
coatings are around 110°, and such a low hydrophobic level cannot effectively prevent pollution
accumulation on substrates. RTV insulator coatings, firstly developed for improving contamination
flashove performance, have also been applied to enhance the performance of insulators against ice and
snow[16]. However the performedresearcthas showrthatat lower temperaturdabe effectiveness of
these coatings reduemd they cannot effectivelgduceice accumulation on the insulator surfaoed
prevent insulator icing flashoverg], [8]. Over the past few decades, artificiahnocomposite

superhydrophobic surfaces have been developed inspired by nature, and it ret®letinat there is

generallya good correlation between seleanng properties and superhydrophobici#iso, a wide



range of studies in the literature correlated-mnattability and water repellency to icephobicjiyr]i

[19].

Therdore, b optimize the maintenance and efficiency of outdoor insulation, application of
superhydrophobic coatings to prevent icing and contaminagiated concerns was propo$efl Some
investigation on comparing performance of porcelain insulators with and withoutcoatings in the
laboratory has shown thatm@coated distribution 3BV postinsulators increased the flashover voltage

up to 18% under artificial rain tests as per IEC 600620], [21].

Though there are numerous reports for fabricating superhydoapleoatings, drability of
such coatinggSHRFCs) in operational conditionis still bottlenecking theransferof this technology
from laboratory to industrial applicationblence, fabrication of a robust superhydrophobic coating

against harsh chemical@&mechanical conditions is of great importance.

On the other hand, the coatings and surfaces are always subjected to mechanical damages, and
microcracking can likely occur through normal usage, ultimately failing. The way to a system failure
might begin vith tiny, microscopic cracks as they propagate and coaleseantually ending in
catastrophic and irreversible failures in terms of corrosion, electrical insulation, These
understandings and-hepth investigations have resultednechanismef retard or repaiof the freshly
formed microscopic damages prior to failure or solicitogplicated and timeonsumingconventional

methods of surface repd2]i [24].

Therefore, we employed two binspired methodologies to develodarablecoating with sel
cleaning, icephobic, and sditaling properties for preveng/retarding the occurrence of severe
damagesin the insulationparts of the power system that aginated from wettability issueand

mechanical damages

For these purposes, in the first place, we designed a simplebmstsuperhydrophobic coating
from siliconebased materials which is applicable via spraying on various substrates and more
importantly porcelain and glass. The durability of the coating was thoroughly investigated using

vigorous mechanical and chemical testikipreover, he dielectric properties of the coating, as well as



dry and wet flashover voltagéiSoV), leakage currents, and resistance against tracking and erosion were

also evaluated employing various test methods.

Furthermore we used the microencapsulation techniqueytothesize microcapsules as the
reservoirs for selhealingmaterials tantroduce self-healingability into the coatingstherebyextendng

ther working life as well as enhancing the safety and accuoétlye whole system.

There are various methods to asséss selfhealing performance of the systehe
characterization methods are chosen based on thafiphtation.In this thesis, we have used the self
healing microcapsules inside two different systefmstly, in Chapter 3, we have developesdilecone
composite andthe selfhealing efficiencywasevaluated via mechanical tests in which weald assess
its performance after mechanical damages and healing process. In chapter 6, we usethehérgp!f
microcapsules inside a superhydrophobictiogawhich is designed for insulator surfaces to prevent
wetting driven flashovers. So, the performance of coating in a water bath could be a good indication of
its function. Therefore, we chose the EIS measurements to quantify theealfy efficiencyof the

developed selhealing superhydrophobic coating.

This project is defined as an acadetimidustry collaboration to develop a durable $wdfiling
superhydrophobic coating for high voltage outdoor insulators for Hydro Québec potlicslalgtor

sector.



Overview

With the impressive discoveries and advancements of new matdriaisedbetween the 20th
and the 21st century which have been revolutionary in social structures and industries, the demand for
new generation of materials wigpecific properties is highly growinguperhydrophobic aneelf-
healing materials are among these developments aatisen as an unstoppable demand ind¢lcent

decades

In realworld applications, all surfaces are subjected to mechanical dan@geespolymeric
materials used as structucimponents ardamaged, themmight beonly limited methods available to
extend the functional lifetime of ¢material.An ideal repair methodhould beexecuted quicklyand
effectively on siteto eliminate the needor remonung or replacing theomponent for repaiThe idea
of selfhealing materials was originally inspired by living organisms and became possible after
observations and technological developments of petgmCurrently, multiple methods exist for
introducingself-healingability to polymericmaterials while most of these methods require complicated
structural designs on the backbone of polymeric matefiaiéng to the existence of various materials
and nethods for preparation of microcapsules, and the possibility of incorporating thewtiviatee
matrices microencapsulation approach was chosen to imparhealfngcapability into the coatings in

this thesis.

Wettability which is quantified by the ctact angle value of a liquid dropletase of the basic
characteristics of solid surfac&nce water is the most abundant liquiceanth angbresents in different
formsin the environmenas rain, snowandfog, the degree of wettability of solid surfaces by water is
of great importanceTherefore, designing surfaces with differevettability has attractedremendous
attention in recent years, to achieve specific applications. Among these behaviors, superbidropho
behavior, defined as trerfaces witlcontact angles larger than F5ndroll off anglesof lower than
10°, which leads to a newettable regime has shown promises in many fields of applications such as
self-cleaning (washing down of pollutants undéhe natural forces of wind, rainjpntticing (by
prevent/delay ice fornmtien and reduce ice adhesion strengémticorrosion, oilwater separatiorgtc.

[25], [26]. Considering thénsulation parts bthe power equipmentyater spreading, accumulation of



pollutants, and ice accretion on the surfase not favorableand therefore, application of
superhydrophobic coatings on the surface of glass and porcelain insulators would be promising to

prevent the wetting driven flashovers and their consequé¢®cks

For superhydrophobicitytwo criterions must be satisfied, namkwering surface energgnd
increasing surface roughnessorderto minimize the contact between water and the solid sufi®ie
[28]i[31]. Among low surface energy polymers, silicone resins are preferable for developing
superhydrophobic coatings due to numerous advantages in all aspeb&rmélt chemical, and
electrical resistand@2]. Also, surface roughness could be easily achieved via incorponaitngghano
particlesinto the polymeric matrix. The superhydrophobic coatings are fabricated by numerous methods,
however, the main challenges bottlenecking their lmagge and industri@xecutionare complicated

fabricationprocedures, laboratorycale application methodand lowmechanicatlurability [33].

This thesis aims to developrabust sekhealing and superhydropholgoating via a simple
procedure, and using spraying metHod its application orhigh-voltage porcelain insulatardhe
developectoating must not have any adverse effect on the dielectric propertiessyfstemTherefore,

it is necessary to precisely investigate éfffect of coating omelectrical performare



Objectives

The main objective of this project is to develop a durable superhydrophobic codiicty
contains sethealing microcapsules and can heal the mechanical damages and microcracks. The
developed superhydrophobic coating can be applied on the glass and porcelain high voltage insulators

to reduce the harmful consequences of pollution accuinland ice accretion.

To achieve the main goal, some secondary objectives should be pnesasted

1 Designing a suitable selfealing system (materials, processes, equipment).

1 Investigation of the healing ability of the microcapsules inside a silintatgx through SEM

observations of microcrackand mechanical analysis methods.

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

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

1 Investigation of the heialg efficiency of microcracksn the superhydrophobic coating by

incorporating appropriate healing agents.

1 Investigation of the selfleaning and icephobic properties and durability of the coating.

1 Evaluation of electrical behavior of the developed coalimgonducting different electrical

analyses.



Originality Statement

We live in an era of striking advancements in vardousainof science and technology, where
separate fields angpecializationsare overlappingnto new horizons This cooperativeapproach is
emerging rapidlyin polymer scienceby employingthe organic and physical chemistmpaterials
scienceand biochemistry, as well as electrieald mechanical engineering, to collabo@tedevelop
uniquely imovativematerialsHere we aimed at designing a multifunctiosalperhydrophobicoating
in order to increase the effective lpan of highvoltage insulators by preveng and/or delaying the
possible arcing and flashover driven damags. originality of this work iglassifiedin the subsequent

paragraphs from various aspects.

Firstly, most of the research efforts to enhance the pollution performance of insulators have
been devotedo RTV silicone rubber coatings to treat the inherent hydrophilic characteristics of
porcelain and glass with some degrees of hydrophobicity. In recent years, superhydropdtebials
with intrinsic selfcleaning properties, and enhanced icephobic performiaaee beernntroducedas
promisingalternative to silicone[21]. Yet, the current research on the superhydrophobic surfaces in
high voltage fields arprimarily focused orbulk materials, while there are fewer reports on thin layer
coatings.In the present thesiwe focused on the development of a coating for applicaiithe high
voltage porcelain insulat@ectorto enhance their performance in harsh environmemntaliistances

including extremely cold and polluted conditions.

Secondly as the coatings are prone to mechanical damdgesntroducing sehhealing
microcapsules inside the matrix, the coating is capaftrepaiing the micrascale damages which are

likely to happen during its servidiée.

Thirdly, dl the structural components of the coating including healing agents, matrixes, and
nano particles are silicodsased material The importance of this poiigt highlighted sincéluorinated
compounds are yet one of the integral components for robusivettable coatings, while the global

concerndhaverisenon their application due to their environmertakards.



Fourthly, theutilized materials and methdd the current research worinboss theleveloped
coating with an enhancement in robustness by increasing the potential interactions and crosslinking sites
between the nanoparticles and the matiaxa norcomplicated approadh order to reduce the caads

delamination due to abrasion or erosion.

To concludeto the best of our knowledgas a multifunctional coatinghere are notuch
comprehensive researchnductedn the development aimple butrobust superhydrophobic coatings
for porcelain inslators in which the icephobic, saifeaning, and mechanical durability of the coating
are investigated iparallelto precisely assessing its performance in terms of leakage current, flashover

voltage, resistivity, and tracking and erosion resistance.



ThesisOutline

In thiscontext a briefoutline of the subsequettbody chapters composing this Ph.D. thesis is

provided.

Chapter 1. For the readers to get familiar with the general idea behind this study, a literature
review is presented he main materialased inhigh-voltage outdoor insulatoend their pros and cons
are firstly introduced. The fundamentals of wetting and superhydrophobicitgamesented, anthe
various materials and methods for fabrication of superhydrophobic geatie briefly discussedo
mention the most important characteristics of superhydrophobic matesiaks of the main applications
of superhydrophobic coatings are later introduced. The current commercial status of such coatings is
stated following the mjor shortcomings of the superhydrophobic coatings which has led to this limited
reatworld application. As the main drawback of these coatings, the durability issue is discussed with

more details and some of thew approaches for overcoming this challeage represented.

In the second part of the literature review, $wlfling phenomena is introduced and the three
general concepts for imparting sékaling ability into polymeric materials apgesentedwhile the
microencapsulation approach, as uéitizn this work, isliscussed more carefully. The common methods

for characterizing selfiealing ability are further explained in the final section of this chapter.

Chapter 2. Microencapsulation method is the most reported mechanism to impanesditig
ability to a material. In this method, the microcracks could be repaired via releasing the active materials
that are stored inside the reservoirse type of healing agent and its solidification mechanism could be
varied based on the nature of the utdizenaterials, the environmental condition, and the final
application. In this chapter, elf-healing microcapsules containing a @®MSand the DBTL catalyst
were synthesized via an emulsion polymerization technigbe. microcapsules wereharacterized
using various analgs including SEM, DSC, and FTIR, and incorporated inside a silicone matrix to
observe the selfiealing ability of the system. The sékalingprocess of the silicone composite was
investigated using SEM observation of track filling, as well as tensile and tear tests to quantify its

healing efficiencyThe acquired results were publishedi@svelopment of Bual CapsuleSelf-healing
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Slicone Composite Using Slicone Chemistry and Poly(MelamineUrea-Formaldehyde) Shellsd

published inJournal of Applied Polymer Scienf2].

Chapter 3. In recent years, superhydrophobic coatings have gained extensive attention and are
potentially applied in seléleaning,antricing, anticorrosion, antfogging, and odwater separation
applications. Here radl-siliconesuperhydrophobic coatingas developedsing a silicone resin, fumed
silica nanoparticles, and methyethoxysilane(MTES), that was applicable by spray a variety of
substratesThe wettability of coating was evaluated by contact angle goniometer, shal@Agpf 163
and CAH of 2.8. The selfcleaning of the coating was investigated using dry and wet pollution
conditions. Both anticing (delay in iceformation) and deicing (reduction of ice adhesion strength)
performance of the coating weassessednd the coating showed excellent icephobic properties. The
existence of active functional groups on theorporatedmaterials in addition to the tiroduction of
MTES could led to the enhanced robustness of the coating through increasing the crosslink sites
between the componensn extensiveseries of experiments wecenductedo vigorouslyevaluate the
resilience of the prepared coating andhet resuls confirm the formation of a highly robust
superhydrophobic coatingurthermore, the coating showed high transparency that makes the developed
method promising for a variety of applications. The obtained reswéte published asan article
fiTranspareniNon-Fluorinated SuperhydrophobicCoating withEnhancedAnti-icing Performance in

the Progress in Organic Coatingurnal[35].

Chapter 4. Based on the literature reviews treinvestigation of electrical performance of the
coatings and more specifically superhydrophobic coatings, some test methodsupsdveste designed
to assess the function of the developed coating in terms of flashover voltage, leakage current, and
traking and erosion resistanc&he dielectric properties of the coatinvgere investigated via a
broadband dielectric spectroscopy instrusent to o
an accelerated weathering test was performed to evaluate the effect of environmental conditions on the
wettability of the coating.The obtained resultsre publishedas an articlefiPerformance of a
Nanotextured Superhydrophobic Coating Developedtfgh-voltage Outdoor Porcelain Insulatayén

the Colloids and Surfaces A: Physicochemical and Engineering Asjoectsl [36].
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Chapter 5. Based on the obtained results in the previous chapters, tHeesditig ability was
introduced into the developed superhydrophobic coating by dispersing-tinepased microapsules
inside the silicone matrix of thecoating. In this chapter, the microcapsuesre adapted fowell-
dispersionin thin layer coatings(around 15200 pmfilm thicknes$. For assessing theelf-healing
ability microscojic imaging of a microcraclks well aslectrochemical impedance spectroscopy (EIS)
wereutilized. The sekhealing efficiency and delamination index of the coating were calculated using

the obtained El8ata.

Conclusions. An overview of the important findgs of this project is presented in the
conclusion sectioriThe most important results obtained in the papers are firstly presented same

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

Recommendations The thesis purpose was to develop a-Be#ling superhydrophobic
coating for high voltage insulator sectors. Within the body chaptersesiiis,and discussions on the
main objectives of the thesis were presentiedhis section, specific measures or directions that can be

taken for the future works are recommended basetthe obtained resulénd literature reviews.
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CHAPTER 1: LITERATURE REVIEW

1.1 Introduction

Porcelain is defined as a traditional ceramic made by heating raw materials based on clay,
feldspathic materials and silica or alumina, and have been evolved in terms of design, manufacturing
process and raw materials in ardefulfill the requirementsf theelectrical markef37]i [39]. Electrical
grade porcelain has been used in power lines for outdoor insulatingpre than 150 years, owing to
high hardness and mechanical strength, chdmnticarmal and corrosion resistance, as well as great
dielectric performanc@40]. Other materials considered to produce electrical insulators were wood,
mica, ebonite and glass, howenanly porcelairand glass continued as raw materials for manufacturing
outdoor insulators[38], [41]. Decades of hservice performance of porcelain insulators have
demonstrated appropriate environmental aging in addition to excellent degradation resistance against
electrical stress and discharge activifi48]. Critically, porcelain insulators have hydrophilic surface
characteristics that can lead to being easily wetted by water and forming of a continuous conductive film
along the creepage path, thus allowing high surface leakagents to flow. To overcome these issues,
polymeric insulators have been introduced and utilized at distribution voltage levelsh&ic® 6 0 6 s
owing to better hydrophobic characteristics. Although several advantages of polymeric insulators, more
spedfically silicone rubber, such as great hydrophobic surface properties, resistance against vandalism,
and reduced maintenance costs, the polymeric insulators have some deficiencies, which must be
consideredFor example, the life expectancy of compositeulators is sometimes difficult to estimate
specifically in harsh environments, and the reliability of the polymer materials is unknown. The
polymeric materials are susceptible to degradation under electric field stress, which may lead to failure.
Hence, he performance of polymeric materials in electric fields mustniadyzedand the electric field

distribution along the overhead insulator must be stu@gds], [38], [43], [44].

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

crucial in determining the insulation lewaporcelain insulators and the reliability of the network might
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be compromisedlhe formation of a conductive layer by water or pollution on the surface of porcelain
insulators resultg the flow of a leakage current causing the formation of dry basidgaand a strong

arcing or discharge can cause flashover across its s{4falcélhe amount of leakage current through

the insulator surface determines its performance. The insulation capability of the materials to withstand
damage mighdiminish gradually by erosion. Higher magnitudes of leakage current could accelerate
these conditions leading to the insulation failufé6], [47]. Therefore, nparting a hydrophobic
characteristic to the surface by agph a hydrophobic coating, shows promises regarding easier
removal of water and contaminations from the surface of insulpt8is[49]. RTV silicone rubber
coatings, are the mostly used coatings for ceramic insulators due to their good dielectric properties, low
thermal conductivities and high thermal stability over a wide temperature range, low chemical reactivity,
good resistance againsxygen, UV and ozone and capability to be used under energized conditions
making them a great alternative compared to gred8iofj[56]. However,the performance oRTV
insulator coatingg harsh conditions is still far from ideal due to the low hydrophobic level that cannot

effectively prevent ice and pollution accumulat{@i [8], [16].

Superhydrophobic materials have been endorsed as research hotspots in recent years. These
surfaces are recognized via their utrianwettingbehaviorexhibiting a static water contact angié
more than 150e and dynanysteresisandgstl @ dti nagn calneg | (ego mtfadt
which can be achieved by a combination of low surface energy materials andnamastructures.
Superhydrophobic surfaces are shown to be promising candidates for numerous applications due to their
significant waterepellency and selfleaning behavior such as aiting, wateroil separation, ario-
fouling, anticorrosion, solar panels, windows and dotjging surfaces, etd25], [57], [58]. Therefore,
to optimize the maintenance and efficiency of outdoor insulatiooold and polluted conditionshe
surface of porcelain could beoatedby a superhydiohobic coating layeto impart nonwettable

charactetherebymitigate surface leakage current, surface discharges and flashover occ[8}ence

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

durability of superhydrophobic surfaces (SHPSs) in operational conditasnsstricted theiindustrial
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and largescaleapplicationsand most of the currem@ndeavoiin the field of superhydrophobicity, is

dedicated to the methods and mechanisms to overcome this challenge.

Furthermore, the polymeric materials are pronetoroscalemechanical damagésading to
big failures of the whole system over tiff#®]. This concerrhas led ta&womprehensive researoh the

mechanisms tdeceleratandor repair theemicroscopiadefectsheforecatastrophic damages

Smart sel-healing materialscould beable toaddress these issyesither intrinsically, or
extrinsicallyvia a preadded healing agerfthe incorporation of microcapsules was the first-bekiling
methodology and overall experimental reswte yet suggestinthis appro@h asthe one with the

highest potential of being used in real applicati@t§, [61].

In this chapter, firstly we have an introduction on wetting theofiks criterions for fabricating
superhydrophobic coatings are explained after a quick lookhaguperhydrophobic surfacesnature
We have a&hort glance on theommercial status of superhydrophobic coatings and their shortcomings.
As the main challenge of superhydrophobic coatings, durability issuesitamyedmore extensively
and the methal to overcome this issue are provided. This chapter proceeds with theaaify
phenomenon, its timeline and development in polymeric mat@tia microencapsulation technique as
the method employed within this work iistroducedparticularly in more detailThe characterization

methods of selhealing are further represented in the final sectionethiapter.

1.2  Wettability and Superhydrophobicity

Wettability is an important property for many surfaces in different industriessagaverned
by the intermolecular interactions between the contacting liquid and the solid surface. To quantify the
degree of wettability of a solid by a specific liquid, contact ariGla) of a given volume droplet is
measured on the solid surfa€ontactangleis defined agiThe angle between the tangent to the solid
surface and t he aiistarface a the domdacttlife sepdrating the tthree pbéass
shown in Figure 1-1a) [33]. Surfaces could be categorized into superhydrophilic, hydrophilic,
hydrophobic and superhydrophobic based on tlvabter CA values. A superhydrophobic surface is a

surface on whichhie WCA is higher than 150° and retiff angle is less than 10° under ambient
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conditions. The rolbff angle is referred to the inclination angle of the plane at which the droplet starts
rolling. A small value of the rolbff angle could indicate a smabntact angle hysteresi€AH [33]. In
order to better clarify the definition and criterions of superhydrophobicity, a brief introduction to wetting,

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

1.2.1 Wetting Regimes

The wettability of a surface is characterizedHycontact angle (CA) of a water droplet on the
solid surfaceOnce the perimeter of a liquid dropktcountersa solid, three separated interfaces form
among solid, liquid, and gas. Each of these interfaces have a specific energy, called the interfggial ene
(Figure 1-1a), and is proportionate to their interfacial are@gferent wetting regimes and proposed

equations are representedriable 1-1.

Young Model ‘Wenzel Model Cassie-Baxter Model

Figure 1-1. CA of water droplet on (a) flat surface with interfacial energies, (b) surface with
roughness in Wenzel state, (c) surface with roughness in €Basfer state.

