Prevention of Biofilm Formation on
Silicone Rubber Materials for Outdoor
High Voltage Insulators

Sevil Atari Jabarzadeh
Doctoral Thesis

Kungliga Tekniska Högskolan
Stockholm, 2015

AKADEMISK AVHANDLING
Som med tillstånd av Kungliga Tekniska högskolan i Stockholm framläggs till offentlig granskning för
avläggande av teknisk doktorsexamen fredagen den 23:e oktober 2015, Kl. 10.00 i K1, Teknikringen
56, KTH, Stockholm. Avhandlingen försvaras på engelska. Fakultetsopponent: Professor Ferruccio
Doghieri, Department of Civil, Chemical, Environmental, and Materials Engineering University of
Bologna, Italy.

Copyright © 2015 Sevil Atari Jabarzadeh
All rights reserved

Paper I
Paper II
Paper III

© 2011 Elsevier Ltd
© 2015 Smithers Rapra Technology
© 2015 Hindawi Publishing Corporation

TRITA-CHE Report 2015:51
ISSN 1654-1081
ISBN 978-91-7595-694-7
ii

ABSTRACT
Microbial colonization on the surface of silicone rubber high voltage outdoor
insulators often results in the formation of highly hydrated biofilm that influence
the surface properties, such as surface hydrophobicity. The loss of hydrophobicity
might lead to dry band formation, and, in the worst cases, flashover and failure of
the insulator.
In this work, the biocidal effects of various antimicrobial compounds in silicone
rubber materials were determined. These materials were evaluated according to an
ISO standard for the antimicrobial activity against the growth of aggressive fungal
strains, and microorganisms that have been found colonizing the surfaces of
outdoor insulators in several areas in the world. Several compounds suppressed
microbial growth on the surfaces of the materials without compromising the
material properties of the silicone rubber. A commercial biocide and thymol were
very effective against fungal growth, and sodium benzoate could suppress the
fungal growth to some extent. Thymol could also inhibit algal growth. However,
methods for preservation of the antimicrobial agents in the bulk of the material
need to be further developed to prevent the loss of the compounds during
manufacturing. Biofilm formation affected the surface hydrophobicity and
complete removal of the biofilm was not achieved through cleaning. Surface
analysis confirmed that traces of microorganisms were still present after cleaning.
Further, surface modification of the silicone rubber was carried out to study how
the texture and roughness of the surface affect biofilm formation. Silicone rubber
surfaces with regular geometrical patterns were evaluated to determine the
influence of the surface texture on the extent of microbial growth in comparison
with plane silicone rubber surfaces. Silicone rubber nanocomposite surfaces,
prepared using a spray-deposition method that applied hydrophilic and
hydrophobic nanoparticles to obtain hierarchical structures, were studied to
determine the effects of the surface roughness and improved hydrophobicity on the
microbial attachment. Microenvironment chambers were used for the
determination of microbial growth on different modified surfaces under conditions
that mimic those of the insulators in their outdoor environments. Different parts of
the insulators were represented by placing the samples vertically and inclined. The
microbial growth on the surfaces of the textured samples was evenly distributed
throughout the surfaces because of the uniform distribution of the water between
the gaps of the regular structures on the surfaces. Microbial growth was not
observed on the inclined and vertical nanocomposite surfaces due to the higher
surface roughness and improved surface hydrophobicity, whereas non-coated
samples were colonized by microorganisms.
Keywords: High voltage insulator, silicone rubber, biofouling, biofilm, biocide,
superhydrophobicity, self-cleaning, hierarchical roughness