Youngds equat i oMCA dnar ideal susfacd{duie 1-) [G2] wheeas most
actual surfaces are not perfectly smooth. There are several models to determine the wetting state of a
liquid droplet on a rough surface. Among the classical models, the Wenzel, and thé B2edsie
models are the mostly known models. Wenzel ehquiedicts theNVCA of a droplet where the liquid
penetrates the interstices between protrusions and touches the base of the prdtigaients {b) [63].
Mathematically, this equation states that roughening the surface leads to an increa¥¢Ga tifiche
material is already hydrophobie—  w 1T Jwhereas increasing the roughness for a hydrophilic material

will tend to make the surface more hydrophilic.
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Table1-1. Different wetting regimes, equations and the conditions applied for wettites

Model Equation Parameters Conditions

A'—é ri r , r , andr

. . . Ideal surface
interfacial energies

Young [62] of the sv. sl and (chemically and
Eq. 11 v interfaces,— the Eg)rﬁtl)cae”rz/eous)
(Eq. 1) equilibrium CA 9
WE+ 1 O&d Liquid penetrates
B the interstices
Wenzel[63] i 5 between
protrusions and
(Eq. ¥2) touches the base
the protrusions
. WéE+  QOE+ Q p ) ., Composite
Cassie Q fraction of solid interface of solid
Baxter [64] (Eq. 13) liquid interface and air

N T Microstructured or
Al-0 TQwei —Q p hierarchically
Modified o rough surfaces
Cassie i — lower/macre
Baxter [65] Cassi erl &a
(Eq. 4) upper/micre
Wenzel

CassieBaxter model is related to an equilibrium state in which the liquid sits on top of the
asperities and the air pockets, producing a composite intdFapae 1-1c) [66]. In the heterogenous
wetting regimes, increasing the surface roughness results in an increase in the amount of trapped air in
the structures and a small& which is responsible for increasing ttWCA value.However, tte fully
CassieBaxter equation isonly an approximation of the res/CA and is only reliable for specific
geometrie§67], [68]. For microstructured or hierarchically rough surfadee CassidBaxter equation
could be modified according to Wenzgjuation[65]. This equation can algmedict a mixed wetting
state (lower/macr&assiéBaxter and upper/micrVenzel). Interestinglya hydrophobic behavior of
the structured surface<{ > 90°) even if the pristine material is hydrophilic (i-e-, ® ™,Jwould be

achievabile if the following condition is satisfig@b], [69].

N 1AT49p 1AT-O (Eq. 15)
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1.2.2  Contact Angle Hysteresis

Ideal surface in the Young's equatigrigid, flat on an atomic scale, and chemiigal
homogeneous whidk not affected by vapor or liquid adsorption or any chemical interaatiole most
practical systems are far from the ideal surface condifg2]s[70]. Contact angle hysteresis (CAH) is
an important parameter for studying surface wettability angemserally due to the deviation of the
surface from being ideaCAH has two aspects of therislynamic and dynamif71]i [73]. The more
important sources of CAH's thermodynamic aspeatither the presence of surface roughness or
chemical heterogeneity of the substrates. The presence of any contamination on the surface by foreign
materials as well athe drop size effect are the remaining sources of devifilid}i[76]. This
phenomena is responsible for the formation of different metastable states for the liquid droplet and leads
to the discrepancies DA measuremeni{§7]. ThereforeCAH is defined as the difference between the
advancing and receding CAs of a water droplet and represents the ability of a droplet to move or roll on

a surfacd78], [79].

Advancing CA, —, could be represented lilxe angle when the volume of the droplet is
increasedhrough an attached needled the thregphase contact line advances on a fresh solid syrface
whereas— is a measure of solitiquid cohesion80]. RecedingCA, —his the minimum value of the
CA before the thre@hase line is brokemhile the volume of a previously formed droplet on the substrate
is reduced by suction throudie needle— is always smallethan or equal to the advanci@g\ andis
mostly connected with tharength of liquidsolid adhesior{28], [76], [81]. Given anideal, atomically
smooth and chemically homogeneous surfaee, — andCAH = 0°; however,on real surface§,AH

can be quite large3].

Since theCAH, i.e., — and —, depend on the surface roughnegshapes, sizes, and
configurations of theillars) as well ashe chemical heterogeneity thfe surfaceit should be noted that
a single appar ent odingiofthe adwancing and rededing angéds mandadoryr e p

for characterizing a solid surfa¢&3], [82].
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The dynamic component of the CAH is tirdepenént and is mainly due to chemical
interactions between the liquid and solid, penetratioh the 1liquid into the
reorientations on the surfaf&r]. For some polymers with extensive potapoupsor hydrogen bonding
in their structuresCA might be changed by time due to some chain reorientatibfunctional groups.

As an examplein apolymer backbone chaithe hydroxyl groupsrere-oriented in a wayo locate at
the farthest possible distanfrem the hydrophobic air phase at tinéerface ofsolid andair. Though
by pladng a water drofet on its surface the hydroxyl groups revolvio form hydrogen bonihg with
the liquid water, in which, the timedependent kinetic change@A could be reported by measuriret

extent of theeorientation of the chains on the polymer surf@33, [83].

1.3 Fabrication of Superhydrophobic Coatings

1.3.1 Inspiration from Nature

With the advent of nanotechnology and nanomaterials, numerous investigations have been
devoted to simulating the natural phenomenon for practical applicafidificial superhydrophobic
surfacesre fabricated inspiring from nature, more commonly lotus leaf (Nelumbo nucifera plant) which
has been the symbol of purity in ancient religions for thousands of years, and is a species that typically

grows in swamps ahshallow waters in eastern Asia and eastern North Am@&4da[85].

The surface of the lotus leavasemainly covered with a range of different epicuticular wax
crystalloids made from a mixture of large hydrocarbon moésswith 7 Ci O andi Ci H bonds, laving
a strong phobia of being wg86]. On the other hand, their surface is highly roughened owing to the
papillose epidermal cell§prming microscale asperities or papillae. In addition, the surface of each
papilla is also covered with submicron asperities leading to hierarchical -n@om nanesized
structures. When water droplets reach to the surface of a lotud lesdily sts on thepeaksof the
nanostructures, while air bubbles fill in tiwalleys under the droplet, leading to the considerable
superhydrophobic behavior. The water droplets on the leaves could remove the contaminant particles
when rolling off, resultingn the so-called selcleaning ability, also referred to as the lotus effect. Other

examples of nowvettable surfaces in nature include rice leaves, planthoppersndeck feathers, and
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butterfly wings. Their corrugated surfaces provide the presence obekets in the structures that

prevent water from completely wetting the surface. Study and simulation of biological objects with
desired properties is referred to as fAbiomi metic
meaning to mimic lifg85], [87]. Figure 1-2 shows SEM pictures of some natural superhydrophobic

surfaces. The SEM observation of the lotus leaf clearly shows that the surface is coveretiOyith 3

protrusions, decorated with M0 nmparticles of the wax, and lot of nanesticks with the average

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

A similar nonwetting behavior is also observed on the rice IE&fure 1-2 d-f). The rice leaf
surface is covered with papillae, measuring diameter of alb8yifd, arranged in parallel ordeéfigure
1-2¢e), which is the main difference from the surface structure of lotus leaf. However, theysulof
the surface is much more similar to the lotus structure witiirnerable pins with nanometric scales
distributed evenly to enhance the amount of air trapped in the struci8®¢swWe can also mention the
planthopper among the insects with the same hierarchical nmtiar its hindwings showing
superhydrophobic properties as showirigure 1-2 g-i [90]. These pillas, and norwettable property
on insects in general, serve a variety of purposes, including prevention of water (and thus weight)
accumulation, exhibiting low adhesion to external particles, promoting the rolling of droplet and remove

sticking contaminantsand discouraging bacterial grow®0], [91].

Figure 1-2. A-c) SEM images of lotus lef88]; d-f) SEM images of rice 1e§89]; g-i) SEM images of
hindwings of the planthopper insg®0] (Reprinted with permissign
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1.3.2 Criterions for Superhydrophobicity

The indepth research on natural superhydrophobic surfaces led to a comprehensive conclusion
for mimicking the ultranonwetting behavior, as synthetic superhydrophobic surfaces werepedel
after the 1990s. df achieving superhydrophobicitiyyo criterionsare required to be satisfied, namely
a low surface energghemistry,andexistence of physicabughnessThe maximumCA obtained for
water on a flat surface by reducing the surface energy is reported to bd 2@bahd was achieved for
n-Perfluoroeicosan (fFs2)-coated glass. The researchers stated that the closest hexagonal-packed
CF; groups provide the lowest possildurface energyf 6.7 mJ/md whichis much smaller than that of
PTFE (22 mJ/ni) [92]. Though it is possible to fabricate roughened surfaces with low surface energy

and wettability angles of up to 17{%3]i [95].

Basedon the field of application and feasibjiitwe can benefit from the supermggdhobic
characteristics in two ways; we can fabricate a superhydrophobic bulk material, and/orapplgan
superhydrophobic coating on any used surfApplying a coating layer is a universal solution to endow
specific characteristics to a prefabradtsurface.ln this thesis we mainly focus on the development of
superhydrophobic coatingspnsidering both criteriong-irstly, we introduce the prevailing materials
and then we have a brief discussion on the conventional fabrication and application methods for

achieving a superhydrophobic coating.

1.3.3 Materials for Fabricating Superhydrophobic Coatings

Materials that can bemployed for chemical modifications should possess intrinsically low
surface energy Po |l y s i Ii@ Siagnoeps), fludroSarbons (GKEFs), and nonpolar materials
(containingbulky CH/CHs groups) are great examples of low surface energy matelua$o their
nonpolar chemisy, and closely packedtable atomic structurd28]. Superhydrophobic composite
coatings are usually fabricated using a filoomer andmicrohanoparticles. The roughness could be
achieved either by oorporation of variety ofnicro and/omanoparticles, and transition metal and their
oxides that are able to grow nanmrphologies on the surface by creating various oxide complexes and

forming coordination bonds with ligands, such as water, ammonia, and chlorid@6pr97]. Cross
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linkable polymers such as epof88]i [100], polyurethang/101], [102] polydimethylsiloxang103],
acrylic resin[102], [104] etc., are used as the filformers to bond nanoparticles, and ofistended

properties for the application.

It is possible to findune the superhydrophobicity of a coating by changing its surface
functionality, which intrinsically depended on its synthesis methods. In addition, orientation ordering

and packing densityf the functional groups could also imperatively affect the surface ef@8fy

1.3.3.1 FluorinatedCompounds

Fluorinated compounds including fluorocarbons and fisiticoneshave been proved to show
the lowest surface energy amomgrious organic materials (28 mN/m), which has made them
superioffor fabrication of superhydrophobémdoleophobic surfaceSince surface energy is associated
with the formation or failure of adhesive bor{d95], theseextraordinary properis are driven byhe
high bonding energwf fluor atomsalong with the dispersive intermolecular force of th& Gonds
[106]i [108]. In addition to their extremely low surface energy, fluorinated compounds shidbw an
biofouling properties and excellent oxidative, thernaad chemical resistancas well as barrier and

corrosion resistandd 09], [110]

Pan et.al, fabricated a smart superhydrophobic surface composed of an array of shape memory
micropillars, which were coatieby pHresponsive microcapsules of fluoroalkylsilane. Towe surface
energy of the surface could be restaaétér acid stimuli and breakage of microcapsules, while the shape
memory array was repaired by heat treatment and thus the superhydrophobicity of the surface could be

regeneratefil11].

Despite extraordinary characteristics of fluorinated compouyrttisir application is under
global debate because in spite of their high costs, they have shdwerseconsequences for the
biological specieand biomagnification in food vizs[112], [113] Thesecompounds couldedegradd
into smaller moleculesf perfluorooctanoic acidindperfluorooctanesulfonate making them easillio-

accumulag in theliving organismg114], [115]
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The increasing globawareness of the environmental effects of fluorinated compounds, has
prompted researchers tievelop norfluorinated superhydrophobic materials using other low surface
energy materials and more specifically silicdresed materials, fatty acids and lorftaio alkanes,

waxes, carbon nanomaterials, ¢1d.6].

1.3.3.2 Silicones

The second group of materials which igllestablishedn the fabrication bnonwettable
surfacess silicone containing compoundBhe classification of siliconas very wide[117] and beyond
the scope of this thesi&ilanes and silicoas are utilized in the fabrication of superhydrophobic in three
main categories including nanopatrticles for constructing mitaoostructures, alkgilanes asoupling

agents for surface treatment to decrease the surfaceyeaedgrganosilicor polymes as binders.

Incorporation of micro and nanoparticles are one of the easiest ways to impart hierarchical
structure for developing superhydrophobic coatings and surfaces. Silica particles are attractive options
for this purpose tharsko their low toxicty, optical transparency, and low environmental impg5$

Their rolesandapplications are discussed latesetton 1.3.3.3

Silanescontaininghydrolysablegroups(e.g., SiCl, SENH-Si, SFOCH; and SiOCH,CHj), are
ableto form silanols viaeactng with water,that could be graftetb thehydroxyl groups at thmterface
of substratesAlso, the alkyl groups of silanes decrease the surfaesion and could be used as active
sites forsurface treatmenbue to the high variety of these compourttiere arenumerougpossibilities
to tailorthe coatinggroperties byalteringthe reactive groups of silanes, the alkyl groups and reaction

conditiong[118].

Among dlicone polymers thosecontaining highly stable SD bonds with two monovalent
organic radicals attached to each silicon atoamely as polgimethykiloxanes(PDMS) have been
widely used in many protective coatings duewzng unique characteristics such lsiscompatibility,
great thermalchemicaland weatheringtability, dielectric resistancéigh air permeability andlow
surface energysurfacetensionof PDMS is shown to be around 20 mNjbi9]). BesidesPDMStype

silicones are normally flexible polymers with réay low Ty (around-120°C). These outstanding
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properties havenade thema promisingmatrix in automobile industry, outdoor insulation, aerospace,
and medical devicg420], [121] Structural modification ofite organosiloxanes quite simplestheir
endgroupscould be substitutedwith various reactive organofunctional grayphereby offering more
flexible tailor-designed chemistries and reactions for the resytalgersalong with controlling
molecular weight yielding and varying physicochemical propertiees& substituents could be inert,
such @ methyl, phenyl and 3,3t8ifluoropropyl, or reactive such as vinydpoxy, alkoxy, hydroxyl,
alkylamino groupsetc For constructing silicones containing block copolymerert backbones are

favorable while for crosslinked networks backbones withtreagroups could be preferr¢gR], [122].

BesidesPDMS are usually easy to process andtiascale structures with high stability can be
fabricated usingarious methodsf templating[123], lithography[124], or pulsed laser etchifd25].
Moreover, PDMS superhydrophobi¢hin films containing nanoparticlesan be coated ontdiverse
substragshy eitherspraycoating, dipcoatingor grafting, et. ThoughPDMSsare more cost effective
compaedto fluorinated compoundiey are yet more expensive than some other organic compounds.
These higher costs in addition to their low cohesive strength are among factors that might limit their
applications in certain fields (Average costs for PDMS are about $6 per kilogram, $38@gem for
PTFE emulsion with solid content of 60%, a#®6.5 per kilogram for PVDF powder116]. Most
PDMS are commercially available d&sock reactive and nereactive copolymers from Dow Corning,

GELEST, Sigma Aldrich and Fluorochem, etc.

1.3.3.3 Nanoparticles

Deposition of nanoparticles (NPs) on the substrate is a feasible way to govern the wettability
of surface and impart superhydrophobicgedy by the formation of micktnanostructureotmaintain
air pockets underneath water droplets, forming a stablawetting CassieBaxter stateNPs could be
introduced to the surface prior to the low surface energy binder application, or being well dispersed in a
mixture of binder and solvent in order to spontaneouslyassémble during solvent evaporatjht6].
The ole of inorganic particles such as silicon oxide (${D26], titanium oxide (TiQ) [127], zinc oxide
(Zn0)[128], etc. are investigated and exhibited in numerous studies on the superhydrophobic properties

of coatirgs. These particlesot only introduceroughness as one criterion fiiperhydrophobicity but
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impartmultiple physical and chemical characteristics to the coatBig$ace roughness can be enhanced
by incorporating particles of different size ranges, which further improve the robustness of the

structures and water repellency.

SilicaNPs are the most used nanopatrticles in the preparation of superhydrophobic coatings due
to their low toxicity, optical transparency, and low environmental impg2&k Silica NPs are often
formed by hydrolytic condensation of a silica precursor, mainly tetraethyl orthosilicate (TEQS), via the
Stober method129]. Sincethese particleare naturally hydrophilic, they can be functionalized with
different silaneq4130]i [137] and fluorosilane$138]i [142] to inserthydrophobicity to their nature in

order to be incorporated in superhydrophobipl@ations.

Kenig et.al,[137] developed a superhydrophobic coating on glass througheatep dip
coating process. They immersed glass slides into the reaction vessel and added different molar ratios of
TEOS:alkyl trimethoxysilane (ATMSpbtaininga WCA of 15C°. They found that the simultaneous
addition of TEOS and a long chain low surface energgrecur®r in appropriate concentrations could
lead to the formation of spherical superhydrophobic silica NPs, making the process favorable for being

directly taken place isitu and on any compatibilized substrate.

In another study, Wangnd coworkerseported the preparation of superhydrophobic coating
based on a fluorosilicone resin as the matrix and diliea The developed coating was cured at room
temperature and obtained by dispersing 1H, 1H, 2H, 2H perfluorooctyltriethoxysilane modified silica
NPs in fluorosilicone resin. They also studied the effect of nano silica concentration and its dispersion
on the norwettability properties of the coating and figured out that silica content and dispersion time
highly influence on the morphology and topaghy of the nanocomposite coating by reuniting
configuration ofNPs on the surfacd=igure 1-3 shows the surface morphology and wetting behavior of

codings based on the silica content and dispersion [tl#@].
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Figure 1-3. Fabrication of superhydrophobic coating using silld&s with different dispersion times
(in DnCm, n represents the dispersion time and m is silica percentage in formylaji@EMimages
of D15C25, D60C25 and D120C2b) Formation of the nanocompositeating inshort (15 minutes)
and long dispersioi120 minutesj)imesand the final diameter of particles) CA and SA valuesif
different condition$143] (Reprinted fronOpen Access).

NPs of transition metal®oxidespossess unique physical, chemical, and electrical properties
originaing from loosely bound electrons ofatbitals in their valence shedlre also utilizedin the
fabrication of sperhydrophobicsurfaces. Among these particles &tanium, manganese, tungsten,
zinc, copper, vanadium, cobalt, rhodium, and molybdenum oxides, that have attracted more.attention
Owing to variable oxidation states of transition metals, these materials can form different transition oxide
complexes by aardinate bonds with water, ammonia and chloride imaaking thenuniqueengineered

materials in many industrial field96].

1.3.3.4 Paraffins,Fatty Acids andGreenChemicals

In addition to the silicones and fluorocarbon, other organic materials containing long
hydrocarbon chains, termed as paraffin in many fields, have been used to prepare superhydrophobic
surfaces as it has been employed widely in ngi#é]. In a recent study, Li et.gll45] demonstrated
a simpk method to create adhesive superhydrophobic coatings by dispersindNB#i¢a0 nm) and
paraffin wax in ethanol to form a network via covalent bonding. They sprayed the obtained mixture
followed by solvent evaporation. The resultant superhydrophobiingoaxhibited aNCA of 157.8

with enhanced resistance against tape peeling and linear abrasion.
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Fatty acids are another group of biological macromolecules consisting of long hydrocarbon
chains terminating with carboxylic acid groups that are the pric@mponents of lipids. Their physical
and chemical properties could be varied based on their chain lengths and degree of saturation. Fatty acids
are mostly insoluble in water and hydrophobic in nature. Among the common fatty acids, stearic acid
has been frguently used in the preparation of superhydrophobic coatings and hydrophobic surface

treatment$146]i [148].

There are also other various organic materials used for the fabrication of superhydrophobic
surfaces including polyvinyl alcohol (PVA), polyvinyl chloride (PVC), polymethylmethacrylate

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

In the recent years, the demand for-bade, eceriendly, and sustainable processes with lower
potential environmental footprint has been aroused and superhydrophobic materials are not excluded
within this global approach. In sa of process, these approaches are mainly focusing on the processing
methods that could help to conserve resources like water and engygytie curing steps do not
consume excess heat or radiation, or release pollutdd8), [150] In case of materials, the term
ecofriendly could be used for the ingredients which l@csompatible, biodegradable, and are not
considered as pollutants for the environment. On the other hand, it should be considered that using
special compounds are sometimes inevitable to achieve specific characterigticépne-chain
fluorocarbons fo superhydrophobicity and aphobicity. Since there is no known green alternative for
them yet, it would be recommended to replace those-dbiain persistent polymers with that of low
chain length (€ chemistry) which are dispersed in waterborne carrisrorder to reduce the
environmental hazard450]. Naderizadetand coworker$151] developed superhydrophobic coatings
for reducing bacterial adhesion and utilizidorinated acryliccopolymer having environmentally
approved @& chemistryin which the coatings were shown to be biocompatible based on human HelLa

cells viability tests.

Another safety concern is brought up by inorganic oxide particles, as they are not biodegradable
and tave been found to be toxic when produced at small length scales and aspddia2tide recent

investgations on natural compounds that do not release toxfrdgucts would be helpful for future
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applications (., biological monomers, macromolecular polysmétom biomass, cellulose, natural
proteins and waxes, cellulosic fillers, plant compounds or components, slgltgmdium spores,
whichare ideal to create texture due to hydrophobic nature and high surfacflaBda)115], [144],

[146], [152], [153] However,these investigationstill needto be improved significantly but can
certainly open new avenues for technological advancement in-regigient coatings with small

adverse environmental consequences.

1.3.4 Fabrication and SynthesisM ethods

Different physical ancchemical deposition methods are used for producing superhydrophobic
surfaces via depositing a thin layer of a low surface energy mixtutheosubstrates. Representative
chemical deposition methods include -gel, chemical vapor deposition (CVD), layey-layer
deposition (LBL), and electrophoretic depositiamich are the most reported methods in the literature.
The synthesized coatingsuld also be applied on different types of substratesprang, spin coating
and dip coating methodsThe most common synthesis and application methods for achieving

superhydrophobic coatings are introduced and discussed in this section.

1.3.4.1 Solgel Method

Solgel method is one of the most popular and esthblished techniques to synthzesi
superhydrophobic coatings. The iggél method is based on solution hydrolysis and condensation
reactions in which a macromolecular network is obta[ti&d]. In this method, a precursor (chemically
active compound) undergoes a rapid hydrolysis, and an active hydroxyl is generated, leading to the
formation of a colloidal solution (sol) and a thdienensional network (gell'he gel is formed due to
the impregnation of the sol onto the solvent, followed by aging, drying, and thermal curing based on the
reaction condition. The precursor is converted into a glassy material when undergoing hydrolysis and
polycondensation reactis, forming a layer on the substrate and could show superhydrophobic
properties due to the presence of several 1game structures produced by the removal of the solvent.
The composition of the coating can be adjusted by controlling tfigedothemistry Alkoxides or

organically modified alkoxides and organosilanes are employed as the reactive precursors-geihe sol
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systems and can be used alone or in combinatiohg8ahethod has also been employed for producing
nanomaterials, micro and nanojees with the possibility of controlling particle size, distribution,
morphology,and surface porosity. SiCand TiQ NPs have been frequently used in developing
superhydrophobic surfaces via thei g@dl method25], [95], [149], [155] Fdlowing this method, Ke et

al. [156] developed a highlyransparent superhydrophobic coating viagall methodusing TEOS as
the silica precursor to prepare the Si(@st)l, and added different amounts of Si@noparticles
showing optical transparency of 91% and a haze of 2.4% that was only <1% lowehéhbare
substrate. The garepared coating showed/#CA of 154 in the optimum conditionAlso, due to the
surface decoration with fluorosilane, the coating showed oleophobicity with an oleiCAct130°.

However, one of the key disadvantagethekolgel method is the high cost of used raw matefidi3].

1.3.4.2 ChemicalVapor Deposition (CVD)

TheChemicalVaporDeposition (CVD) is a technique used for depositing a film on a substrate
from a gagphase precursor in Wth, the materials and substrate are placed in a chamber that is filled
with the gaseous precursors in order to let them react and deposit on the Jindacajor dawbacks
of CVD are low deposition rate and hifjm-forming temperaturesAlso, this metodis not suitable

for the preparation of large sized superhydrophobic surfa&&3}

1.3.4.3 ElectrochemicaProcesses

Another depositiofbase technique to fabricate superhydrophobic gstiis based on using
electric fields to deposit the layers of solid metal or its compound on electrically conductive substrates
and is called electrochemical method in gendd]. There are foutypes of electrochemical processes
used in the fabrication of superhydrophobic surfaces, namely, anodization, electrodeposition of
conducting polymers, electrodeposition of metals and metal oxides, and electroless galvanic deposition

[97], [158], [160], [161]
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1.3.4.4 Layerby-LayerAsembly (LBL)

The LBL deposition is another advanced technique to produce multilayered superhydrophobic
surfaces and is a substratelependence method using a solutibpping process and a multilayered
film is prepared by dipping the charged substrateargolutioncontaining aropposite charged material
[162]. This process leads to building up multiple layers of coating which is responsible for the formation
of a rough surface through multiple weak interacti@ush as charggansfer interactions, electrostatic
interactions, hydrogebonding, cationdipole interactions [25], [163]. The aldition of nano
or microparticlescould also be used to improve tivettability and surfaceaughness of the fabricated
films. This method offers the advantage of a precise control over the thickness, thereby being used to

fabricate transparent coatinf@s].

1.3.4.5 SpinCoating

Spincoating is a common application method for applying uniform and -dpigtity
superhydrophobic coatings on surfaces. The typical-gpiting processormally begins with the
deposition of a smafjuantityof the coating mixture on the substrate which is fixed via vacuuming. The
entire system then rotates with a controlled speed and time until the excess liquif fiesughthe
edges of the substrate, and a coating witkirdd thickness is obtaindd49], [164] Spin coating is
applicable on planar substrates using different mixturé¢Rsf solvents and binders, or even without
NPs [116]. Following this method, an organic/inorganic hybrid coating consistingpng-fluorine
groups and hydrophobic silidéPs was fabricated. The hybrid coating synthesized vigesbimethod
using a gycidyl organosilane, inherited the advantages of theirdedigned resin (hardness and
transparency) as well as the hydrophdiies showingWCA of 160.1° and SA of 7°. The coating
exhibited outstanding mechanical propesandWCA of 140° after 200 tappeeling cycles, and high

transparency of average of 93.6%65], [166]

1.3.4.6  Dip Coating

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

coating method and is mostly used on textile and meft®g]i [169]. This method also offers
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controllability and uniformity of thickness, as well as being wése andeasy to scalep. In this
method, the substrate is immersed in a bath containing the superhydrophobic mixtdreutitvith a
constant velocity, and cuteat optimal condition. Digcoating method is applicable for a variety of

substrates including plan, and 3D structural objedis16], [1 70} [172].

In order to obtairsuperhydrophobitilms with robustmechanical properffHuet al [173] used
hydroxy acrylic resin and commercial SiQPs. The organignorganic superhydrophob@mmposite
films were obtained by dipoating an obtained dispersion of above materials on substrates with a
withdrawal r at e odubsttatedsuch as/glass, paper,clotivaad aluminusWTle

and SA of the digcoated films reached170° and about 2°, respectively

1.3.4.7 SprayCoating

Spray coating which involves an atomizer nozzle to spray a desired nmoxt@surfacgs an
attractive application method in industreesd large scale productioas it does not requé sophisticated
equipment and can be utilized to treat a variety of objects with different geometries and Bttes
Thereareseverareports of superhydrophobic coatirigghe literatureapplied via spray coatind 75]i
[179]. It is noteworthy thator achieving a desirable surface wettability it is edaktd delicately design
the formula in different aspects including the solvent type and ratio, dispersion of the filler, viscosity,

and rheology of the mixture, efd.16].

Spraying method was utilized to fabricate superhydrophobic coating on a variety of substrates
such as glass, filter paper, copper sheets, polyethylene terephthalate (PET) films, using silica particles
in micron and nano s&5 to obtain a dual scale roughness morphologige an epoxyPDMS hybrid
matrix [180]. The developed coating showed desirable-wettability properties (CA: 161 SA: 3.5,
advancing CA: 15077 and receding CA: 148}, that could withstand 75 sandpaper abrasiaresy
hand kneading, tape peeling and knife scraping. Also, in the buoyancy test, a coated filter paper could

bear 39 times its own gravity.

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

theevaporation ratef solvents, in a way that slower evaporation mitgad to the formation of
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large concavitieson the substrate surfacéor example,Elzaatalawy et al.[181] fabricated a
superhydrophobic epoxsilicone hybrid coating and showed 2&.% of nano silica provided
appropriate balance of durabilignd norwettability. They use@thanoland &etone to investigate the
effect of solvent volatility on the hierarchical structure, @vdas found that a spy mixture of ethanol
with lower solvent volatilitycompaedto acetone couldesult in an enhanced surface microstrugture

consequentlymproving thewater repellencgharacteristics.

Li et.al. [174] utilized spray coating method to prepare superhydrophobic coating using silane
functionalized silica partickeand different binders including Polymethylmethacrylgielystyrene
Siloxanebased materials (SYLGARD 184 Silicone Elastomer, hydrogen gil&esane resin (HSQ),
DOWSIL OE6370 M Optical Encapsulant, DOWSIL @530 Optical Encapsulant) and Polyurethane
to investigate the effect of bindé&Her interactions on the morphology and naetting properties of
the surfaceTheresearcherased the ldnsen solubility parameter éstimate the aggregation of a filler
in a binder due togotial phase separaten Thi s t heory is based on the i
the materials with similar polar, dispersive and hydrogen bond energies ardeted similar within
this theory.Regardless of the used binder, superhydrophobic coatings were prepared by tuning the
bindekfiller ratio and the solvenf{gure 1-4). Their results confirmed that the length of silane used for
surface treatment dfiPs effects on the silica solubility parameters resulting in the alteration of the
microstructure of a spragoated PDMSsilica composite. They showed tHat hydrophobic polymers,
the load of filler required to achieve superhydrophobicity is correlated with the relative energy difference
between the binder and filler; while higher filler loads are necessary for intrinsically hydrophilic binders

to achieve gperhydrophobicity.
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Figure 1-4. a) Developing superhydrophobic coating with different binders and $ilRssby Hansen

solubility theory b) Superhydrophobicity phase diagrdplotted asred) vs filler load. Green markers
indicate the conditions that give superhydrophobicity. The black solid line depicts the boundary

between the superhydrophobic and the not superhydrophobic coatings. Tdeshedl line shows the
trend ofred vs filler load with the outlier conditions (i.e., the two hydrophilic binders) exclud&daA

on the utilized binderd) Abrasion test on the DOWSIL €70 M Optical Encapsulant/deeiO,

coating with 30% filler load ath NeverWe[174], (Reprinted with permissign
It is also possible to preabricate srface roughness through etching techniques whildtess

thin layer of a low surface energy materialapplied on the surface structures in order to achieve a

superhydrophobic surface without the incorporatiohlB$ [182].

Owing to the great advantagegioéspray coating methodspeciallyin industrial applications,

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

1.4  Application of Superhydrophobic Coatings

Superhydrophobic coatings have shown to be promeangidates as multifunctional coatings

in differentfields. The main applications of these surfaces are shoWwigure 1-5, andbriefly explained

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

1.4.1 Selfcleaning

Self-cleaning has gained remarkable attention due to its distinct features and inclusive range of
applications in different fields. Setfleaning behavior is defined as the ability of a surface to keep itself
clean without any external force which is seabhder severe environmental conditions over an intended

period.

Self-cleaning coatings are generally classified into two major categories: hydrophilic and
superhydrophobic. In a hydrophilic coating, the water carries away the dirt and other impuatigé th
spreading over the surface. Also, soimerganicoxides, such as Ti@ can chemically decompose the
organic pollutant due to their photocatalytic activatydare helpful in this sel€leaning mechanism. In
the superhydrophobic setfeaning technige, inspired by the lotus plant, the water droplets can slide
and roll over the surfaces consequently cleaning them by scrolling down and picking up the pollutants
on their way dowrj183]. The selfcleaning propeyt of the lotus leaves is caused ity extraordinary
surface structurevhich @anreduce the adhesion of water droplets to the surfaw the rolling water
droplets can remove dirt particlgd84], [185] For electrical insulation sectors, as tharation of water
film on the surface could increase the chance of arcing and flashover, the superhydrophodeiarsetj

mechanism is more favorable.
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1.4.2 Icephobicity

Literature reviews of common strategies to encounter icing pratdambe categorized into
two main groups; liquid trapping surfaces andteapping surfacefl86]. The first strategis inspired
by Ne p e n pitcherdptants and is fabricated by infusing a dfi@®zing lubricating liquid into
micro/naneporous substrate, in which a thin, ulaooth lubricating layer is produced that enhances
the surface mobility of liquid drops aridcilitates the elimination of the ice. The second strategy "air

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

There are at least three different approaches to characterize icephobicity of a surfacewFirst, |
adhesion force between ice and a solid surface which is mostly quantified by measuring the critical shear
stress; where, the critical shear stresefsrredto the magnitude of shear stress which is required to
move a given amount of ice on the sug@t87]i [189]. Second, the ability of a surface to prevent or
delay ice formation characterized by time delay of heteramehice nucleatiofl90]i [192]. Third,
repelling small bouncingff droplets at subfreezing temperatures signifying the condition of rain, fog,

etc. in order to prevent enough contact time and condition for ice fornja@8h

Regarding to these three approaches, an icephobic surface is a surface which 1) can decrease
the heterogesous nucleation temperature, 2) prevents or delay freezing of incevaieg, and 3) shows

small ice adhesiostrengthif any ice is formed on the surface so that it can be easily renjb86H

Icephobiesuperhydrophobic mechanisgeanmostly based on the rapid removal of water prior to
freezing. This strategy functions by preventing the nucleation of ice and helps rapidly eweatert
droplets arriving on the surface. It has been shihvahsuperhydrophobic surfaces can potentiaitgrd
ice nucleation on the solid surface by decreasing both contact time and contact area and also increasing
droplet roltoff [194], [195] It has been found that a CAH less than 10°, a micro/nano surface structure
with nanospike and surface roughness in the range 80Gim, are appropriate for automatic ice
sliding at 1 20AC [¥6].Aainimizetl watersaid canagt brea which is 3eBuited

by the formation of roughuperhydrophobicstructures leads teeducedheat transfer pathin such
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surfaceslIn another word, compared to the hydrophilic surfattessjnterfaceof SHPsurface andvater

droples areendowed with higher temperature lowngy theprobability of droplet freezin§L97].

On the contrary, some investigations have raised questions concerning the use of SHPSs for
icephobic application$198]i [200]. Condensation frosting is one of the major concerns of SHPSs
because condensed microdroplets can penetrate into the porssuatagres of the surface causing a

sticky Wenzel statf199], [200]

1.4.3 Corrosion Resistance

Metal is an important type of engineering material forustdes and equipment, however,
corrosion has been always one of their most related challenging concerns, by bringing about large
damages and monetary lo3herdore, anti-corrosionmechanismshould beconsidered asf the top
prioritiesrequiringspecial care itheirapplication.Longterm eposure to pollutantandmoisturemay
increase theorrosion of the mets| resulting in considerable reductiohits service life or even safety
hazard4120]. Numerous methodisicluding chemical conversion coatings, sacrificial anodic coatings
or metal painting, andathodic protectiorhave been proposed and utilized to prevent or reduce the
corrosion rate of surfacd201]. Recaently application ofa layer of superhydrophobic coatimgn the
material surfacéas shown promise in this areadscreasing corrosion rate on various metals such as
aluminum[202], steel[203], coppe204], etc When the surfacefahe metal which is in contact with a
corrosive solution is coateslith a superhydrophobic coating, the reduction in corrosion rate could be
observed owing to the trapped air in the surface groaggsg as an inherent isolator hindering the
direct contat between the surface and the meati inhibiting the corrosive ions movemda01],
[205], [206] BesidesWang et al[207] claimed thathe presence of loaghain hydrocarbonsan also

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

1.5 Commercial Status of Superhydrophobic Coatings

The global demand for superhydrophobic coatings in the practical fields has noticeably grown
in the recentears yet expes to grow further in the upcoming years. It is anticipated that the global

market may rise to an impressive value of around 37 million USD by 2024 while being 2.9 million USD
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in 2015[208]. Table 1-2 presentsome ofthe companies producing superhydrophobic coatings with the

largest market shares.

Table1-2. Examples of some prominent comgarthat are commercially manufacturing
superhydrophobic products in the marke49], (Reprinted with permission).

Company Trade name Product features Potential
substrates

NeverWet LLC NeverWet® Durable drying in 30 minutes Metal, wood, Plastics
(USA) Spray application concrete, asphal
fiberglassganvas

Lotus Leaf HydroFoeM Stable under ambiembndition, Paper, steel, wood
Coatings, Inc. ultraviolet, lotus-like structue, 6
(UsA) months shelf life at roon

temperature and applicahleing
dip, spin,spray,or blade coating

Aculon® Aculon® Repels water, dustil, anddirt ~ Optical and display

Technology devices and

(UsA) smartphones,stainless
steel, and aluminum
cans

Xiamen  Hehoo TUORMAT® Fluorinefree and silicone Fiber and garment,
Tech. Co., Ltd. base¢ Spray application shelf footwear,and leather
(China) life of 3 years

NICCA Chemical NEOSEED® Spray application fluorinefree Textile and fabric
Co., Ltd. (Japan) and biodegradable,retaining surfaces
breathability

Daikin Chemical Unidyne® PFOSfree and PFOAree, Surgical gowms,

Europe  GmbH water and oilrepellency, stain medicaldrapes, packs

(Germany) release, resistanceto liquid face  masks, and
chemicals sterilization wipes

Though the future prospect of the superhydrophobic coating market seems to be pramising,
one hand, most of the current commercially available products are still suffering from very &biligur
compaedto the minimum standards of the conventional coatings, as well as being intolerant against

high temperatures and corrosive mediums.

On the other hand,hére area small number of companies currently manufacturing

superhydrophobic coatings and specificallyofinefree coatings. Fluorinated polymessch as Teflon,
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polyvinyl fluoride, or polyvinylidene fluoride are still used in industrigslarge scales. Howeveit,is

expected that fluorinated compounds will be replaced by silibased materials ithe near future.

1.6  Shortcomings ofCurrent Superhydrophobic Coatings

Unless the outstandinfginction of the superhydrophobic coatings in varioiedds there are
still many concernghatneed to be fully addressed in order to transfer these technoiotgidhe real

world applications withiracceptable functionality.

Generally speakinghe starting raterialswhich are used in the fabrication asghthesis of
superhydrophobic coatisgand surfaces are quitmstly. In many cases, the fabrication techniques
involve tedious multistep processasd require complicated facilitiesat are only applicable for small
surfaceq209]. In addition,the application ohano and microparticles in the process of fabrication of
these coatings, oblige the industries to facilitate the working environmwéhtappropriate ventilation
systems, as well as powerful mixing utilitidherefore, it is necessary to develop somep$e and cost
effective methods that can be used to form superhydrophobic coatings on various substrates. Among the
application methods, spray coating and dip coating methods have shown to be very promising. In
addition, as mentioned iBection 1.3.3.4 it is better to find natural anecofriendlybuilding blocks for

the fabrication oSHPcoatings.

Durability issues have alwaydeenthe Ac hi | | &b largescad application of
superhydrophobic coatingsechanical obustness of superhydrophobic coatings is highly dependent
on the robustness of the mieand nanestructures on the surface, while these structures could be easily
damagedria abrasion, erosionmpact etc.[128], [210] This mechanical fragility is the main reason
for an ireversible loss in the SH properties of the coating indicated by a decred&eAirand an
increase irCAH and sticking of water droplets on such locatidfar this purpose, it is crucial to wisely
select the utilized matrix and nanomaterials and prectseiyrol the formulation and ratios, in order to

have the highest interaction between the matdi3als

Another challenge in the S*toatings, is related to the condensation of water droplets inside

thec o a t stracgudes Most of thasprepared SR coatings do not show superhydhmbic behavior
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in subzero temperatures, as they are not wasgorrepellent,as well When the temperature is well

below the dew point, water condensation ocansthe surface of superhydrophobic coating and
significant transition in the nowwetting behavior of the coating is observ§2il1], [212] Active
strategies to encounter condensation frosting on SHP surfaces include the use of electric heating,
oscillation, and antifreezehemical substanc¢$97], [213], [214] The application of electric heating is
considered as the most widely used approach to prevent frost formation or to melt the forntad frost

it is costly due to the huge consumptioreakrgy[197].

Theimpacting water droplets such as heavy rains could also have a similar detrimental effect
on the norAwetting behavior of SH coatings by impregnation of water droplets into the surface structures

and occurrence of Cassie to Wenzel transit[@as].

Considering the selfleaning ad antiicing applications of superhydrophobic coatings, glass
windows, solar cells, windows of surveillance cameras, and mirrors are examples of the target markets
of these coatings. For a superhydrophobic coating to be an appropriate candidate forfaces, she
optical transparency is of great importance. As discussed earlier, roughening is favorable to induce
nonwetting characteristics to chemically functionalized surfaces and coatings, via introducing trapped
air pockets within the peadndvalley topography. However, the size of hierarchical mieod nane
roughness must be finely controlled to restrain the intrusion of water and maintain essential volume of
air pockets for a stable Cas®axter regimg216]. The formation of roughness, increases the light
scattering in a media because of Mie scattering specially if the roughness size exceeds the wavelength
of light[217], [218] Consequently, frorthe perspective of surface roughness, superhydrophobicity and
transparency are generally in conflict. The other factor affecting on the amount of scattered light from a
surface is related to its refractive index. Therefore, to guarantee the formatiosimfiltaneous
transparent and robust superhydrophobic coating, the precise manipulation of roughness size and the
material selection are extremely crudiall9]. It is shown for superhydrophobic coating to become
optically transparent, adjusting the mean size of the rough particles on the surface below 100 nm is

optimal as the refraction intensity at the interface of air antingps reduced220].
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Within an investigation for developing transparent superhydrophobic coating, impact and the
waterjet resistance were evaluated for a coating composed of silica particles-phdrnakA epoxy
resin on glass platd221]. The NPs were deposited and sel§sembled on the surface of semied
epoxy films and were theplaced in the oven for accomplishing the curing process. The obtained
transparent superhydrophobic coatimgs able taesist water drops released at a speed of #/4d7and
water jetimpact at a speed of 8s (with a Weber number 6f2500), therebyatisfying the conditions

of a heavy rain.