iii

SAMMANFATTNING
Mikroorganismer kommer regelbundet att kunna fastna och växa på ytan av
utomhushögspänningsisolatorer. När detta sker resulterar det i förändrade
ytegenskaper då en biofilm som är hydrofil bildas på ytan. När biofilmen sedan
växer till sig minskar hydrofobiciteten på ytan vilket försämrar isolatorns funktion.
Det leder till energiförluster och ett behov av att ersätta isolatorn vilket kan vara en
kostsam process. Det finns olika strategier för att förhindra att biofilm etableras på
ytan av högspänningsisolatorer. Detta arbete har i del ett inriktats på att undersöka
om användning av olika antimikrobiella ämnen i silikongummi kunde förhindra
tillväxt av mikroorganismer. I arbetets andra del har istället silkonytornas struktur
modifierats varefter mikroorganismernas förmåga att etablera sig på ytorna
analyserats.
Effekten av några antimikrobiella tillsatser på silikonytors motstånd mot tillväxt av
aggressiva mögelsvampar analyserades. För att så nära som möjligt efterlikna de
biofilmer som etablerar sig utomhus på högspänningsisolatorer, valdes
mikroorganismer som är isolerade från isolatorer runt om i världen. Den
mikrobiella aktiviteten minskade helt eller delvis med hjälp av flera av de
antimikrobiella ämnena utan att för den delen kompromissa med silikonets
materialegenskaper. Den kommersiella biociden DCOIT samt Tymol uppvisade de
mest effektiva antimikrobiella egenskaperna mot mögelsvamp, men även
natriumbensoat förhindrade tillväxten i viss utsträckning. Eftersom Tymol
dessutom visade sig vara mycket effektivt mot påväxt av alger, förhindras även
algtillväxt. För att kunna utnyttja antimikrobiell tillsatser i silikon behöver dock
effektivare metoder för framställning av antimikrobiella material vidareutvecklas
för att förhindra förlust av de aktiva antimikrobiella ämnena under bearbetningen.
Studierna visade att det är svårt att helt avlägsna alla mikroorganismer genom
rengöring av ytan.
I del två av arbetet jämfördes hur ytans struktur påverkar den mikrobiella tillväxten
i sig, samt hur spridningen av mikroorganismerna på materialen sker.
Silikongummi, med en regelbunden geometrisk struktur, utvärderades med
avseende på inverkan av ytstrukturen. Omfattningen och fördelningen av den
mikrobiella tillväxten på den geometriskt strukturerade silkonytan jämfördes med
förloppen för en helt plan silikongummiytan. Den mikrobiella tillväxten fördelade
sig jämnt över hela ytan i förhållande till hur vattnet spred sig över ytan.
För att skapa hierarkiska strukturer framställdes därefter nanokompositytor genom
att spraya silikonmaterial med hydrofila och hydrofoba zinkoxidnanopartiklar. Den
mikrobiella vidhäftningen utvärderades med avseende på effekten av ytråheten och
ökad hydrofobicitet. Materialen utsattes för autentiska utomhusförhållanden i en
mikromiljökammare. Provbitar av silikon (nanokomposit och slät) placerades
vertikalt, horisontellt och i lutning. Studien visade att nanokompositytor
förhindrade mikroorganismerna att etablera sig på ytan, vilket troligen beror på
dessa ytors högre ytråheten och den förbättrade ythydrofobiciteten.
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PURPOSE OF THE STUDY

Microbial colonization and biofilm formation on a silicone rubber high voltage
insulator are detrimental to the original surface properties of the insulator housing
and result in loss of surface hydrophobicity and, subsequently, dry band formation
and flashover, causing failure of the insulator. The removal of biofilm or
replacement with new units is cost intensive and time consuming. Therefore,
inhibition of microbial growth on the surface of insulators is a more effective and
long-term solution.
The aim of this work was to prevent microbial colonization on silicone rubber
materials using different approaches. The first approach was to evaluate how the
addition of antimicrobial agents to silicone rubber affected biofilm formation on
the material surface without influencing the material properties required for the
application. Several antimicrobial agents were proposed with an emphasis on the
environmental impact of the active compounds due to potential leakage during the
service life of the insulator. The second approach investigated different surfaces for
their abilities to affect the distributions of biofilm on these surfaces as well as
possible inhibition of biological growth. Geometrical regular structured and
nanocomposite surfaces were exposed to simulated outdoor conditions in
microenvironments to estimate the degree of microbial growth.

xi

1

2
2.1

INTRODUCTION
SILICONE RUBBER HIGH VOLTAGE INSULATORS

Composite polymeric high voltage (HV) insulators have been in service for a half
century having several advantages over traditional insulators i.e. porcelain and glass
insulators. Light weight, high mechanical strength, resistance to vandalism and
better performance in heavy pollution are some of the outstanding properties of
composite polymeric insulators [1].
Composite polymeric HV insulators are normally composed of three parts: a
fibreglass reinforced polymeric rod at the centre of the insulator attached to two
metal end fittings and covered by a polymeric housing [1,2]. A schematic of a
polymeric HV insulator is presented in schematic 1 [3].