1.7 Durability of Superhydrophobic Coatings

Owing to the undeniable durabilidrawbackf the superhydrophobic coatings, it is crutial
have a more comprehensive survey on the origin and characterization niretbrogs to invent methods
and mechanisefor its enhancement. For thigirposejn the subsequergectionswe have discussed

the mentioned headlines in more detail.

1.7.1 Definition and Importance

Robust and durablare alternatively used in the literature referring to the stability of
superhydrophobic properties against harsh conditions such as wear, abrasion, impact, UV, chemicals,
etc. Robust superhydrophobicity is a must to meet industrial aiteni commercial products.
Nowadays, thark to the numerous fabrication techniques and new materials, endowing
superhydrophobic characteristic to a surface is not challenging anymore; thdretbeerecent years,
major efforthasbeen made in elucidating the mechanisihwetting transitions, design strategies and
fabrication techniques of superhydrophobicity to enhance the durability of superhydrophobic coatings.
However, in the majority of reports, as the abrasion, either physical or chemical, ssigasstain

valug the nonwettability is permanently l0$222].

The existence of a hierarchical surface topography creates a large extent of trapped air in the
interface of water/SH stace. Therefore, only a small portion of the overall area is in contact with water,
and even small mechanical loagsneratehigh local pressuseto the $ructures therebyleading to

deteriorationn the surfacgatternsaltering itssuperhydrophobicity223].
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A loss in the superhydrophobic behavior could be explained by considering a Cassie to Wenzel
transition and for a surface to become superhydrophobic again, this transition must go in the reverse
direction. Thermodynamically speakin it is shown thathe corresporidg equilibrium point of the
Wenzel state is much lower compdto the Cassie state. Also, the energetic barrier for a transition from
Wenzel to Cassie is much larger than the opposite direction.p®his of view canexplain why the
reversetransition from Wenzel to Cassfee., recovering superhydrophobicity once it is lastyery
challengingand requires excess energy to be triggerg@P4], [225] Due to this matter of facthe
importance ofobushess and durabilitis extremely highlighted in the literature when speaking about

superhydrophobic surfaces and coatings.

1.7.2  Durability Assessment

Depending on thesoughtafter application,the durability of the coatingis characterizedby
means ofmechanical, physicalandchemicalanalysis One of the biggest challenges for robustness
evaluation of superhydrophobic coatings is the lack of staratatdiniversal methods for this purpose,

making it extremely difficult to have a meaningful comparison on the obtained data.

For investigating rachanicatlurability, the effect of abrasion, wear or impact on the éteyn
and topography of the coating cdlle evaluatedResearchers lra employed different apparatus and
test conditions, whilehte most commonly used methods include sandpaper abrasion, bending, drop
impinging, knifescratchpencil hardnesginger pressing, tappeeling test, and falling sdrgrains test
[226], [227] Among these tests, the sandpaper abrasion test is more widely used for evaluating
mechanical robustness as it seems straightforward to visualize the robustness of superhydrophobicity.
However, there is not any defined standard for superhydrophobic geatirorder to unify the test
conditions like the grit size of the sandpaper, the direction and distance of drag, speed, applied force, the
size of the contact area, etc., causing the interpretation and repeatability of the data to be in question and

moreimportantlyvaguefrom the perspective of quantitative characterization.

Chemical stability of superhydrophobic coatings is usually asdegi® exposing the

superhydrophobic coating to corrosive media with different pH levels or salt concentration, dgdtUV
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irradiation. The wettability of the coatings after these tests could exhibit the chemical robustness of the
coating. The superhydrophobic coatings are supposed to show acceptable performance in corrosion tests
as mentioned isection 1.4.3owing to the presence of air cavities and reduced contact area. The UV
resistance of superhydrophobic coatings is mostly investigated via an acceleratede@ibigring test

while monitoring its degradation process in time. As a matter of fact, the superhydrophobicity of the
coating is lost once the coating is decomposed, which is basically more related to the inherent
characteristics of the incorporated matstiand could be finrtuned by the proper selection of the

coating compositioi228]i [230].

Tiwari's group developed an akganic superhydrophobic hanocomposite coating with high
mechanical robustness that could be applied by spraying or brushing. Firstly, they synthesized
fluorinated amine curing agent to graft fluor groups to an epoxy backbone. Then, a perfluoropolyether
was blended with th8uorinatedepoxy resin to further enhance the hydrophobicity and enhance the
mechanical flexibility of the epoxy matrix. Finallypolytetrafluoroethylene (PTFENPs were
incorporated into the resin to obtain the superhydrophobic nanocomposite coating. The developed
coating (as shown iRigure 1-6) with WCA of 1§8 showed mechanical robustness under cyclic tape

peeling and Taber abrasion, as well as sustaining highly corrosive jp2tlja
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Figure 1-6. a) Multiple steps of the fabrication of a robust perfluorinated epoxy hanocomposite
coating and the SEM image of the coating; b)Tape peeling and abrasion tests for evaluation of
mechanical durability of coating via contact angle goniometry and SEM dligmrs after test cycles;
c) Assessment of chemical durability of coafi?®fl], (Reprinted with permissigon
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It should be considered that the robustness ofreygephobic coatings should be mostly
evaluated based on the meaningfulness of a test method for a specifeesublication. Faexample,
when a coating is used for indoor applications, the exhausting cycles of sand grain testemiddy
exposures might not be applicable to assess its overall performance. Also, it isnowei that
robustness results obtained via various tastggoverned by different characteristics of the coatings and
these results could not be alternatively used without considering their main functions. In particular,
stability of a coating against tape peeling test is more related to the adhesion armhdabesctions
between the coating/substrate or coating’s composition itself; while the data from scratching or
indentationbased methods are mainly dominated by the hardness and stiffness of the [@a@ial

[233].

1.7.3 Durability Enhancement

The most common methodologits enhancing the robustness of superhydrophobic coatings
could be categorized in two active and passive strategies. The passive strategies mainly focus on the
retention and strengthening the superhydrophobic properties against wear or harsh conditions and
include thosentrinsically employingabrasion resiste and stable materials, increasing the crosslinking
sites and interactions between the components, or adding elastic compositions to soften the applied
stress. While the active strategies attempt to induce regeneration of the superhydrophobicityosfer its |
via self-repairstrategie$234]. However, using multiple strategies in a coating could be helpful to insure

different aspects of robustness.

From a theoretical point of view, mechanical robustness and superhydrophobicity are
conflicting and nanostructuschaving high aspa ratios are severely sensitive to impact fol@35].
For a surface to be superhydropim high aspect ratio and thereby less contact area is required leading
to high contact pressure. Increasings® locatontactpressurswill be responsible for thabrasion of
the surface protrusions by surpassing the materials yield stress, andt@evable loss in ultraon
wettability will occur. It has been shown that craliee structures consisting of a network of pores
would withstand the mechanical shear forces up to an extremetydargunts compadto a surface

with needlelike structue [235]i [237]. Recalling thehierarchical micro/nan€&assiestate argument
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from previous sectionglesigning surface pattermgth dual scalesoughnesss a common stratedgpr
enhancing the ecthanicalstability of superhydrophobisurfaces in whichhe microscale structuse
could bear the mechanical loadnd protect themuch morefragile nanoscaletructure from being

abraded238]i [240].

It is well known that one of the initial prindigs of applying a coating on a surface, is related
to the proper adhesion between tuatng layer and the substrate, highly influencing the mechanical
properties A defect in the adhesion or cohesion properties of a coating, will lead to the failure of the
whole system, whether it is superhydrophobic or Aattrong adhesion is generally @ams of forming
strong interactions at the interface. Henioereasing the possible interaction sites anokslinking
between the existing functional grougsuld significantly enhance the mechanical stability of
superhydrophobic coatings applied on their desired substrtesng the possible interactions, the
chemical bonding is able to provide higher stability coregdéo physical adsorption or deposition,
leading to much more strengthened superhydrophobic co@#ig, [242] This strategy is of high
potential in the fabrics and textile industries via the incorporation of silanes conthirdnglysable
groups that can form silantthereby ovalently bond tdhydroxyl groups on théabrics[243]i [245].
Glass is another substantial substrate which could be treated with sidandsce superhydrophobic
character on its surfac&he glass surface is covered byCai groups making glass to be hydrophilic
in its common form. When using such alkyl silanes or fluoroalkyl silanes with the proper reaction
condition, he generatediloxanegroupsfrom thehydrolysisreactionof the alkyl silane can undergo a
reaction vith the Si-OH of the glass surface, resulting in the attachmeidraf alkyl chain group$o
the glass surface and transformation ©fO8l into the SiO-Si bonds thus irducing hydrophobic

properties to glag®46], [247]

Zhang et al[248] proposed a strategy to increase the interfacial adhesion of an epoxy based
superhydrophobic coatingMCA = 160, S A°) vith plycarbonate (PC) substrates, via solvent
induced crystallization of PC in the presence of acettingvas found that the acetomeduced
crystallization and roughening of PC leads to a firm bonding of superhydrophobic coating onto the

surface of PGubstratesEpoxy resin was utilized as the matrix to bond the fluorinated $lR= (-
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SiO; NPs) onto the roughened polycarbonate. The fabrication procedure consisted of fluorination of
silica particles and preparation of3tO, NP/Epoxy dispersions iacetone, followed by submerging of
PC sheets, dripping off and curing. They also compared Hpepsred coating with commercial
NeverWet® coatings, and their results showed enhanced interfacial adhesion, excellent

chemical/mechanicatability, and antiicing property, implying its potential for outdoor applications.

The interaction between thmarticles and the matrix isnothercrucial factor affecting the
robustnesef superhydrophobic coating&.weak interactia will be responsible fothe nanostructures
to beremoved easilyia abrasion or erosion leading to superhydrophobic failure. The mechanical
properties of the nanomaterials, resistance of the matrix against wearing and adhesion of the coating to
the substte are other factors which should be considered to design such coatings to enhance their life
time and efficiency in order to obtain a mechanical durable superhydrophobic $adac&ompared
to brittle and hard materialslastomeric materials can buffer the peak stress via elastic deformation,
therebyavoiding irreversible damagand making therfavorableoptions to design mechanicallytmast
superhydrophobic coatingsvhile the adhesion with the substrate can also be improved through
dispersing energy with deformatiof250]. Among elastic polymers, PDMS and related elastic
components are the most reported candidates raratpioration of suitable amounts NPs would

enhance their resistance against mechanical \26at, [252]

Ming et al.[253] reported a proceduiia@ orderto increase the possible crosslinking sites in a
hierarchically roughened superhydrophobiatingusing raspberrjike silica particles ath anepoxy
amine matrix.For the synthesis afaspberrylike particles monodisperse silica particles and amine
functionalized silica particles (particle size of about 700 nm and 70 nm, respectivelygavatently
bondedthroughthe epoxy and aming r o ugadian Then,theseaminefunctionalizedparticleswere
deposited onto theemicuredepoxy They also coated ¢hparticles witha thin layer of monoepoxy
endcapped polydimethylsiloxane twhemically treat the surface energy of the coating, resulted in a
superhydrophobic coating witWCA of 165° and CAH of 2{Figure 1-7a). In another studyYang et
al. [254] used a mixture of TEOSeptadecafluord,l1,2,2tetrahydrodecytriethoxysilane, anshano

silica in an ethanol solution to formulate a bridgdé&dsol solution for spraycoating, leading to a
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transparent superamiphobic coating. The coating showed enhanced robustness against sand abrasion,

heating, and water jettin@rigure 1-7b).

Despite great progressd efforts in the fabrication of robust superhydrophobic coatthgs,

loss of superhydrophobicity is almost inevitablece the wear is beyond certain criticalues.

Therefore, in recent years, alternative active strateggroposedas promising strategid¢e
prolong the lifespan of these coatings via regenerating the lost charactengtias a healable manner
in which healable superhydrophobicity meanat tthe loss of nomvetting property can be recovered
mainly by releasing low surface energy agents and/or reparable topography and ch2a#iktf249]
Biological organismcan retain their superhydrophobicity over their lifetime through biological renewal
of the surface[255]. Surfaces with the ability to regenerate their roughness or/and restore the
hydrophobic components are called dedfling superhydrophobic surfacesttie literature while in

thisthesist he t e-hmabdoesgbb is used for the mechanical
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Figure 1-7. al) Synthesis of raspberry like silica particles and crosslinking of particles to the epoxy
matrix via epoxy/amin reactions, TEM images of particles and AFM analysis of the surface showing
multiscale roughness; a2) CA of water on PDbtvered epoxy with no particles, large particles and
raspberry particles, respectivel{253] b1) Preparation 6functionalized\Ps and spray coating of the
mixture on glass to obtain a transparent superhydrophobic coating; b2) Water jet test and SEM image
after water jet b3) Evaluating thermal durability of coating®54], (Reprinted with permissign

To chemically regeneratauperhydrophobity, storage ofow surface ergly materials inside

the matrix or in reservoirs in a roughened strucisithe more common used methbg decomposing
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the hydrophobic chemicals on the surface, the ones inside the coatitdymigrate toward the surface,
regenerating the surface chealicompositionlike a living organism doeg56]i [258]. PDMSshave

shown great promise regarding recovering surface hydrophofi€ity[259]i [263]. The driving force

of the hydrophobic recovery is a thermodynamic aspechitomize the surface free energy. This
phenomenon and ¢hkinetics of the recovery are studied by many researchers and samimarized

into 1) Reorientation of polar groups into the bulk, 2) Condensation of the surface silanol groups, 3)
Changes in surface roughness, 4) Migration of low molecular weightespeam the bulk toward the
surfacewhile migration of low molecular weight PDMS is found to be the dominant mechanighigor

phenomenofvy most researchef262).

Also, selfrepairing topography would be beneficial to retain superipltbicity by
regenerating rough structures. There are only a fparteregarding this matter because growing rough
structures as happens in living orgarsssa great challenge for mamade surfaces. However, studies
have shown that rearranging the top layer of some coatings is somehow possible with the aid of external

stimulusor using shape memory polymgg&4], [265]

As mentioned earlier, polymeric coatings are prone to mechanical damages during their service
life, and even the formation of tiny micszale defects might provoke structural damages leading to
catastrophic consequences. In order to prevent such undesicrrencesand more specifically in
this thesis that the ernase application ighe high-voltage sectorthe introduction of selfepair
mechanism without human intervention is advantageous in different aspects ofdafety, human
resource, and @ergy. Thereforein the developed superhydrophobic coatisglfhealing mechanism

is imparted via the incorporation of microcapsules containing a silicone healing agent.

The following section is an introduction on the detfaling phenomena, the mairechanisms,

and its characterization methods.

1.8 Selfhealing Materials

Biological organisms possess inherent repair mechanisms helping them prevent losing their

functions. Human skin has the ability to skéfal through an inflammatory response of cells betwev
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dermis layer via increasing the production of collagen and regenerating epithelial cells arj@égsue
This characteristic in plants is induced by oligopeptides, oligosaccharides or other molecules that

indicate damage and establish a sequence of chemical events leading to the macroscdg@iéfepair

The impressive advancemeliisnew materialsand processeattainedsincethe 20th and the
21st century the demand for new generat®nf materials with specifidunctionalitiesis highly
emerging Inspired by the natural healing ability in the living organisms, researchers have attempted to
introduce the selfepair mechanism intthe functional materials to extend their service life. Among
them, sekhealing polymers have been widely used in different fields of biomedicine, tissue engineering,

and protective coatind268Ji [272].

Self-healing or selfepairing or autonomicepairing mechanisra in materials first gained
attention in the 1970s. it was observed that hard elastic polypropylene (HPP), a®thelt aiscoelastic
polymers, consisting of a stacked lamellar morphology, perpendicular to the axis of polymer extrusion,
are capable of healing interlamellamicro voidswhich formed by stretching (in the perpendicular
direction). In these materials, up@olymer stretching, surface energies are converted to strain energy

and, subsequently, mechanical work, which helps the crack cli&fk [273]

Self-healing ability is highly striking in the current environmerndiatumstancessfar-asthe
demandfor prolongingthe lifespanof productsthereby reducing waste is irresistible this context,
functional polymers and materials should becamed-suitedwith the modern circular econonand
sustainabilitymodels.One of the practicableapproacheto fulfil these requirements is conferring siee
materialswith selthealingpotentials The introduction ofheself-healing polymeric concept as a means
of healing invisible microcracks for extending the working life of the polymeric components atcurre
in the 1980s for the first timg22]. Dry and Sotto$23] in 1993 and White et a[24] in 2001 were

pioneered to inspire worldwide interest in thesaterials.

To classify the various generations of dedfaling materials, four concepts could be

definedincluding localization, temporality, mobility and mechanigvi4], [275]
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The concept of localization is mainly referred to the position or scale of the damage in the
material, which play an important role in the selfealing ability of a material. The occurrence of a
damage could be in the molecular scale as the breakage of the material network, can be superficial, such
as scratche®r microcracks; or it can be deep, such as the propmagaif surface damagend

delamination.

Temporality is defined as the time gap between the incident of the damage and the repair, as
observed in nature, i.e., sélealing is not instantaneous hithe dependentHowever, it is desired to
minimize the timeneeded for the seliealing for example by increasing the mobility of the material to

promote the diffusion of the healing agents toward the damage{la@fgda

In terms of mechanism, the last key concept, one can classify theeaélfg materials into two
main categories of extrinsic and intring®74]. Extrinsic selfhealing is referred to those containing an
external healing agent, usually in the form of dispersed capsules or vascular netwihigése methods,
the reservoirs releaskeir healing agertb fill the damaged area and do not specificadtgractwith or
change the chemistry tiie matrix[274], [276] These approaches amainly used in thermoset systems

[277]i [280], for various applications such as coatiffil], instrument panel282] and sponge83].

Intrinsic selfhealing materials arprincipally composed of reversible bonds present in the
backbone of the material and can be restored after a damage hdpese@snechanisms are dominant
in elastomers, such as silicorjgg84], [285] polyurethane$286], [287] and rubber§288] in different
fields of nanogeneratof289], sensorg290], and conductive elastomelf291]. Intrinsic selfhealing
properties are imparted to polymeric materials by incorporating either covalent ezovalent
reversible bonds/interactions. Different types of reversible covalent interactions are thélDéls
(DA) reaction[292], [293] disulfide bond$294], and acylhydrazone bonf#95]. Among the reversible
noncovalent interactions, hydrogen bondif&96], [297] met al 71 i g a[298], [299]t er act i
hydrophilic/lhydrophobic interactiof800], and lonic interactionf801] have been used in séitaling
polymers.The dynamic covalent bonds having a reversible nature, offer them the ability to break and
reform. However, compadto nortcovalent bonds, large amots of energies are required for breakage

(e.x, bond strengths of 156 5 0.md{Y) in comparison to physicochemical bonds, liygrogen
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bondingwith strengths of a few kdol't). Owing to this high bond strength, dynamic covalent-self
healing polymers generally regeienergy provided by an external stimulus, usually in the form of heat

or lightto perform healing302].

Shape memory polymers (SMPs) are also emerging in different fields oehesgihg
applications.SMPs have an extraordinary potential to change their original shape under certain
conditions, fix different temporary shagander another conditig and finally restore their initial shape
by external stimuli such as heat, light, electricity, or chemical indu¢808]. Shape memory is ho
restricted to a certain polymer, but it is a result of molecular structure, reversible mobility changes,

conformational entropy, and programmif299], [304]

One of the most comprehensive assortmentiiftgrent intrinsic and extrinsic methodologies
to impart seKhealing ability into the materiais shownn Figure 1-8, which is based on three cates

of physical, chemical and physiaiemical approachg305].
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Figure 1-8. The most common approaches for impartinglse#ling ability to a material; a) Physical
processes to realize sélaling include interdiffusion of polymer chains, the introduction of phase
separated morphologies, shapeemory effects, and the introdiact of activeNPs into a polymer

matrix. b) Chemical processes to facilitate gedfiling involve either introducing reactive chain ends
or supramolecular chemistries. c) Physical and chemical processes can be combined to realize self

healing. Sekhealingis achieved by incorporating enhanced van der Waals interactions, or
encapsulatingrano capsulesr microcapsules containing reactive liquids to heal a wound, or by
mimicking cardiovascular architectures composed of hoflbersfilled with reactive cheioals to
heal a polymer matrif306], (Reprinted with permissign
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1.8.1 Timeline of DevelopingSelf-healing M echanisms

Microcapsulebased sethealing materials are the first generation of-belaling mechanisms
as well as being by far the most studiedaapt in the literature. This method has beategorized
within different aspectbased on the arrangement of the healing agents and catalysts while the most
extensivearrangementonsists of five types: singleapsule,doublecapsule capsuleand dispersed

catalyst, phaseeparated dropletndcapsules, and aih-one capsuleR74].

The concept of autonomic sdikaling, ast existsnow, wasestablishedased on fibebased
healirg by Dryet al.[23] firstly in cement and epoxy resins. However, the work of Wiitital.[24] is
considered as the beginning of definitivespirationfor developingself-healing polymeric materials.
They introduced theelf-healing property to epoxy resin by the incorporation of dicyclopentadiene,
DCPD, as the healing agent, embedded in-tzraaldehyde microcapsulemd Grubls catalyst a
platinum catalystdispersed in epoxy resin. Polymerization of the DCPD in the presersceatdlyst
upon their cracknitiated release was responsible for sealing the crack. They could obtain efficiencies
of up to 75% in the recovery of thmaximum load in a fracture toughness test in their initial stage.
However, the execution of this methodology in PDMS elastomers was carried out byeKeller
[307]whom utilized two types of microcapsules for de#faling action (typel: containing a high
molecular weight vingPDMS and a platinum catalyst, and type 2: combginits curing agent
composing a PDMS copolymer with active sitawd initiator). The tear strength recoverghowed

efficiencies of up to 120%er their selfhealing system

The second generation of sékaling materials were based upon dynamic cheniistiyding
supramolecular, and reversible covalent bonds. @heh [308] formulated the first selfealing
polymer based on Diélg\lder chemistry of furaimaleimide monomers; in which the fracture toughness
tests exhibited a recovery efficiency of 57% at temperatures between 120 and 150°C. Their work
reflected an important development in this field by proving iplelhealing cycles/hereaftesubjecting
the material to a third healing cydlee polymer allowed recoveryefficiency of 80%. Cordieet al.

[309] was pioneer for introducing seffealing into elastomeric materials based on the supramolecular
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assembly by designing moleculespable oforming chains and crosslinks throughdrggen bonding

which was capable to sdileal at room temperature.

Inspired by the blood circulatory system, a somehow analogous comasptevelomd by
Tooheyet al.[310] as the third generation of sé¢i€aling materialtermed asnicrovascular selhealing
In this concept, theompositesontainhollow fibersthatare filled with a reactive healing ageard

serve as thdelivery system of chemicals to the damaged.area

In this approach, setiealingmicrofiberswith a coré shell geometry containing encapsulated
healing agents would be formed by coaxial or emulsion electrospinning. Upon damage, the healing agent
(and catlyst in many cases) are released from the brdikensand repair the crack area. This approach
woul d be concept ua l-heglingeageats douldrbg replehishedtafeer ddnoagecad it s e |

happens in natuf@06].

Coreshell or coreshealh electro spurfibers can be produced by two different strategies:
emulsion electrospinning and coaxial electrospinning. Coaxial electrospinning is the most common
method to produce coighell fibers involving multiple feed systems to simultaneously spinor more
polymer solutions through coaxial capillaries and was first demonstrated in 2002 by Los§&ttHies
[313]. In this procedure, two different solutions containing either core or shell materials are pymped b
two separate nozzles. The inner and outer fluids should be delaminated and flow without mutual mixing.
During the spinning, the shell layer act as a barrier to prevent or retard the evaporation of core material.
Due to the encapsulation structure, tleflrates of both solutions should be matched; very small flow
rates can cause an insufficient and discontinuous core phase however very large flow rates can cause
very thick core phase or pendant dropl@2], [314] Lee and coworkerf315], [316]used ceaxial
electrospinning to form networks of fibers with polyacrylonitrile (PAN) shell, and dimethykvinyl
terminated dimethylsiloxane healing agent as the core. They investigated theadielf) efficiency via

anticorrosive barrier properties.

Emulsion electrospinning methsdtilize a single uniaxial process based on the immiscibility

of the two phases while the surface tensions of two different polymeric solutions acts as the driving force
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of separating materials into either a continuous phase or a disperse phase. The minor material exists as
droplets in a suspension and they can agglomerate to form the core phase while pumping out and the
continuous phase forms the shi@lL7], [318] This method is Igs reported in elastomers due to the

complexity of incorporating vascular networks in mags

1.8.2 Microencapsulation Method

Figure 1-9 shows the healmaction via a microcapsuleased mechanism. There are three main
steps in the fabrication of a capstiased healing system, namely, encapsulation technique, material

design for capsules, and the healing agent.

Figure 1-9. Schematic diagram of microencapsulated-kekling approach in a coating; a) Before
crack; b) Formation of crack and releasing the healing agents; ¢) Solidification of the healing agent in
the crack ared319], (Reprinted fromOpen Access).

1.8.3 EncapsulationTechniques

Encapsulation is a process of enclosing solid, ligquigases into an inert (no reactivity with
core and surrounding) shell, which isolates and protects them from the environment. Microencapsulation
process is an integration of different fields of material science, colloid chemistry and physical chemistry
and a wide variety of techniques have been developed to syathescrocapsule$320]. Generally,
microcapsules consist of two parts; the core, the interior part, which is the functional material and need
to be protected, and the exterior part called the shell that plays a consistent role of protection for the

healing agent.

Generally, fabrication techniques of microcapsules are divided into two main groups, chemical
and physical methods, with the lattegifg further subdivided into physiahemical and physico

mechanical techniques. Versatility of microencapsulation technologies offers unlimited combinations of
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different core and shell materials based on the final applications. Some of the importasgquacsed

for microencapsulation are listed Tiable 1-3[321].

Table1-3. Most commonrcapsulation techniqud821].

Physical processes
Chemical processes

Physicechemical Physicemechanical
Suspension polymerization  Coacervation Spraydrying
Emulsion polymerization Layerby-layer assembly Fluid-bed coating
Interfacial polymerization Solgel Centrifugal techniques
In-situ polymerization Supercritical CQ-assisted Electrospraying

In the physical methods, the original chemical compositions of the shell materials, formed by
physical processes such as dehydration and adhesion, are r@@22le€hemical methalare based
on polymerization processes and are divided into four types of: in situ polymerization, interfacial
polymerization, suspension polymerization, and emulsion polymerizgii]. Different parameters
affect the efficiency, size distribution and morphology of microcapsules which are varied based on the
polymerization techniquid23]. In the work of Koh et afor developirg a selfhealing paint formulation,
polyurethane microcapsules containing a wit@me polyurethane resin as core material were
synthesizediia interfacial polymerization of diol diisocyanate prepolymer and a chain extender in an
emulsion solution. Capses had an average diameter of7Z29um and shell thickness of 3535 um.
These researchershowed that the efficiency of sdibaling depends on the diameter of capsules,

concentration of PU capsules and total content of core mg&2il

In another approach, sdikaling anticorrosive coatings were fabricated using -urea
formaldehyde microcapsules containing functionalized polydimethylsiloxane. Urea forydddeh
microcapsules were synthesized throughireilvater emulsion polymerization; PDMS reagents and
surfactant solution were agitated to have a stabilized emulsion. Then, urea and resorcinol were added

and after pH adjustment formaldehyde was added ancetamope was raised to 8Dfor 4 h to complete
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the reaction. Finally, the mixture was neutralized, filtered, and washed with distilled water to have

microcapsule§325].

1.8.4 Material Selectionand ReactionConditions

One of the main challenges for sh¥aling to be triggered, is the proper release of healing agent
andpolymerizationin the crack area. For this purpose, appropriate selection of materials is significantly
important. The properties of the shell and core materials should be considered in terms of solubility,
viscosity, volatility, reactivity, and pH value. The healingeagis the main component affecting the
properties of the healed system. Therefore, a suitable healing agent/pair is a key factor in designing the
system based on the ende application of the material. Different healing agents (core material)
encapsulaet within shells have been reported in the literature such as monomers, resin, diluted resins,
catalyst, etc[60], [326] [328]. In most cases, the core and shell materials should not reactagith
other and with the main matriklowever to achieve excellent adhesion between the healing agents and
the matrix, a chemical reactidretween the healing agent and the matrix could be advantaddwus.
physical and mechanical stability of the fornmsdll should be examined in order to bear the induced
temperature and shear forces in the processing steps, while the capsule shell wall must break and release
the core in the time of damage. The dimension of the capsules for integration is also amtrigumica
affecting the final properties of the system; the matrix should not lose its mechanical strength due to the
incorporation of capsules, triggering mechanism and the healing performance. However, kriswel|
that the mechanical propertiestbé self-healing materiamay be varied by capsule volume fraction,
capsué shell wall stiffness, and capsule s{829]. The nost familiar shelforming materials for
microencapsulation are urdarmaldehydeammonium chloridandresorcinol leading to the
construction of a solid polymeric shell of poly(wieamaldehyde), PUF. &opolymersuch as ethylene
maleic anhydride (EMA) or styrermaleic anhydride (SMA) is utilized assarfactanto form an o#
in-water (O/W) emulsion, wherein the oil is the core mat¢8ia0]i [333]. Ammonium chloride is also
responsible focatalyzingthe reaction between urea and formaldehyde, and resorcinol is used to enhance
shel rigidity [334]. Replacing a part of urea with melamine will wksn a melaminemodified urea

formaldehyde polymeric shell (PMUF), which is shown to have higher bond stresmftned
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microcapsules propertiendshell strengtf335]. The other shell materials that have also been used
include silica[336], polyurethane (PU|337], [338] PMMA [339], etc.Also, recently, doublshelled
systens have been also reported to enhance the mechanical stability of the microcapsulpsdoess

manipulationg340].

Zotiadis et al[341] synthesized epoxy loaded microcapsules with a poly{imeaaldehyde)
shell viain situ polymerization.Microcapsules were colorless frlewing powder within a diameter
range of 37 to 66 m dahighencapsulatioefficiency to induce seffiealing ability to an alkydbased
coathg. They examined process parameters, such athewallmass ratio, pH adjustment, stirring
method during theemulsificationstage and emulsifier quantity with respect to microcapsules
characterisics, i.e., morphology, particle size, encapsulation efficiency (EE)M thermal properties.
Their results showed th#tte core: wallmass ratio affestthe size of the microcapsulbg determiring
the core droplets size under constant conditions of diatson (stirring, emulsifie). Increasing the
emulsifier resulted inmore efficient restrigbn of the amountof precipitated PUF particleand
roughening of the shellsThe thermal properties of thmicrocapsulesvere also correlated to the
existence b PUF particles and the shell crosslinking extelRigure 1-10, shows the obtained

microcapsules and effect of reaction conditions on the fir@erties omicrocapsules.

e c
e T PN Formation of PUF shell Effect of core: shell ratio (3:1, 2:1, 1:1) Effect of emulsifier ratio (0.5%, 0.7%)

— MG,
weeee MC,

1
o Bae 1m0 180 2000 280" 3w’

2, @)

Formed microcapsules in core: shell ratio of 2:1 as optimum condition

Figure 1-10. a) Formationof ureaformaldehyde shelk) Themicrocapsules formed abre: shell
mass ratio of 2:1; c) Effect abre: shellratio on particle size and emulsifier ratio on thermal
properties of the microcapsuled) Nyquistdiagrams of th&oatings without microcapsules and self
healingcoating showing desirable corrosion resistance ofrttierocapsule$341], (Reprinted with
permissio.
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1.8.5 Characterization of Microcapsules

Optical and electron microscopy can be used to measure microcapsule’s diameter with image
anaysis software[342]. Another method for measuring capsules diameter is employiager

diffraction particle sizeanalyze343].

Elemental analysiis a practical method to determine the amount of encapsulated healing liquid
or encapsulation efficiency. Brown et. f834] used a CHN analyzer for freshiyade and dried PUF
mi crocapsules containing DCPD heal i ngwtéhp@dt , and
and &ti%lupeaformaldehyde. However, after 30 days, the average DCPD content was decreased
by 2.3wt.%. It has been found that dispersion of microcapsules within a polymeric matrix is effective
to limit further leakage of the core from capsulelkh Extraction methagicould be also explatd to
measure the core content, microencapsulation efficiency and encapsulation[3yié]d [345]
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are deployed to
characterize the thermal properties and stability of the microcapsules within a particular temperature
range. Tian et a[346] developed microcapsules to enhance thehssling property of asphalt; since
asphalt mixture must be mixed at high temperature, microcapsules nadtdrigal stability to ensure
whether they can remain intact in the processing steps. Using TGA within a temperature range of up to
60C°C, showed that their fabricated microcapsules had an appropriate heat resistance and could survive

the process for asph&onstruction without decomposition.

1.9 Characterization of Self-healing

In the previous section, different mecharssof selfhealing were discussed. However,
regardless of the type of the mechanism, altlseHfling polymers must have a common proptrat
the damage is fihealedd sometime after experienci
reduction in damage or healing leads to a partial or complete recovery of the mechanical or functional
performance of the material. In designing a-beHling polymeric material, it is critical to demonstrate
the extent of recovery for its functional properties. The appropriate test methods for the healing

assessment must fit the nature of material, healing mechanism and the desired application. Although
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scratch healing, imaging techniques and corrosion tests are adequate for coatings, témsdecdr

double cantilever beam geomet®(CB) testing may be more appropriate for applications involving

bulk sample$347]. It is noteworthy that the healing efficiency not only depends on thenggaibcess

butalso on the nature and extent of damage and the conditions creating that damage. Therefore, in this
section, the most common approaches for characterizinpealihg ability of the polymeric matés

are dscussed briefly.

1.9.1 Imaging Techniques

Microscopy imaging techniques cover length scales higher than that for intrinsic healing in
which the healing occurs mainly within the molecular scale. Considering the extrinsic healing
mechanisms, the length scale of healing is well suited tiwidke techniques and the release of healing
agens from the capsules can be monitof8d8]. Furthermore, a fluorescent dye can be mixed with or
grafted to the encapsulated core material to better detect the release and filling process after crack

formation[349], [350]

For monitoring the selfealing of a material, a micrgcratch is applied and the optical and
microscopy imaging instruments (OP, SEM, AFM, profiloengare mainly utilized to observe the crack
areg351]i [353]. The imaging is conducted after a certain period of time based on tiheaktfg abiliy
of the system to differentiate a crack and its repaired state. Although these imaging techniques could
show the presence or absence of healing in a crack plane, they are qualitative methods offering rather
poor quantitative information to measure theeextof materials recovery and its shfaling ability.
Therefore mechanical tests such as tensile test, tear test, fatigue test and impact test are promising
analysis methods for this purpose. By using a combination of scratching and electrochemiicpléschn
such as electrochemical impedance spectroscopy (EIS), the time dependence of healing based on the
corrosion protective behavior of the coating under a range of conditions can also be det@Bdijied
[356]. Figure 1-11 shows the selhealing ability of a coating via corrosiomorphological, and

electrochemical evaluatiofi357].
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b) Self-healing coating
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Figure 1-11. Selthealing evaluation via SEM imaging and corrosion teistages of ab) control

epoxy vinyl ester coating and sbialing coating containing microencapsulated catalyst, and phase

separated PDMS healing agent after 120 h immersion in salt wat&gl@matic diagram of

electrochemical tesind arrent versugime for scribedcontrol and sethealed samplg357],

(Reprinted with permission

1.9.2 TensileTest

material offering the possibility to measwarious parameterqiamelytensile strength, elongation,
Young’s modulus angield strengti{348]. For the tensile test, the samples are prepared in dumbbell or
rectangular shapes and the original sample and the healed sample are tested under the same testing

conditions until ruptug occurs The selfhealing efficincy could be estimated througk resulting load

Tensile testing is a standamkthod for determining the quastatic mechanical propées of a

displacement or stresdrain curves by dividing the recovered toughness of the healed sample comparing

to the nordefected sethealing composite. Tensile testingaiso a common method for evaluating the
effect of size and conceation of microcapsules in the sditaling matrixFigure 1-12b). Ahangaran
et al. [358] developed selhealing epxy composites with poly(methyl methacrylate) (PMMA)

microcapsules and the effect of microcapsule ratio on mechanical properties anehBetf behavior

of

The resultssuggesteda | mo s t 80% heal i n.g PEWA miadcapsulesyat rboonr

temperatur e

2.

10

t he

composites was invest i gatcapdulebigto tkeeraporyd di n g

af t eensile Stengtiof theBepoxyi iditially jncreadedt by addition of

10

5.% wnicrocapsules and then decreased gradually by increasing microcapsules content up to

Qv t
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1.9.3 Tapered Double Cantilever Beam(TDCB)

One of the most appropriate methods for-keléling investigations in brittle polymers is the
tapered double cantilever beam geometry (TDCB) as represenkgguire 1-12e; while the healing
efficiency is the quotient of the healed and the original fracture toughness. For brittle polymers, the
fracture surface is more or less mirgmooth and the crack surfacecissely repositioned, thus this
geometry allows aensiblequantificationof the healing process as the fracture toughness is independent
of the crack lengtti347], [348], [358], [359] Kessler and coworke[860] developed a seliealing
fiber-reinforced structural polymer matrix composite containing a microencapsulated healing agent and
a solid chemical catalyst dispersed within the matrix. They used the-tajuithed double cantilever
beam fracture specimens in which a pidne delamination was introduced and allowed to be healed.
The results showed autonomic healing at room temperature %y rdéovery of virgin fracture

toughness, and a recovery to over 80% at 80°C cadpathat ofneat epoxy resin.

Fatigue testing in which cyclic mechanical stress is applied to a material and a permanent
damage occurs resulting in a crack after sufficient fluctuations is also used to measurehtbalisglf
efficiency bythesame TDCB geometry.rBwn et al[361] investigated the healing efficiency of a self
healing epoxy matrix containing DCPBUF microcapsules by injecting pecatalysed mending agent
into the crack region by Rmad, constant load arayclic loadconditions using TDCB specimen.
Researchers observed improved resistance to fatigue crack propagation, whindigeed by both
reduced crack growth rates and improved cyclic stress intensity for the onset of unstablecfatigue
growth. This behavior was attributed to the induced toughening mechanisms by incorporating

microcapsules into the matrix as well agack shielding due to the release of healing agents.
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Figure 1-12. Preparation of a selfiealing epoxy matrix; a)SEM images of synthesized microcapsules
with two cores and the size distribution histogram; b) Effect of microcapsules concentration on tensile
strength of the matrix; c) Fracture toughness of matrix verdasoeapsule content; d) Healing
efficiency of matrix versus microcapsule content; e)Typical TDCB specimen geometry and obtained
load-displacement curves for the virgin and healed saniBeg], (Reprinted with permissign

1.9.4 Tear Test

A trouser tear test, based on ASTM D624 is alsdh@ranethod to measure the dedfaling
ability of composites, giving a loadisplacement cuni862]. The healing efficiency could be calculated
by dividing the tearing energy of the healed sample to the tearing energy of the virgin sample. Tearing
energy is obtained from the area under the load versus displacamess divided by the crosectional

area ofthefractured surface (the sample thickness, multiplied by the length of the fracturefBpath)

1.9.5 Impact Test

Impact test is also employed by several researchers to investigate the suitability -of fiber
reinforced compositeg364], [365] Chowdhury et al[366] fabricated microspheres to encapseikat

roomtemperature curing epoxy resin and its amine hardener into UF shells to bedealredn epoxy
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matrix. They used lowelocity impacttessat 30 and 40 J for a pristine
of microcapsules. Upon impact test, the sample absbrgyand undergs anelastic deformation

while microcapsules release their comsl healing taleplace at the damaged location. Healing
efficiency was measured by conducting a second impact afteratiglevated energy levels of 40 and

55J at the same location. Load and energy versus time plots were used to obtain quantitatietiamf

about the damage due to the imp&dter the second impact test, samples comgimicrocapsules

showed better impact resistance due to repairing. It was observed that samples without microcapsules
exhibited higher peak loads for the first impaompared to those with microcapsules. However, after

48 h of the first impact, samples containing microcapsules showed higher impact resistance than the neat
samples when subjecting to impact with an average ofiéNl&hd 7.5X&N peak loads for 40 ands55J

impact energies, respectively compared to kI8&nd 6.67kN for neat samples.

1.10 Conclusion

In this chaptera literature reviewvaspresentedo provide someeneralinformation on the

idea of this thesis

Themost common wetting theories asdperhydrophobicityvere firstly discussedBased on
thetwo criterionsthatmust be satisfietbr superhydrophobicity (i.elpw surface energy, arutesence
of surface roughnejsavailablematerials and methods for fataiing superhydrophobic coatinggere
briefly introduced Among these material and methods, a combination of silicone NR#and spray
coating technigue has shown to be favorable in termemfoxicity, ease of application and largeale

production

The selfcleaning, anticing, anticorrosionproperties of these surfaces were mentioned as
their main applicationsA general overview of the currembmmercial status ofuperhydrophobic
coatingswasgivento highlight themajor shortcomings of theiperhydrophobic coatingsadingto the
limited realworld application. As the main drawback of these coatings, the durability vgase
discussedin more details and some of the new approaches for overcoming this challenge

represented.
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Furthermoreself-healing materialghat areoriginally inspired bythe wound healingn living
organisms were introduced as the promising solution for increasing the sefif&®f polymeric
structures.Currently, multiple mehanismsexist for mparting sel-healing ability to polymeric
materials, whileincorporation of sethealing microcapsules ill the mast reported method-ere,
microencapsulatiomethodwasintroduced, the common methodologies for preparing microcapsules
werepresentedandthe importance of selecting type and amount of materials as well as the processing
parameters and microcapsulesrelateristics were then highlighte8ince the characterization of self
healing is of high importanca the final section of this chaptite common methods for characterizing

self-healing abilitywerealsoexplained.

Theresults ad disscusions on thebjectives of this thesis aexplained in detail within the

subsequent chapters
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CHAPTER 2- ARTICLE 1

DEVELOPMENT OF A DUAL CAPSULE SELF -HEALING SILICONE COMPOSITE USING
SILICONE CHEMISTRY AND POLY (MELAMINE -UREA-FORMALDEHYDE) SHELLS

A. Allahdini *, R. Jafari, G. Momen
Department of Applied Sciences, University of Quebec in Chicoutimi (UQAC)
555, boul. de I'Université, Chicoutimi, Québec, G7H 2B1, Canada

E-mail: Anahita.AllahdiniHesarouyeehl@ugac.ca

2.1 Abstract

This study aims to develop microcapsules that can be used ageogrerature selfiealing
agents in silicondbased matrices. A telechelic reactive silat@sminated polydimethylsiloxane
(PDMS) as the healing agent, was selected to ensure thegeaeity of the polymeric matrix and
encapsulated in poly(melamiugeaformaldehyde) shells through angitu emulsion polymerization
technique. To catalyze the polycondensation reaction of the healing agent, dibutyltin dilaurate (DBTL)
was encapsulatedithin the same type of polymeric shell. The synthesized microcapsules were
characterized using Fourigansform infrared spectrometry, optical microscopy, scanning electron
microscopy, and differential scanning calorimetry. The analyses confirmed hbatspherical
microcapsules with an average size of 56 um for PENWS- microcapsules and 42 um for DBTL
MUF microcapsules, with a shell wall thickness of 1800 nm, and good thermal stability were formed.
Therefore, the twawomponent sefhealing siliconeeomposite was successfully developed using 10:1.2
wt.% PDMS: DBTL microcapsules within the silicone matrix. Scanning electron microscopy (SEM)
showed the selfiealing ability of the silicone matrix by observing the successful healing of microcracks
at roomtemperature. Tensile and trouser tear tests were adopted to assesshbalisglfoerformance

of the elastomeric matrix, showing the defaling efficiencies of 67% and 55%, respectively.