Schematic 1. A schematic of polymeric HV insulator [3]

The polymeric housing provides the leakage current distance for the insulator and
protects the rod from environmental stresses. Many different polymeric formulations
have been used as housings [1]. Two silicone elastomers i.e. room temperature
vulcanized (RTV) and high temperature vulcanized (HTV) silicone rubber (SIR), are
used in insulation applications and have been proven to be the most reliable housing
materials for outdoor insulators [2].
The low surface energy and consequent highly hydrophobic surface of SIR are the
most significant properties of the SIR housings. The surface hydrophobicity of SIR
composite insulators is preserved even after being in service for several years due to
the dynamic surface properties [1,2,4]. The recovery of surface hydrophobicity of
SIR is mainly due to the migration of low molecular weight compounds from the
bulk to the surface. The reorientation of methyl and hydroxyl groups via
2

conformational changes and condensation of silanol groups also contributes to the
recovery of hydrophobicity of SIR [5-7].
Housing materials for outdoor applications are normally subjected to several stress
factors i.e. electrical, mechanical and environmental. SIR housings that have
undergone electrical stress might physically erode and eventually fail. Inorganic
fillers are incorporated into SIR formulations to improve the different properties of
the insulators above all to reduce the surface electrical stress. Alumina trihydrate
(ATH) and silica are the most commonly used fillers to improve thermal
conductivity and remove the heat from areas experiencing dry-band arcing. Nanosized fumed silica is also used for physical reinforcement of SIR insulators.
Semiconducting fillers, such zinc oxide (ZnO) are also added to SIR housings to
prevent dry-band arcing by increasing the electrical conductivity of SIR [8,9].
SIR insulators might also fail due to mechanical stress. However, mechanical
failures are not common compared to the number of insulators installed [4]. UV
exposure, temperature variation and chemical factors (environmental stress factors)
might result in degradation of the surface and lead to surface chemical changes [8].
Microbial colonization on the surface of insulator housings is another environmental
factor that might strongly affect the functionality of the insulators [4].
2.1.1 Biofilm formation on the surface of the insulators
Microbial colonization on the surface of a polymer in nature results in the formation
of a biofilm. A biofilm is a highly hydrated extracellular polymer matrix, consisting
mainly of proteins and polysaccharides, with microbial cells within the matrix.
Biofilms have very complex structures with various microorganisms coexisting in
the film. Simple factors, such as the surface, humidity, nutrients and
microorganisms, are the only requirements for formation of a biofilm. The types of
damage caused by biofilm formation on a polymer surface vary from changes only
in the colour of the material to complete degradation [10].
Biofouling i.e. the undesired deposition of microorganisms on a surface, is a
common consequence of biofilm formation. Polymeric materials might be inert to
microbial attack though serve as substrates for the adhesion of microorganisms that
feed on surrounding nutrients [10,11]. The original surface properties of polymeric
housing, such as surface hydrophobicity, are sometimes masked as a result of
biofouling, resulting in decreases in wet flashover voltage levels [4]. The leaching of
additives, corrosion, hydration and penetration are the other types of damage caused
by the colonization of microorganisms on the surface of a polymer [10,11].
Microbial contamination of traditional i.e. porcelain and glass, and polymeric HV
insulators have been reported extensively, mostly in tropical areas [12-22] but also
3

in non-tropical environment, such as Sweden [16]. Several types of microorganisms,
mainly algae, fungi and lichens have been observed colonizing on HV insulators
[12-20]. There have been extensive investigation of the electrical performance of
colonized insulators [12,13,15,17,20] on the other hand few studies are available on
the impact of the biological growth and subsequent damage to the housing materials
from the material properties point of view. In a work by Wallström et al. [23], no
evidence of biodegradation of SIR as a result of microbial colonization was found,
and biofouling was concluded to be the main damage caused by microbial attack. In
addition to organic components, SIR also contains inorganic elements not digestible
by microorganisms, and therefore, it is known to be highly bioresistant [24].