Figure 2-1. Graphical abstract.

2.2 Introduction

All surfaces are subjected to mechanical damage, and microcracking can likely occur during
handling, use, etc. Since the 1980s, inspired by living organisms, demand for alternatives to surface
reparation has led to the inttuction and application of novel séléaling surfaces and the autonomous
healing of microcracks to extend the {gpan of polymeric componer®2]i [24]. In the last decade, a
growing number of research on the smart-keliling materials based on various approaches including
encapsulation367], [368], coreshell fibers[369], hollow fibers and microvascular networa70Ji
[372] has been investigated. Microencapsatatechnologg the action of enclosing a solid, liquid, or
gas within an inert shél was first developed in the 1950s and is by far the sinstied sekhealing
concept[373]. As microcapsules can be easily incorporated into various matrices through a range of
available blending techniques, microencapsulated -hsglfing materials are favorable for
commercialization[368], [374] Healing occurs when ¢h healing agent is released from the
microcapsules and fills the microcracks through capillary action. The healing agent could be cured in
situ by reacting to a catalyst phase dispersed within the matrix, a second type of microcapsule containing

a catalysor hardener, or a latent functionality in the maf8@5], [374]

The versatility of microencapsulation technologies offers an unlimited combination of core and
shell materials for the selfealing of surfacef321]. Encapsulation of dicyclopentadief#t], [375],

[376], epoxies[342], [343], [3771[379], PDMS [282], [380] [382], and isocyanatef383], inside
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various polymeric shells such as ufeemaldehydg325], [343], [384] [386], melamineformaldehyde

[373], [387] melamineureaformaldehyde[387]i[389], polymethylmethacrylat¢390]i [392], silica

[393], etc., are investigated for séléaling purposes. The fabrication of microcapsules can be divided
into physical or chemical methods. In the pbgb methods, including electgpraying[394] and
coacervatior395], the shell is formed through physical processes, such as dehydration or adhesion,
while the chemical composition of the shell materials remains unch§d®@ed Chemical methods are
mainly based on the polymerization techniques while emulsion polymerization is by far the most widely
reported321]. Polymerization techniques are appealing for many purposes because of theictdege
productions, ability to control and scalp to produce higlguality microcapsules havintpe desired
mechanical and thermal properties. Various parameters can affect the efficacy, size distribution, and

properties of the microcapsulg23], [368], [374], [396]

The design of a suitable sdléaling system requires considering the ease of erlasipsiithe
stability of the components under various environ
service life of the polymeric components. Once triggered, a propdresdihg system should be able to
respond quickly to damage. The micapsules must disperse effectively within the polymeric matrix,
rupture in the event of cracking, be capable of releasing the core material into the crack and have minimal
adverse effects on the properties of the base matrix. The core material, as thengenent of a self
healing system, is chosen mainly based on the desired properties of the final application. AlImost all the
other components and processes are designed and formulated to fulfill the proper encapsulation of the
core material. However, éhcorrect selection of the shell materials, emulsifiers, etc., strongly affects the

properties and behavior of the microcapsules and, consequently, thea@aify ability.

Currently, silicones and specifically PDMS (polydimethylsilox@nepnsidered as #h
simplest types of siliconésare widely used across a variety of fields. They areflaonmable,
thermally and chemically stable, and they have low surface tension and a wide range of operating
temperatures, making them suitable choices for common ewengda{397], [398] Nonetheless, the
low rigidity and surface hardness of silicones makes them easily scratched or cracked, which can

compromise the performance of these materials.
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Using PDMS as a healing agent within Bcehe matrix could therefore ensure the chemical
homogeneity of the structure and maintain the bulk and surface propertiebea@ify results are

improved when using a sdfiealing PDMS chemistry within a PDMS matf899].

In this study, sethealing microcapsules containing a telechelic silieohinated PDM8 a
group of polymeric chains with functional groups on both 8nithat is curableeen at temperatures as
col d °eR0O0J, [20a]were incorporated within a PDMS matrix. An organotin compound, DBTL,
was selected to catalyze the polymerization reaction of the silicone kdishoencapsulation offers
various advantages toglproper functionality of the system and is used to enhance the effective service
life of the selfhealing material. In this work, both components of the healing system are encapsulated
to prevent any possible side reactiogid®the matrixwithin its service life Also, if the materials are
not encapsulated inside shells, they can migrate toward the surface of the composite/coating leading to
the reduction in selfiealing capabilityThe healing agent (DMS12) and the catalyst (DBTL) were
encapsulated separately, using the same melam@sformaldehyde shells. Urdarmaldehyde (UF)
shells, the most widely used shell for various core materials, are modified by introducing small amounts
of melamine into the synthesis procedure. This intotidn of melamine greatly heightens the
robustness and stability of the shell and enhances its flowability as a powder; as well, this approach is
more costeffective compared to melamiiermaldehyde (MF). These melamineeaformaldehyde
(MUF) microcapsles are also much simpler to synthesize and handle than UF microcdp3dles
[387], [402] [405]. The use of a similar chemical composition for both microcapsules asteatifg
pair within a single matrix is less commontime literature, despite this approach being able to increase
compatibility within the system and reduce preparation cosis.effectiveness of these microcapsule
matrix combinatios in the selfhealing of microcracks at room temperature was evaluatétkitise
SYLGARD 184/TEOS elastomer. A polycondensation reaction of the healing agent with the present
ethoxy groups in the presence of DBTL catalyst, is responsible to form an adhesive layer between the
crack faces, which is quite the same chemistry 8se0PDMS matrixThis combination leads to a self
healing composite with a unique feature in which the healed polymer in the crack plane is similar to the

matrix.
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2.3  Experimental Section

2.3.1 Materials and Equipment

The chemicals which were used in this paper and their functions are represérabhk 1.

The insitu polymerizations were carried doside a doublevalled reactor (ACE Glass Inc., USA). To

maintain a constant temperature for the polymerization, a circulating water bath was used. A digital

overhead stirrer and an anchor type impeller were used to properly mix the emulsion bath.

Table2-1. List of chemicals and their functions in this study

Role of material

Material name

Company

Core healing agent

Silanolterminated
polydimethylsiloxane (DMS512)

Gelest Company

Corecatalyst Dibutyltin dilaurate (DBLT) Fisher Scientific
Urea Alfa Aesar
Shell forming .
Formaldehyde (37% solution) Alfa Aesar
components
Melamine 99% Alfa Aesar
ResorcinoB9% Alfa Aesar
Electrolyte Ammonium chloride 98% Alfa Aesar
Poly (ethylenealt-maleic SigmaAldrich
anhydride) (EMA)
Emulsifiers

Sodium dodecylbenzene sulfone
(SDBS)

Fisher Scientific

Anti-foam agent

1-octanol

SigmaAldrich

Matrix

SYLGARD 184

TEOS

Dow Silicones Corp.

Sigma Aldrich

2.3.2 Preparation of Microcapsules

PDMS-loadedmicrocapsules and catalylstaded microcapsules were both prepared separately

through the irsitu polymerization of melamine, urea, and formaldehyde #meivater emulsions. The
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synthesis procedures are detailed in the folhgnsubsections and illustrated schematicall¥igure

2-2.

2.3.2.1 HealingAgentEncapsulation: PDMncapsulatednside MUFShells

EMA (2.4 g)was dissolved in 170 mL of deionized (DI) water and then heated @602 h
to obtain a transparent solution, which was then cooled to room temperature. 0.5 g melamine, 3 g urea,
0.3 g resorcinol, and 0.3 g ammonium chloride were added to the sphutidithe solution was stirred
to achieve a complete dissolution of all components. The pH of the solution was adjusted to a value of
5i 6 by adding a few drops of ethylene diamine. Subsequently, 30 mL of ®MSvas added dropwise
by a funnel and stirredt 00 rpm for 30 minutes to achieve a stable emulsion. A small amount of 1
octanol was added to remove the air bubbles from the solution. Eight milliliters of formaldehyde solution
were then streamed into the reaction bath, and the temperature was raised tousthg the
programmable water bath. The polymerization lasted for three hours under reflux. The final slurry was
then cooled to room temperature. The emulsion was filtered uadeum using filter paper to separate
microcapsules. A freBowing powder of microcapsules was obtained after the slurry had been washed

with ethanol and plenty of water, aried for 24 h, and vacuwdlried for another 24 h.

2.3.2.2 CatalystEncapsulation: DBTLEncapsulatednside MUFShells

SDBSsolution was prepared (100 mL of a 1 wt, %)Y melamine, 10 g urea, 0.4 g ammonium
chloride, and 0.4 g resorcinol were also added to the solution, and the pH was adjusted using ethylene
diamine. Using a funnel, 50 g oL was introduced drop by drop to the solution, and then stirred for
30 min at 600 rpm to attain a stable emulsieoctanol was added to remove the air bubbles. 20 mL of
the formalin solution was streamed to the emulsion, and the temperature wasthtve#s and kept
under reflux for 3 h. The filtration, washing, and drying steps were completed according to the

procedures found iBection2.3.2.1
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Figure 2-2. Schematic illustration of the microencapsulation process.

2.3.3 Preparation of Self-healing Composite

In the presence of DBTL catalysdMS-S12 can go through the hydrolysis and condensation
reactions and form a viscoelastic material that is able to fill formed cracks; this polymerization can
continue even at low temperatures, making this combination suitable for a wide range ofiapglicat
To form the crosslinked network, multifunctional alkoxysilanes can participate in the reaction as
crosslinkers. For preparing the shdaling composites, the microcapsules were thoroughly dispersed
within a polydimethylsiloxane resin (SYLGARD 184)amixed with its hardenefEOS was added to
the mixture by 20wt.% of the Y LGARD 184. For the excess bubbles to be removed, the silicone
composite was thenvacueimi | t er ed and cured at 90 for 1 h.
the matrix were fixed at a ratio of 100:20:10:1.2 for the matrix: TEOS: PDMS microcapsules: DBTL

microcapsule weight ratios.

2.3.4 Characterization

2.3.4.1 Fourier-Transformlinfrared Spectrometry (FTIR)

The chemical composition of microcapsules was investigated using ya 638 FTIR
spectrometer (Agilent, USA) in the attenuated total reflection (diamond ATR) mode at an infrared range
of 400/ 4000 cm. The FTIR was carried out on a diamond surface cleaned with isopropyl alcohol prior
to the test. The microcapsules were thieimped with a consistent pressure to be brokba.FTIR test
was performed for all types of microcapsules, the core materials, and the extracted shells to verify the

encapsulation of core components and the formation of the MUF shell.
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2.3.4.2 Microscopy

Optical microscopy was performed using a Nikon polarizing microscope (Nikon ECLIPSE
E600Pol) to measure the size distribution of microcapsules. Scakigénggon Microscope (SEM)
images were taken on a J$80 LV SEM instrument, manufactured by JEOL, Japanpgerve the
morphology of microcapsules, their size distribution, and the shell thickness of the microcapsules. The

samples were sputtepated with gold, and the SEM scans were observed at 20 kV voltage.

2.3.4.3 Differentid ScanningCalorimetry (DSC)

The thermabehavior of the microcapsules was examined via DSC using a TA instrument DSC
in the heating range of 0 to 400 at a heating rate of 2G/min under nitrogen atmosphere to avoid

oxidation. The averagm sample weight was 6 N O0.

2.3.4.4 SelfhealingTesting

Theself-healing performance of the silicone composites were evaluated qualitatively via SEM
observation. The composite was scratched by a razor blade prior to SEM observation and kept at room

temperature to ensure the healing was underway.

To quantify the dé-healing efficiency, mechanical testing was employed. Tensile and tear tests
were performed using a universal testing machine (UTM ADMET, eXpert 7603, USA, loadcell 4.4 kN).
Both tests were operated to measure the healing efficiency of the healed tesnpased on their
references under specific standards. Therapared composites were poured into dumbbell and

rectangular aluminum molds, then fully degassed and placed in the oven to be cured.

The ASTM D638 standard was adopted for tensile testshfeetto five iterations for each
specimen at a crosshead rate of 50 mnmlmairroom temperature. The initial length was recorded, and
the device stretched the samples until rupture occurred. Strags curves were obtained, and the
healing efficiency was calculated by dividing the recovered toughddbe area under the strestsain

curved of the healed sample compdto the nordefected sethealing composite.
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For the trouser tear test, ASTM D624 was utilized, and samples were prepared hgpedion
geometry. The trouser test specimens had [Eggi{e 2-3b) that were extended in opposite directions
to obtain loaedisplacement curves. For amuring the healing efficiency, the rectangular samples were
cut from one end to 40 mm using a sharp razor blade. Then, a crack was applied at the end of the cut and
placed at room temperature for B4for the sekhealing action. The reference was thef-belaling
composite that was cut for 40 mm without applying a crack. The extension rate of 100 mm/min was
applied to each sample and the legs were pulled in opposite directions until the point of complete failure
of the sample. The healing efficiency wadctilated by dividing the tearing energy of the healed sample
to the tearing energy of the virgin sample. Tearing energy is calculated from the area under the load
versus displacement curves divided by the eeesdional area ofhe fractured surface (theample

thickness, multiplied by the length of the fractured pf&AY][406][407].

Figure 2-3. a) Aluminummolds for tensile and trouser tear tests; b) Preparation of samples for tear
test.

2.4 Results andDiscussiors

2.4.1  Optimization of Synthesis andEncapsulation Efficacy

To produce microcapsules having an appropriate size, morphology, dispersal ability and
flowability of the powder, handling, etc., the main parameters, i.e., agitation rate, emutsifiershell
ratio, and working temperature, were optimized using various experimental analyses. The details of these

optimization experiments are providedAppendk I.
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The primary objective was focused on producing a-fimeing powder of spherical
microcapsules, in a size range to be well filtered and dispersed within the {@8]jxTo acquire
optimal microcapsules, polymerizations were performed under agitation speeds of 300, 600, and 900
rpm. The optimal results with a size range oflll® um and average diameter of 56 pum were found at
600rpm (Table A-l. 1, Appendix ). In the polymerization media, the shell forming components could
be polymerized in the bath, rather than theagiter interface, while the latter is the ideal polymerization
sitefor encapsulation. The formation of large quantities of these polymerized shells which are named as
debris, could lead to poquality capsules, due to less available material for shell formation, and a more
difficult filtration is also observe{B368], [409](Table A-l. 2, Appendix ). The type and concentian
of emulsifiers are also highly important factors for the microencapsulation process. Emulsifiers lower
the interfacial tension between the two phases of oil and water. This forms a stable emulsion and prevents
particles from coalescin@45], [388], [410], [411] Increasing the emulsifier concentration reduces the
average size of core droplets in the media and the formed microcapsules. When we replaced about 8%
of the EMA with anioiic sodium dodecyl sulfate (SDS) surfactant, particle size decreased significantly,
and the resultant product turned into a sticky agglomerate rather than the desifedviregpowder
(Table A-I. 2, Appendix ). This effect may be caused by the smaller core droplets, which can enlarge
the active surface area of the core that should be covered with shell mdte4ials[412], [413]The

core/shell ratio may need to fire-tunedto overcome this issue.

The core/shell ratio effects on the morphology and the quality of microcapsules. Core to shell
ratios of 2:1, 4:1, and 6:1 eve selected for investigating the appriate proportions of components
(Table A-I. 3, Appendix ). Microcapsule size increases with greater amounts of core material, and
larger microcapsules are formed by increasing the core to shell weight ratio while holding all other
paraméers constant. At the same time, excess core materials can reduce the quality of the powders and

form a sticky aggregate of fragile microcapsules, which has a poorer dispersiona[4biljty

A certain amount of roughness on the surface of microcapsules enhances the mechanical
interlocking and adhesion of microcapsules to the md#08], [415] The polymerization time and

temperature have significant effects on shell properties. The effect of temperature on microcapsule
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synthesis procedures are investigated as reportdabite A-I. 4 and Table A-I. 5 (Appendix ).
Extremely low temperatures, or short reaction times, produce microcapsules having an inadequate
mechanical strength because of atioio shell thickness and the imperfect polyination of the shell
materials. Extending the polymerization time leads to a narrower size distribution of microcapsules,
which is comparable to the Ostwald ripening mechanism in the crystal growth appt@é&thThe

smaller sol particles in the media candissolve and deposit on larger particles. This minimizes the
surface area thé a spontaneous and more thermodynamically stable state. On the other hand, very long
polymerization times lead to very thick shells, which can reduce theeglihg efficacy by decreasing

the core to shell ratio in the synthesized microcap$dleg, [418] As well, high temperatures can lead

to an uneven distribution of microcapsule size and produce debris in the emulsion bath or on the shell
surface becaus# the increased reaction rd868], [374], [419] Therefore, appropriate polymerization

conditions play a key role in the functional performance oftsedfling microcapsules.

To investigate the efficacy of microcapsule fabrication, the yield of microencapsulation was

calculated by dividing the weight of total obtained dried microcapsuleshby the amount of raw

capsuleforming ingredients initially added to the reactaor, w , as defined bequation2-1.

ORI Q0 jw w p T (Eq.2-1)

Microcapsules core content was calculated using solvent extraction method. For this purpose,
a specific weight of microcapsule®, , were crushed and heated to 150°C. Then crushed powders
were added to a proper s oandféterdad., Theudsitue was dried undert e d
vacuum at room t emper a.fThercoee contemt of hadh typef micocapdulesa i n

was measured accordingdguation2-2.

IR EMRAED © jw pTT (Eq.2-2)

For the optimized encapsulation processes, the encapsulation yield was calculated for three

batches of each type of microcapsules, and the results showed yields of 82% and 84.5% for PDMS and
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DBTL encapsulation, respectively. While the obtained core content for PRMS and DBTL-MUF

microcapsules were 525% and 5% 8%.

2.4.2 Chemical Composition of Microcapsules

For both types of microcapsules, shell formation occurs through the polymerization of
melamine, urea, and formaldehyde on the interface of the dispersed cores inside the continuous phase.
At the initial stage, these materials react to form a low moleeus#ght prepolymer. The prepolymer
grows as time and temperature increase and deposits on the interface of water and the core material. The
solid and norpermeable capsule shell forms by continuing the polycondensation reaction between urea,
melamine, anddrmaldehyde on this interfa¢d23], [403], [420] [422]. As illustrated inFigure 2-4,
the triazine ring, which is a nitrogerontaining heterocyclic ring, provides evidence of the formation of

the MUF shell.

Melamine Urea Formaldehyde
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Figure 2-4. Schematic illustration of the melamineeaformaldehyde sheforming reaction.

To investigate the chemical composition of microcapsules, FTIR spectroscopy was used while
the formed microcapsules should show charactepstaks of both the core and shell components. In
Figure 2-5 a (encapsulation of PDMS), the transmission FTIR spectra of core and shell compounds are
represented as is the FTIR result of the formed microcapsules. The peaks at a high wavenumber range
of 3400 3300 cm' are attributed to the stretching vibrations of @&l and NH groups existing in the
melamineureaformaldehyde structure as well as theHQn the silanol bands of PDMS. The bending
vibrations ofi CH; are visible at 1353 crh In the region between 1500 and 1700%¢cthe transmission
peaks can be assigd to the coupling vibrations betweerHY shearing and the stretching of C=N,

which provide evidence for the structure of the triazine ring. In the low wavenumber rangé b @GDO
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cm®, the vibrational bands are further evidence for the formation dfitiine ring at around 800 ¢
because of the out of plane deformation of the ring. Therefore, all characteristic peaks of the MUF shell
and PDMS core are observed in the microcapsule FTIR spectra, which confirms the successful

encapsulation process thie PDMSloaded microcapsules.

In Figure 2-5b (encapsulation of DBTL), the characteristic bands of triazine ring visible at
1550 cm* and around 800 cij following the C=0 vibrations at 1626 cinconfirm the formation of a
melamineureaformaldehyde shell. Qi C stretchingoecause othe ether brigeat around 1020 crh
is alsopresent. The OH deformation in @PH is visible at around 1240 cinThe FTIR spectra for the
DBTL-loaded microcapsules (shown in blue), containing both DBTL and MUF typical absorption peaks,

indicate DBTL encapsulation ing@dhe MUF shell.

The FTIR spectra of the formed microcapsules contain all the characteristic peaks of PDMS,
DBTL, and the MUF shell. These spectra indicate the encapsulation of core materials inside the shell,

whereas no chemical reaction occhetween the cores and the sHeliming components.
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Figure 2-5. FTIR spectra for (a) encapsulation of DMH 2 inside a MUF shell; (b) encapsulation of
DBTL inside a MUF shell.