2.2

PREVENTION OF MICROBIOLOGICAL GROWTH

2.2.1 Biocides
Additives and fillers are usually added to polymeric housings to improve different
properties such as thermal conductivity, relative permittivity and electrical
conductivity [8]. Additives might be consumed by microorganisms as nutrients, and
therefore, different formulations of polymeric materials can promote biological
growth [10,11]. On the contrary, addition of some compounds, for instance, zinc
borate as a flame retardant, suppressed microbial growth when added to SIR
materials [16,19,25].
Antimicrobial compounds, also called biocides, are applied in bulk polymers as
additives in variety of applications. Compounds with antimicrobial activity can
protect a material from microorganisms either by prevention of the microbiological
growth in the first place or by suppressing the microbial growth to some extent. An
ideal biocide has a broad spectrum of antimicrobial activity, is effective at low
concentrations and it has a long-term effect. The incorporation of antimicrobials into
a material should not compromise the other properties of the material and its
functionality. The low toxicity of the biocide to the environment and humans plays
an important role in the selection of the right biocide [11].
Various materials have been used as antimicrobial agents in polymeric formulations,
ranging; from traditional biocides i.e. molecules containing heavy metals, organic
low molecular weight compounds and even polymeric antimicrobials, to metal ions
and nanoparticles [26,27]. In recent years, interest in the development of more
environmentally friendly and less toxic biocides has increased due to the risks to
humans and the environment.
Lately, the possibility of applying benzoates in antifouling systems in marine
applications has been studied in the laboratory. Benzoates, biocides from renewable
sources, are much less toxic to marine life compared with the biocides containing
4

heavy metals traditionally used in antifouling paints [28,29]. Benzoic acid and
sodium benzoate (NaB) are a commonly used food preservatives and are classified
as Generally Recognized as Safe (GRAS) in the United States. Benzoic acid occurs
naturally in some berries, in tea and coffee beans and is considered a non-toxic
biocide effective against a variety of microorganisms [30]. Benzoic acid influences
microbial cells by hindering the ability of the cell to maintain a proper pH. It causes
acidification of the cell interior, which leads to disruption of several metabolic
functions [31,32]. NaB also resulted in the alteration of the internal cell pH when it
was studied for treating spoilage yeast [30]. NaB had a lethal effect on some of the
organisms responsible for marine fouling when studied by Vetere and co-workers
[28]. The formation of benzoate anions upon hydrolysis of NaB along with a
decrease in the pH of the media makes NaB effective against microorganisms [28,
29]. The incorporation of benzoic acid and NaB in an RTV silicone coating has been
studied, and silicone coatings containing NaB exhibited enhanced antibacterial
behaviour when compared with pure silicone coatings [33,34].
P-aminobenzoic acid (PABA), a quaternary ammonium component (QAC), is a nontoxic biocide and a food preservative. PABA is defined as GRAS. QACs are wildly
used as biocides in different applications. Ionic and hydrophobic interactions
between QACs and microbial cell walls are responsible for the antimicrobial
properties of QACs [35-37].
Essential oils are another group of renewable and less toxic antimicrobial
compounds with biocidal activity against a wide range of microorganisms. EOs are
obtained from aromatic plants and characterized by their low molecular weight and
volatility. EOs have complex structures typically containing approximately 20-60
components with different concentrations. The major components of an EO i.e.
terpenes and terpenoids or aromatic and aliphatic constituents, determine the
antimicrobial activity of the oil. Phenolic compounds of the major components of
the EO are responsible for the antimicrobial activity. Fungal and algal cells exposed
to EOs become extremely permeable. Thymol is the major component of the EOs of
oregano. Thymol is also found in thyme oil. The antifungal activity of thymol has
been studied against a wide range of fungi [38-43]. Thymol has been evaluated as an
antimicrobial and antioxidant agent in active packaging [44-47]. The addition of
thymol to polypropylene (PP) resulted in antimicrobial activity and also
improvements in some other properties of PP [47]. PP and a copolymer of
polyethylene (PE) exhibited antimicrobial activity against bacteria and fungi after
the addition of the EOs of oregano and clove to the material [45].
ZnO NPs have biocidal effects against a wide range of microorganisms. The
antimicrobial properties of ZnO NPs have been studied against algae, fungi and
bacteria [48-55]. Due to their high antimicrobial activity, ZnO NPs are commonly
5