2.4.3 SizeDistribution of Microcapsules

The size distribution of both types of microcapsules was investigated by measuring capsule

diameters among different batches of microcapsules. For imaging and measurements, SEM and optical
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microscope images were used in Imagefiware. The optical images and particle size histograms are
shown in Figure 2-6a, b and Figure 2-6¢, d for PDMSMUF and DBTL-MUF microcapsules,
respectively. Usually, the size distribution is quite wide because of the different flow patterns of agitation
in the polymerization bath. The sr&lmicrocapsules are formed in the vicinity of the agitator blades,
whereas the larger microcapsules are formed in the more distant rgtfi8hsThe size distribution of
PDMS- and DBTL-loaded microcapsules falls within the range of 110D um with an average size of

56 um,and 10 80 um with an averagef 42 um respectively. This particle size distribution can provide
sufficient core material in case of cracking and at the same time, they are applicable for use in polymeric

composites.
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Figure 2-6. Optical microscope images and histogram plots of (a, b) PIMWE microcapsules and
(c, d) DBTL-MUF microcapsules.
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2.4.4  Morphology of Microcapsules

SEM images of synthesized microcapsules are presenkéglire 2-7. As observed ifrigure
2-7a (PDMS microcapsules) arfdgure 2-7d (DBTL microcapsules), both types of microcapsules are
spherical, show no signs of coalescence between particles, and present a slight roughness on the outer
shells owing to the reeposition of small particles on the surface of larger particles, as medtio

Section2.4.1

Figure 2-7b, epresentSEM images of single microcapsules of PDIM8F and DBTL-MUF,
respectively. Brown et al. suggested that the precipitation of higher molecular weight prepolymer
(melamineureaformadehyde in this case) causes the roughness of the outer Sugaes that a
smooth shell is formed through the deposition of low molecular weight prepolymer at the/aizme
interface[415], [424] The DBTL-MUF capsules show rougher capsule walentthose of the PDMS
MUF microcapsules. This greater roughness of the DBIF capsules may occur because of the
larger formaldehyde ratio in their fabrication than that for PEMISF synthesis; the greater the
formaldehyde ratio, the higher the condensatieaction rate, and thus the faster deposition of
poly(melamineureaformaldehyde) nanoparticles onto the shg#88]. The same pattern has been
observed in ureformaldehyde shells, where increasing the formaldehyde content also increases the

precipitation of highmolecularweight prepolymepnto the shell wall424].

To investigate the shell morphology and measure the shell thickness of microcapsules, we
ruptured some microcapsules using a razor blade prior tesgoliering. The ruptured shells are shown
in Figure 2-7c, f. The inner surfaces of microcapsule shells are uniform, compact, and smooth having a
thickness of around 200 + 30 nm and 100 + 20 nm for the RDIS and DBTL-MUF microcapsules,
respectively. Théormed shells ensured the sealing of core materials with no leakage and failure during
the processing steps, yet they were not too thick to prevent the rupture of the microcapsules when

necessary.
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Figure 2-7. SEM images of (a) PDMBUF microcapsules having a spherical shape; (b) a single
PDMSMUF microcapsule with a more detailed shell morphology; (c) shell thickness measurement
(PDMSMUF): 200 nm; (d) spherical DBTMMUF microcagsules; (e) a single DBFTMUF
microcapsule; (f) shell thickness measurement (DBIUF): 100 nm.

2.4.5 Thermal Stability of Microcapsules

Differential scanning calorimetry (DSC) can confirm whether the microcapsules contain the
encapsulated core. This verificatitss possible by knowing the physical and chemical properties of the
shell and core components by observing their distinct transition temperatures. The thermal stability of
microcapsules is an important factor for dedfaling applications. DSC curves deténe the temperature
range of the microcapsules for which they are chemically and thermally gi@8]e[424] As well, the
boiling points of PDMS and DBTL can indicate the presence of the encapsulated core materials inside

the shell.

To investigate the thermal properties of tpelymeric MUF shell, a small mass of
microcapsules was broken apart, washed several times in solvent to extract the cores, dried at room
temperature, and analyzed the material using DSC. The resulting DSC curves of extracted MUF shell,

PDMS, PDMSMUF, DBTL, and DBTL-MUF are shown irFigure 2-8.
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Figure 2-8. DSC thermographs of the extracted MUF shell PDMS, PIMS-, DBTL, DBTL-MUF.

In the extracted MUF shell DSC curve, the fir
evaporation of residual water and unreacted formaldehyde in the melaresfermaldehyde
polymers. The series of degradation steps of the MUF shell are obsgrihesitivo endothermic peaks

at around 22404],[425hd 300

Telechelic hydroxykerminated silicones can be prepared by the-cimgn equilibration or
redistribution polymerization of cyclosiloxanes, in which, at thé efreaction, 1.5% of cyclic unit
could be remained in the media depending on the equilibrium condui®6f [428]. In the PDMS DSC
curve, the endothermic gk at <2 0 0 could be attributed ta the bc
monomers (octamethylcyclotetrasiloxane). Considering this transition peak for PDMS, the peak at
around 170 -MUR-cutvéhcenfirlithvkEncapsulation of PDMS inside the microcapsules.
The peak around 308 5 0 can be attri biortoétde careoover theeshell, which u al d i
leads to the decomposition of microcapsules. Therefore, as the fMFScurve does not show any

transition related to the decomposition or chemioc
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thermal stability 6the formed microcapsules. For the microcapsule DSC curves, because of the smaller

fraction of the shell to the core, the transition peaks related to the MUF shell are mostly n§4kSjted

In the DBTL DSC curve, the indicative boiling transition peak also occurs at around 200
whereas the peaks at 3@05 0 demonstrate the decompoMUR i on of
DSC curve, both peaks are also observed, and the microcapsules are stable when hesal at t

temperaturef429].

2.4.6 Selfhealing Performance of Silicone Composite

The crosssections of the prepared sékaling composd, as explained i®ection 2.3.3 are
displayed inFigure 2-9. The SEM images show that there is no specific interfatevden the
microcapsules and the silicone matrix that suggests good compatibility between the components. Also,
a hollow site remained after the breakage of apffiémicrocapsule and the shell residues are illustrated

in Figure 2-9a andb, confirming the rupturing of microcapsules in case of damage.

Figure 2-9. SEM images of the crosection of a selhealing composite and a) hollow sites after
microcapsule breakage and with b) a remnant of microcapsule shell.

The selthealing performance of this compositecors because of the polycondensation
reaction of the PDMS and remaig ethoxy groups in the presence of thelimsed catalyst (DBTL)
(Figure 2-10) [401]. Firstly, the resultant polycondensate product of PDMS could adhere to the matrix
because of its viscous nature and form as an adhesive layer between the crack faces. Secondly, the

viscous product can continue its polycondensation reactionthgthunreacted ethoxy groups in the
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matrix and form the crosslinked network in the crack plane. As this chemistry is quite similar to the host
matrix, the sekhealing imparts no heterogeneity to the composite. Additionally, successful crack filling
occursas both PDMS and DBTL have good flow properties stemming from their low viscosity, and

there is no need for a diluent in the dedfaling process of this matrix.

CH; CH; CHs CH; 1
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Figure 2-10. Condensation polymerization BDMS in the presence of the DBTL catalyst.
The selfhealing performance of the composite was observed by monitoring the changes to a
crack through SEMKigure 2-11a, b). After scratching the surface to form a crack, the samples were
kept at room temperature for at least 24 hours. Crack filling is highly dependent on the width and depth
of the crack andhie selfhealing agent ratio inside the matrix. A good dispersion of the healing agents
ensures that appropriate amounts of healing agents are found across the surface of the composite. Here,
we observed that for a crack width of around 10 um, the crackulgdilled by the healing agends

these agents were released and filled the crack through capillary modeamehtured in situ.

Representatives of stresgain and loadlisplacement data for the samples are showigiare
2-11candd, respectively. The tensile test was performed on four types of samples (including the pristine
SYLGARD184+20%TEQOS and the cracked one, the prisiiglehealing composite and the healed
composite) to investigate the effect of de#faling microcapsules on the overall mechanical performance
of the composite. Here, the incorporation of microcapsules reduced the mechanical properties (tensile
strength, ltimate tensile strength, toughness, and strain at break of the composite), green linesgompar
to the pristine matrix, SYLGARD184+TEQS, (black line). However, when a crack is formed in the
pristine matrix, the sample ruptures easily (blue line) in terade of selhealing microcapsules. After

the healing occurrence, the shHaled composite could show a dadfaling efficiency of 67% for an
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average of five iterations through the tensile testing. For the tear testing, an average healing efficiency
of about 55% was obtained for the composites in which the tear path propagated through the healed

regions.
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Figure 2-11. Selthealing performance of the dualicrocapsuleintegrated silicone composite; a)
immedately after cracking and b) After at least Bof after cracking at room temperature; c) Stress
strain curve obtained by tensile test, d) Ladigplacement data by trouser tear test

2.5 Conclusion

Silanokterminated polydimethylsiloxane (DMS12) and dibutyltin dilaurate (DBTL) were
successfully encapsulated as the healing agent and the catalyst inside poly (metamine
formaldehyde) shells separately through in situ emulsion polymerization geesniMelaminairea
formaldehyde shells are preferred over both dioemaldehyde and melamisfermaldehyde shells
owing to their higher robustness to lower cost. The resultant products wefftofveey powders of
sphericalshaped microcapsules. Thesemoapsules had a compact and uniform shell morphology and

good thermal properties. The average diameter of the RBMMB and DBTL-MUF microcapsules was
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56 um and 42 um, respectively. The uniform and compact MUF shells with thicknessi @0D0Gm

showed sufcient sealing, handling, and processing properties during the fabrication steps yet easily
ruptured when microcracks were formed. The synthesized microcapsules showed promise as a healing
pair inside a silicone matrix having a unique feature namelyaime $DMS chemistry for the healed

area and the host matrix. For investigating the healing performance of microcapsules SEM imaging was
utilized observing the setepair of a microcrack. Also, tensile and tear tests performed on the self
healed composités attain the selhealing efficiency, ensured 67 and 55% of recovery by the proposed

system.
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3.1 Abstract

A major challenge of nefluorinated superhydrophobic coatings is the low gibass of the
infused nanoparticles in coating films compromising their-wetting properties. In this paper we
developed a robust transparent superhydrophobic coating using an alkoxysilane binder, fumed silica
nanoparticles, and methgiethoxysilane (MES), in which MTES can act as a coupling agent between
the nanoparticles and the binder to increase the stability of the hierarchical structures. The surface
wettability was assessed in terms of contact angle (CA) and contact angle hysteresis (CAH) atf wate
different subfreezing temperatures. The spragited superhydrophobic coating witiCA of 163
showed appropriate adhesion to different substrates, optical transmittance of 80% in thdighsible
region, and great newetting properties even afteanous extreme treatments, i.e., waterjet impacting,

i mmersing in pollutants and acid/ base solutions f
cleaning tests demonstrated that the superhydrophobic surface could shed various contarbioténts in

wet and dry conditions leaving a clear surface behindaditeesion strength and delay of freezing were

studied, and it was found that this superhydrophobic coating displayed excellent durability in icephobic
properties. The pusbff ice adhesion stregth of 13.3 kPa on the superhydrophobic coating after 15
icing/deicing cycles increased only 15% reaching to 15.4 kPa, confirming the superior icephobic

behavior of the coating.

3.2 Introduction

In recent years laboratory and industrial interest in multifunctional coatings has widely

increased. Among them, superhydrophobic coatings have shown to be promising candidates owing to
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their outstanding nomettability, selfcleaning, icephobic, anrfouling, and anticorrosion properties
[18], [25], [28] Inspired by nature, superhydrophobic surfaces havisigtee WCA of more than 150
and a dynamic contact angle (CAH, and sliding angle, SA) of less tifanahObe achieved by a

combination of low surface energy materials and mi@nostructurefl ,4i 6].

Ice formation and its accumulation on structures in cold regions is a challenging issue that has
led to several failures in power lines, telecommunication services, transportation systems, energy
harvesting devices, offhore #ructures, etc[11], [13], [431], [432] Common passive aniting
strategies can be categorized into two main groups, liquid trapping surfaces-aagpirg surface
[11,12] The "air trapping"strategy, where the mechanism is inspired by lotus leaves and used in
superhydrophobic surfaces, is mostly based on the rapid removal of water prior to ff2&gziGm one
hand, this strategy functions by preventing the ratae of ice by rapidly eliminating water droplets
arriving on the surface. It has been shown that SHPS can potentially prevent ice nucleation on the solid
surface by decreasing both contact time and contact area, and also increasing drayfef1&],

[435], [436] On the other hand, the trapped air pockets on the structures of superhydrophobic coatings
are beneficial in écreasing the contact area leading to the reduction in the adhesiof8f7ic8esides,

the presere of air cushions at the ice/coating interface plays a role in reducing heat transfer as well as
providing stress locations for crack initiation during ice rem@l/aJ18]. The "liquid trapping" strategy,

or slippery liquid infused porous surfaces (SLIPS), is inspired by the pitcher plant and involves using an

infused lubricant to eliminate the condensatibmwater in pores and to reduce ice adhe§iéh20]

Silicone resins have been widely used in many industrial and protective coating systems owing
to their unique chemical and physical cltaeaistics and abundance of a wide range for material
synthesis. Highly crosslinked networksRIDMSform very stable chemical bonds, and their low surface
energy makes them suitable binders and precursors in several applications to develop superhydrophobic
and icephobic materials and surface coatifig8], [442], [443] The backbone and chemical
functionality of the utilized silicone binder can strongly affect the performance and behavior of the

developed coatinfft44], [445]
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A hierarchicalmicro-nanostructur@s another important factor governing the wettability of
surfaces that are expected to maintain air pockets underneath water droplets, forming a stable non
wetting CassidBaxter statg64], [446]. Silica NPsare attractive options to create micro/naale
roughness for superhydrophobic coatings and surfaces due to théoxiaity, optical transparency,
and low environmental impaci®5], [447]. Superhydrophobic coatings could be achieved avia
combination of silicone resins and hydrophobically modified siNgs. The durability issues have
always been a challenge for superhydrophobic coatings, bottlenecking the transfer of these technologies
into reatworld applicationsOptical transparencig another important parameter for superhydrophobic
coatings in many applications. Generally, transparency and superhydrophobicity are conflicting since
higher surface roughness, which is favorable for-wetting durability, could hinder the transparency

of the coating by increasing light scatter{i3g].

The interaction between tHgPs and the matrix is crucial for the durability of the non
fluorinated superhydrophobic coatings. If there is a weak interaction the nanostructures are removed
easily by abrasion or erosion leading to superhydrophobic failure. The mechanical propettes of t
nanomaterials, resistance of the matrix against wearing, and adhesion of the coating to the substrate are
other factors which should be considered in designing such coatings to enhance tligie léad
efficiency in order to obtaia mechanically dable superhydrophobic surfaf@19]. A recent approach
for elevating the robustness of a polymeric coating is to inetbagpossible crosénking sites between
the functional groups in the foutation [242]. Ming et al.[253] reported a procedure for preparing
hierarchically roughened superhydrophobic films by using raspfikesilica particles in an epoxy
amine matrix.The raspberry particles were prepared by covalently bondpuaxyfunctionalized
monodisperse silica particles of about 700 nm and affuimetionalized silica particles of about 70 nm
via the reaction of epoxy and amine groups. Then rasphikerysilica particles with an amine
functionalized surface were chemigadleposited onto the epoxy films, generating roughness with dual
size length scales. Finally, a layer of mapoxy-endcappedPDMSwas grafted onto the particles to
render the film surface hydrophobic, resulting in the films showiNgGA of 165° and CAHof 2°.

Yang et al. [254] used a mixture of TEOS,

heptadecaflaro-1,1,2,2tetrahydrodecyltriethoxysilane, and nanosilica in an ethanol solution to
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formulate a bridgedNPdsol solution for spraycoating, leading to a transparesperamphiphobic
coating. The coating showed enhanced robustness against sand alesiiog, and wategetting.

However the incorporation of fluorinated agents, which are expensivéoxig is a major drawback.

Over several reports on fabricating superhydrophobic coatings the most widely reported
methods are sajel [448], [449] chemical and electrical depositif®b], plasma etching techniques
[450], and selassembly451]. On one hand, in a majority of the reports, fluorinated compounds have
been used for creating superhypinobic surfaces due to thaittra-low surface energy; while their
application is a global concern because of their potential toxicity, biomagnification, and bioaccumulation
effects[452], [453]. On the other hand, many of these traditional methods are costly and/or require
sophisticated equipment in the laboratory ar@hnot be used in largeale, lowcost, and rapid
fabrication. This issue is still a major drawback specifically for thbrifation of transparent
superhydrophobic coatings, in which lithographic processes or the usage of nanoscale roughened
templates are pricy for applying superhydrophobic coatings to the large area of glass or polymeric
surfacesBesides, very few articlda this field focus on the industrial applications, the durability and
robustness issues of the fabricated superhydrophobic surfawesg the application methods, the
coatings which are applied using the spraying method have shown promise in the rdenélop
superhydrophobic coatingd 76], [454] and could be one of the very best choices for industrial
applicationsTherefore, despite a growing amount of recent resetretegis still a need for developing

new facile strategies to enhance the consistency of the superhydrophobic ddabihgg56]

In this work we proposed a method to create a transparent superhydrophobic/icephobic coating
of methoxyfunctional silicone resin, fumed siliddPs, andMTES that can be applied on various
substrates such as glass and metals. Transparent superhydropladibigsccould endow the surface
with the superhydrophobic characteristics while not altering tbiical properties making them
promising candidates for solar cell systems, -dest windows, optical equipment etc. [457].
Organofunctional silanes, represented as R8iX¥wvhich X is substituted by methoxy or ethoxy groups)
are used as opling agents to increase the interface interactions between an organic filler and a polymer

matrix [458], [459] Here, the methyltriethoxysilane could act as a coupling agent to form a bridge
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between the nano silica particles and the metHorgtional silicone resin, helping to increase the

robustness of the hierarchical structures.
3.3

Experimental Section

3.3.1 Materials andMethod

Glass, aluminum (Al), stainless steel, and porcelain plates were washed with acetone to be used

as the coating substrates. A methoxy functional silicone resin, SILIKOPHEN AC1000, was provided

from Evonik Co., and tetra-butyl titanate was uskas its catalyst. Ethanol and butyl acetate were

utilized as the solvents. To prepare the-flaorinated superhydrophobic mixture, MTES, Sigma, and

HMDS-treated fumed silica, AEROSIL R812S from Evonik Co., were used to impart surface structure

and chemial surface treatment to the coating. The two steps for preparing the superhydrophobic coating

are represented iigure 3-1.

l I Substrate
Nanoparticles
+
MTES
Ultrasonication

Nanoparticles
Mixture B

=

g d®
( #omou.]
{
— (e

e Superhydrophobic coating

Figure 3-1. Schematic of the preparation steps of the superhydrophobic coating

The first step, to prepare mixture A, SILIKOPHEN AC 1000 wdded to butyl acetate and

stirred for 15 minutes. Tetnabutyl titanate catalyst was added and mixed for an extra 5 minutes.

Mixture A was sprayed on the substrates and placed in the oven at 70°C for 10 minutes to obtain surface

curing. After reachinghte appropriate surface curing, a thin layer of mixture B was sprayed on the

samples and cured at 70°C for 2 hours.
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Mixture B was prepared by thoroughly dispersing 0.7 g of fumed silica in 60 ml of ethanol,
followed by the addition of 0.5 g MAS to themixture and ultrasonication for 15 minutes. The role of

each step and materials are further explained in the Results and diss(Ssition 3.4).

3.3.2 Characterizations

The optical transparency of the coating applied on a glass slide was measured by a Cary 5000

UV1i Vis spectrophotometer in the visible range.

The coating thickness was measured using DeFelsko's PosiTector 200 and Elektrophysik
MiniTest70 cating thickness gayes. A crosgut test was performed by cutting a grid of 6 x 6
orthogonal lines with 2 mm spacing. Compressed air was gently applied to remove the-offipped
coating particles and the area was visually inspected. A rating was agsighedoating according to
ASTM D3359, ranging from 5B for an intact coating to OB for a coating peeled off completely. It is
worth noting that a distinction should be drawn between cohesion failure, when the failure occurs in the
coating layer betweenrgjle adsorbent particles, and adhesion failure, in which the point of failure is

located at the interface of the substrate and coating.

The chemical composition of the samples was assessed by Fourier Transform Infrared (FTIR)
in Attenuated TotaReflection (ATR) mode using a Cary 630 FTIR spectrometer (Agilent, USA) in the

range of 4004000 cm'.

Scanning Electron Microscopy (SEM) was conducted to survey the surface morphology of the
superhydrophobic coating. All samples were sptdteted witha thin layer of gold prior to SEM
analysis, performed by a JS8480 LV microscope utilized bthe energy dispersive spectroscopy to
characterize the elemental composition of the coaBngface roughness was obtained using the Bruker
MultiMode-8 atomic face microscope with scanning in the ScanAsyst mode using PeakForce Tapping.

The scanned area wasifh x1 um and the average data for three scans are reported.

Measuring the€CA of a liquid droplet placed on a solid surface is used to quantify its wetgabili

Tomeasureth&/CAs, t he sessile drop method was carried
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room temperature and sizlro temperatures. For the stAMCA measurements, a distilled water

droplet was deposited onto the sample surface andsthaye analysis software was utilized according

to the YoungLaplace approximation method. For the evaluation of CAH; 4 water droplet was
brought into contact with the surface and held with a stationary needle. The substrate was moved slowly
in one diection using a micromet screw. TheCAs appearing at the front and back of the droplet are
called advancing and recedi@ds, respectively, and the difference between the advancing and receding
CAs is reported as the CAH. The measurements were repeatigefdifferent spots on each surface

and the average values were reported with the associated standard deviations.

A high-speed chargedoupled device (CCD) camera at fps 5400 was used to record the contact
pr oc es s |wafer deopletiinfacted do the superhydrophobic surface, and the contact time was
obtained from the high speed camera. In this measurement the water droplets were released from a fixed

height of 10 cm over the surface.

The selfcleaning property of the superhydrophobic coating aesessed by contaminating the
samples under both wet and dry conditions. For the wet conditions the coated substrates were completely
immersed in a mukcontaminant suspension (20-ydirty suspension consisting of SiQarticles,
carbon black, and kaolimyl,Si»Os(OH),, in water) for 24 h. Then the samples were placed in the oven
at 70°C for 30 minutes to evaporate the water and investigate the presence of pollution residues on the
suface through precisely weighing the surface before and after being exposed to the pollution
suspension. For the dry condition carbon black and kaolin contaminants were sieved and applied to the
substrate. The sample was left for 30 minutes and thenjd @@ter droplet was used to wash the

pollution layer.

To assess the icephobic characteristic of the superhydrophobic coating two different analyses
of centrifuge tests and puslff tests were used to measure the ice adhesion strdingtlireezing delay
tit me was determined using the cold chamber of the
temperatures can reach-8D°C. First the sample was placed in the chamber, and the temperature of the

chamber was adjusted to the designated temperafife-15, and-20°C), then a 4ul distilled water
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droplet was deposited on the cooled surface. For the observation of different stages of freezing the video

recording was started from the onset of placing the droplet on the surface.

For the ice adhesion measumamh using the pushbff test, in a cold chamber at0°C, a thin
cylindrical plastic mold, 1.2 cm in diameter, was placed on the surface and filled with deionized water
to form a cylinder of ice ove?4 h. Using a remote computeontrolled interface, theofce gage
measured the shear force until the ice was detadtinedlefore the adhesion stress can be calculated by
knowing the maximum force and the icing area. For the ice centrifuge test, the samples (2.5 cm x 3.5
cm) were iced covered by spraying supercooled water microdroplets to simulate the icing conditions
under freezinglrizzle in a climatic chamber a8°C for about 35 minutes to obtain around 5.5 + 0.5 g
of ice. After 1 h the iced samples were transferred to a cold room equipped with a centrifugal instrument
to measure the ice adhesion strengthletC + 0.2C, and tle samples were installed at the end of a
beam and rotated at a controlled frequency. The force applied to the ice at the breaking point was
measured and the adhesion stress was calculated by dividing the force by the icing area. Furthermore,

adhesion redumn factor (ARF) is defined by following equation:

0'YO

(Eq.3-1)

Where 1 is the shear stress of ice removal on the reference (Aluminum and pristine resin)

andt is the shear stress of ice removal on the coating.

Sandpaper abrasion and adhesive peeling tests are commonly used to evaluate the mechanical
durability of superhydrophobic coatings. For the tape peelinghesadhesive tape (3M scotch tape,
USA) was applied and pressed to the coating to confirm complete contact between the tape and coating
surface, and then peeled off to observe the coati
theWCA andCAH were measured every 10 cycles. The abrasion test was conducted using an abrasion
apparatus (Manual Clemen Unit, Elcometer 3000, USA) equipped with an adjustable loaded force. For
each abrasion cycle the sampl e watan abnasiog fgreedof al on g

5. 0 Kk RMCA andl @A were measured after 10 and 20 cycles
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As the performance of coatings against chemical solutions is of great importemetett of
harsh acidic and basic conditions on the wetting properties of thiegeaas evaluated by immersing
the coated samples into various pHs ranging from 2 to 14 for 24 h and measuigAhand CAH

afterwards.

3.4 Results andDiscussiors

3.4.1 Contact Angle Measurements

The pristine SILIKOPHEN AC1000 film showedCA of 79° + 2.3°while the developed
superhydrophobic coating exhibited WCA of 163° + 2.1°. Water droplets placed on the
superhydrophobic coating rolled rapidly off the surface even in very low surface slopes, while the
pristine surface was easily wetted by water anadnoeement of the droplet was observed up to tilted
angles of >30°. Comparison of CAH and SA of the pristine resin and those of the superhydrophobic
samples Table 3-1) demonstrated that the surface structures on the superhydrophobic surface, in
combination with the low surface energy materials, lead to achieving a compositdigsidichir

interface, restiing in a CassiBaxter state responsible for such superhydrophodiiavior64].

Table3-1. WCA, CAH, and SA of water droplet on SILIKOPHEN AC1000 and the superhydrophobic

coating

Sample WCA (°) CAH (°) SA ()
79+2.0

SILIKOPHEN AC 1000 ‘ 9.3+15 >30
163 + 2.0

2303 v
Superhydrophobic Coating

3.4.2 PhysicoMechanicalProperties of Coating

The developed superhydrophobic coating could be applied to different substrates such as glass,

aluminum stainless steel, and porcelain, as showifrigure 3-2a, b, d, and Figure A-Il. 1. The
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thickness of coatings was in the range of-160 micrometers For a waterepellent surface to be
optically transparent the dimensions of the surface structures must be in a rangerrtitt tpe
transmittance of light in the visible spectrum, i.e., 200 nm. It has been shown that surface features
with dimensions of less than cuearter of the visible light wavelength are able to show this behavior
[46Q]. Optical transmittance of the superhydrophobic coating was measured on glass slides. The blank
glass slides had an approximately 90% visible light transmission, and the superhydrophobic coating
showed 80% visible light transmission as showRigure 3-2c. Thereforethe surface structures of the

developed coating are in the appropriate size range to show high optical transparency.

A crosscut adhesion value was assigned to the coating on afiemlinumand glass substrates
depending on the amount of peel&fl coaing (the digital photos of the crossit test are available in
Appendix II,Figure A-Il. 2). The superhydrophobic coating showed good adhesialutanum, steel,
glass, and porcelain plates rating as 2B, 3B, 4B and 4B (ASTM D3359), respectively. To investigate the
flexibility of the coating and its adhesion properties while bending, a cahtednumplate was bended
as illustrated irFigure 3-2d, showing that the coating could maintain its 1vegtting properties in the
bended regionFigure 3-2e illustrates a water meniscus of approx. 4.8 mm formed around the coated

aluminum called the Moses effect.

Figure 3-2. a), b) transparent SHP coating on glass; c)-\¥ible spectrophotometry of the glass
slide andSHP coatingd) Water droplets on a bendatuminumsubstrate showing that the coating
could maintain its notwetting properties in the bended region; e) Moséfect on the coated

aluminum substrate by showing 4.8 mm water meniscus
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3.4.3 Non-Wettability and CassieBaxter RegimeStudy

Formation of a stable interface in a watepellent surface is guaranteed by the robustness of
the CassidBaxter regime. The consisicy of the CassiBaxter regime to create and maintain low CAH
on the sample was investigated via various tests including the trapped air layer, waterjet, severe pressing

droplet, and water droplet impact, as showFigure 3-3.

@)

7

- o

S 15ms 27ms  94ms 97 ms 107 ms 116 ms 172 ms 180ms 222 ms 236 ms 261 ms 277ms 371 ms

Figure 3-3. a, b) Watetjet impact on SILIKOPHEN AC1000 and superhydrophobic coating; c)
Demonstration of thenirror-like phenomenon on the surface of the submerged SHP coating, the
masked area is completely wetted by water; d) Showing the wettability difference between the
superhydrophobic parts and the masked area; €) Severe pressing of a water droplet tiatiesofu
coating, initial contact, pressing, and lifting stages; f) Impact ofil@ater droplet on the
superhydrophobic coating, showing different stages of impact and five rebounds.
A water jet can compromise the CasBixter regime by diminishing theér pockets entrapped
in between the structures and by the penetration of water into the strjdttsSo,the impact of a
waterjet on the swgrhydrophobic coating was used to evaluate the stability of the water repelling
property of the surface. The waterjet adheres to the pristine coating film and accumulates on the surface
upon reaching itRigure 3-3a). In the case of the superhydrophobic coating, the waterjet rebounds fully
off the surface without leaving any residual water adhering to the coé&timgr¢ 3-3b), which shows
the stability of the CassiBaxter state. In this situation the cylindrical shape of the water jet is unaltered
upon reboundhig from the surface and water accumulation on the coating is not observétl CFhef

the superhydrophobic coating was measured after 10 cycles of waterjet test (equal tofEaterjet)

and the results showed no significahtingen WCA and CAH evemfter the repetitive tests, confirming
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the robustness of the superhydrophobic coating against the watd€ét € 162.4 and CAH= 2.8°

after 10 cycles).

Formation of a plastron layer is a characteristic sign which can be used to distinguish the under
water appearance of a superhydrophobic coating from a pristine coating, confirming-thettadnility
properties of the superhydrophobic structufidsis,a pathway on th@aluminumsubstrate was masked
before spraying the superhydrophobic mixture to observe different wetting behavior of the
superhydrophobic parts and the masked area. The submerged skigpte @3-3c), exhibited an
obvious bright plastron layer similar to an optical mitike effect in the superhydrophobic parts, which
is due to the totakeflectanceof light at the air layer trapped on the surface structures in which water
could not penetrate, confirming the stable conformation to thssi€Baxter regime[462]. This
phenomenon does not occur on the masked pathway dioe tmmplete contact of the water with the
surface interstices. When takiminumslide was removed from the water, the superhydrophobic parts
were completely dry without residual water while the4coated parts were completely wetted by water

(coloredby blue dye inFigure 3-3d).

The behavior of the superhydrophobic coating against applied additional forces could be
evaluated by severe contact with a water drddiéB]. For this test, a4l water droplet adhering to a
needé was brought to the surface. After the initial contact between the droplet and the surface, the
droplet was pushed toward the surface using the needle. The dvagl¢hen liftecupward. Here the
droplet detached easily and rapidly from the surface witle@ving any traces of water due to its ultra

water repellency property as showrFigure 3-3e.

To explore the dynamic behavior of a water droplet on the superhydrophobic coating, a water
droplet impact test was performed as showhRigure 3-3f. Due to the viscous dissipation triggered by
the air pockets at the interface, and depending on the impact velocity, a water droplet usually exhibits
either a complete rebound, a partial rebound, or splashing upon reaching a superhydrophobic surface.
Here he droplet impacting on the superhydrophobic coating manifests the three stages of spreading,
retraction, and complete rebound. When the droplet collides with the surface the droplet spreads until

reaching a maximum diameter at t = 3 ms. The kinetic er@frtfye water droplet is altered during the
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spreading stage. A portion of the kinetic energy is dissipated, and the rest is converted into interfacial
energy which is responsible for the spreading and deformation of the droplet. The extent of energy
dissipation and wetting transition governs the rebound characteristics during the jdftcThe low

energy dissipation on the superhydrophobic surface led to the retraction process and transfofmatio
part of the surface energy into kinetic energy. During the retraction process the droplet was reshaped
into a vertical liquid column to reduce its interfacial energy. Afterwards, when the inertia force in the
vertical direction exceeded the gravitydeadhesion force of the droplet, the droplet rebounded from the
surface[48,49] The droplet was in contact with the surfacedmund 19 ms before bouncing off and

the surface showed five full bounces. After almost 371 ms the droplet came to rest on the surface

dissipating all its kinetic energy.

3.4.4 SurfaceCharacterization

To study surface structures for superhydrophobicity nilbephology of the superhydrophobic coating

was observed by SEM as illustratedrigure 3-4a, b, andc. Also, the energy dispersive spectroscopy
results are presented in the supplementary information, in which, the data show 57.69, 40.87 and 1.44%
of silicone, oxygerand carbon atontn the surface of the superhydrophobic coating. The incorporation

of fumed silicaNPs resulted in the formation of a hierarchical miaano structure on the surfadéis
structure favors the entrapment of air pockets and formation of a layer of aiorcustierneath the

water droplets which is responsible for the superbdobic behavior, i.e., high values WICA and

low values of CAH. When incorporating a fumed sildBs the nanometric size leads to a very high
surface area and a huge increase i@ sarface energy, which is not favorablEherefore,the
agglomeration ofNPs reduces the total surface energy. Whereas the resin assists the binding of the
particles, and results in the formation of highly packed gsiserical shapes of multiple sizenges, a
hierarchical structure is consequently formed. This hierarchical structure is then favorable in the two
aspects of lowering the total surface energy and the superhydrophobic characf{déficén the
proposed mcedure for the fabrication of superhydrophobic coating in this paper it ismootey that

as theNPs are dispersed in the solvent phase, the size of agglomerations would be smaller, and the

outcome would be a superhydrophobic coating with high ogtiaasparency.
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The surface geometry of superhydrophobic coatings has been shown to play an important role
in the robustness of superhydrophobicity as well as the icephopiéif}. Atomic force microscopic
(AFM) analysis was also used for quantitatively measuring the dimensional surface roughness and
visualizing the surface texture of the stpydrophobic coating and thpeistine silicone resinFigure
3-4d, €. The surface roughness parameters are also preseriagliie 3-4 f. The arithmetic average
roughness is the absolute average relative to the base length, i.e., the average roughness between peaks
and valleys, while the root mean square (RMS) roughness stimvstandard deviation of the
distribution of surface roughness height. Pristine silicone resin had a relatively smooth surface with the
RMS (§) and arithmetic average roughnesg(Sval ues of 4.373 and 3.645 n
incorporation ofumed silicaNPs and formation of the superhydrophobic structure, the Sq and Sa values
increased to 57.05 and 46.67 nm, respectiwdligen the roughness dimensions are smaller than % of
the light wavelength, the coating becomes transparent by reducingtehsity of refraction at the
interface of air and coating. Here the roughness patterns of below 100 nm can effectively lower the

intensity of Mie scattering and concurrently maintain-mattable characteristi¢s1,52]

Skewness () is a scale of the features distribution relative to the mean, wherd $hdicates
a surface dominated by peaks ard<S0O indicates a surface with pits or valleys. The=S0.117 for
the superhydrophobic coating showing slight domination of valleys across the scanned area. The ratio
of the actual area to the projectatka shows an almost 37% increase in the surface roughness for

superhydrophobic coating.
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Figure 3-4. SEM images of the superhydrophobic coating at magnifications: a)100X; b)5kX; ¢)10kX;
d) AFM image of SIIKOPHEN AC1000; e) AFM image of the superhydrophobic coating film; f)
Average surface roughness parameters for the AFM images

3.4.5 Chemistry of the Superhydrophobic Coating

As explained in the experimental procedure, when the first layer (the SILIKOPHEN @@} 10
reached some extent of a surface curing, the mixtuNPsf MTES, and ethanol were sprayed as the
top layer. The solvent helped thi®sembed and fix on the matrix surface, aiding the reduction of total
nanoparticle weight ratio in the coating, resgtin a superhydrophobic coating with a high optical
transparency of 80%. MTES could participate in the coating formulation through two possible reactions.
On one hand, it could be hydrolyzed in the presence of humidity and participate in the condensation
reaction with thénydrolyzedmethoxy functional silicone resin, as well as the present OH groups on the
surface of silicaNPs acting as the coupling agent between the particles and the matrix, leading to
enhancement of the robustness and durability oh#hmssilica inside the coating. On the other hand,

MTES, which is highly hydrophobic, can be condensed withhiydrolyzedresin and increase the
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hydrophobic characteristic of the coating. Possible hydibisd condensation steps of the coating

moietiesare presented iRigure 3-5 a, b, andc.
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Figure 3-5. Possible a) hydrolysis and b) condensation reactions; ¢) MTES acts as the coupling agent
between silicdPs and SILIKOPHEN AC1000 that is responsible for robustneli®siin the
coating; d) FTIR spectroscopy of the superhydrophobic coating and stateies SILIKOPHEN
AC1000
The FTIR spectroscopyigure 3-5 d) was used to investigate the chemical composition of the

superhydrophobic coating and the surface cured SILIKOPHEN AC1000. The métimmtipnal
SILIKOPHEN AC1000 cures in the presence of tetra botyhotitanate catalyst throughtaostep
(hydrolysis and condensation) reaction. The peaks at the high wavenumber range of 350@hem
pristine film are attributed to the presence of28i groups due to the hydrolysis st€hviously,these

peaks ar@ot observed in the superhydrophobic coating which shows the completion of the reaction and
elimination of the hydrophilic groups on the surface. The other peaks at around 126002®1070

cm?, and 7806790 cm' are related to the GHdeformation in $CHjs, stretching of SO-Si and

asymmetric SO-C vibrations, and Cklrocking and SiC stretching in SCH;z, respectively. Also, the

peaks at around 2950 crare attributed to the asymmetric €$tretching in SICHs.
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3.4.6 Self-cleaningBehavior

Self-cleaning surfaces are inspired by the lotus plant, the symbol of purity in some ancient
religions, in which the water droplets can slide and roll over the surface and pick up dirt particles on
their waydown[183], [469], [470] To better represent the outdoor pollution conditions we can consider
two dry and wet pollution scenarios in which the behavior of the coating is evaluated againstidboth so

contamination and a suspension of pollutants.

Here, as explained, the coated substrates were completely immersed in-eontatminant
suspension (20.ig" dirty suspensiorconsisting of Si@ particles, carbon black, and kaolin in water).
Then the saples were placed in the oven at 70°C for 30 minutes to evaporate the water and investigate
the presence of pollutant residues on the surface through precisely weighing the surface before and after
being exposed to the pollutant suspenskailowing this nethod, the contamination on the surface of
the pristine sample is illustratedkigure 3-6 al, whereas theuperhydrophobisurface remained clean
and showed no evidence of accumulation or residues of contamin@igume 3-6 a2). Weighing the
samples after washing, the pristine sample shded 1§ «Xwhile for the superhydrophobic coating

the weight of the sample remained unaltered up to the third decimal digit.

The selfclearing behavior of the superhydrophobic coating was also evaluated using carbon
black particles which were sprinkled on the surface and removed by water droplets. As shigurein
3-6 b1, b2on the superhydrophobic coating, the water droplets removed the contamination on the way
down and the surface was cleaned. However, on the pristine surface, the water droplets were stuck to
the contaminated surface. This phenomenon is due to the greatsian of the water droplet to
contaminarg compaedto the adhesion of water to the superhydrophobic surface when rolling and the
lower adhesion of water to the contaminant in case of the pristine surface as shown in the schematic
images.Figure 3-6 c also represents the water droplet which has collected the sprinkled carbon black

particles on its way.
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Figure 3-6. Selfcleaning evaluation of the developed coating in wet and dry pollution scenarios. Wet
scenario: submerged al) SILIKOPHEN AC1000 a2) superhydrophobic coating irconttiminant
suspension. Dry scenarigsprinkled carbon black particles on bl) SILIKOPHEN AC1000 and b2)
superhydrophobic coating, and the schematic representation of the movement of water droplets on
polluted surfaces; c) attached water droplet collecting pollutants on its way on the sumpgtinyiiic
coating.

3.4.7 Durability Assessment

The broadranging application of superhydrophobic coatings has always been restricted by their
poor mechanical durability. To assess the durability of the superhydrophobic coatiNgCA and
CAH measurements are regented after each 10 cycles of sandpaper abrasion and tape peeling in
Figure 3-7 a, cfollowing the SEM images of the coatings after the t€sthe effect of presence of

MTES on the mechanical durability of the coating is representEdjure A-Il. 5, Appendix II)

After 30 cycles of tape peeling the coating still showed appropriate superhydrophobic behavior
and good water rolbff with WCA of 157.8 and CAH of 7. Also, after 20 cycles of sandpaper abrasion,
the coating was still superhydrophobic, however WE€A and CAH reached 152.6and 9.5,
respectively. Albeit, in the SEM images, the coating structures are compromised in some parts after the
mechanical testing (shown by yellow ddstes), the superhydrophobic coating still possesses

appropriate mechanical dinifity by retaining its norwetting properties after repetitive cycles.
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Figure 3-7. Durability assessment of the superhydrophobic coatW@A and CAH measurements
after a) 10 and 20 cycles of abrasids); 10, 20, and 30 cycles of tapeeling; ¢) immersion in pH
ranges of 2 to 14 for 24 h; d) abrasion apparatus and SEM image after 20 cycles of abrasion; e) tape
peeling tests and SEM image after 30 cycles; f) SEM images after acid and base treatments.

To investigate the chemical durability of the superhydrophobic coating, the coating was
immersed in different pH solutions of 2, 4, 10, 12, and 14 for 24 hours, aMiG#eand CAH were
measured. In pH = 2, THACA of the coating decreased and reached to82%%hd CAH increased to
the value of 8.2while at pH = 14WCA and CAH were 157%and 4.8, respectively, indicating that
pH values of the aqueous solution have little effect on thewsitability of the agrepared coating.
Therefore, such surface is superhydrophobic for not only pure water but also corrosive liquids and can
be used in all pH environmen({Ehe transparency of the coating after immersion in corrosive solutions

is illustrated inFigure A-Il. 4, Appendix Il)

3.4.8 Icephobicity

The ice adhesion strength measurements are reportatlimmum pristine SILIKOPHEN
AC1000, and the superhydrophobic coatinigure 3-8 a. The ice adhesion strengths of 13.3 and 126
kPa were obtained for pustif and centrifuge tests on the superhydrophobic coatiggalingto ARF

of 4.89 and 3.88 based on the pristine silicone resin.

The icephobic durability of the superhydrophobic aogtivas also investigated through 15

icing/deicing cycles of ice pusbff tests Figure 3-8 b). Showing ice adhesion strength of lower than
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