used in pharmaceutical and cosmetic products [53]. Several mechanisms have been
identified for the activity of ZnO NPs against microorganisms. Direct contact of the
NPs with the microbial cell wall and resulting destabilization of the microbial
membrane [52,56,57], intrinsic antimicrobial properties of Zn 2+ ions upon
dissolution of the NPs in an aqueous suspension [54,58] and production of oxygen
species (ROS) due to the semiconductive nature of the ZnO [59,60] have been
distinguished as three distinct mechanisms. The antimicrobial properties of the ZnO
NPs are also dependant on the particle size. Smaller particles due to higher specific
surface area exhibited enhanced biocidal effect on the studied microorganisms
[61,62].
2.2.2 Nature-inspired antifouling surfaces
Many biological surfaces in nature have antifouling properties, meaning that
microorganisms and inorganic contaminants cannot be deposited on these surfaces
[63-68]. Lotus leaves are the most well-known example in nature exhibiting a
superhydrophobic surface with static contact angle (CA) ≥ 150° i.e. high repellency
of liquid by the surface, and with a very low contact angle hysteresis (CAH) [63-69].
At low CAH values, droplets may roll on the surface facilitating the removal of
contaminants. In addition, a surface with a low CAH has a low roll-off angle
[64,70,71]. Lotus leaves exhibit also self-cleaning abilities, which is the ability of a
surface to remove fouling that has already accumulated on the surface [66].
Self-cleaning in nature is normally related to the so-called lotus effect i.e. the
combination of superhydrophobicity and low adhesion [66,71]. However,
superhydrophilic surfaces can also have self-cleaning ability as in the pitcher plant.
On a lotus leave, water beads roll off the surface carrying the contaminant particles,
while on a pitcher plant, self-cleaning occurs with water spreading uniformly on the
surface and cleaning the contaminates by sliding off the surface [66].
The surface of a Lotus leaf is a very good example of a hierarchical structure with
multi-scale roughness, consisting of rough, nanosized, three-dimensional waxy
asperities located on the top of microsized papillae composed of epidermal cells
[64,66,69]. Shark skin is another hierarchical surface exhibiting antifouling and selfcleaning capability in marine environments [65,66,68]. Micro-structured driblets on
dermal denticles of the shark skin reduce drag and prevent biofouling [66].
There have been many efforts to mimic nature’s hierarchical surfaces with a lotusleaf-like morphology the most desirable to achieve superhydrophobicity, selfcleaning and antifouling properties. Different methods, such as imprinting and
templating, which includes lithography, template-based techniques and plasma
treatment [72-78], layer-by-layer (LBL) deposition [79,80], colloidal assembly and
6

aggregation [81,82], sol-gel process [83, 84] and electrospinning and electrospraying
[85-87] have been investigated to obtain a combined nano- and micro-scaled
roughness on the surface. Applying some of these methods on their own result in
superhydrophobicity of a surface but sometimes combination of two or three
methods are required for the best results [88]. Another approach to achieve multiscaled roughness resulting in surface superhydrophobicity is to deposit a thin film of
metal oxide or polymeric metal oxide composite on a surface [81,88-96]. Several
techniques, including spray-deposition [89-92], chemical vapour deposition [95],
LBL [81] and dip coating [96] have been applied on a variety of formulations to
obtain the superhydrophobic coatings on different substrates.
The wettability of different ZnO structures has been investigated extensively. ZnO
films with highly ordered bowl-like surface patterns were synthesized by Zhang et
al. [94], and the surface wetting properties of the surfaces could be manipulated via
small changes in the geometry of the microbowls, giving rise to different CA values.
The wettability of the ZnO surfaces with controllable structures i.e. nano-, microscaled and combined nano- and micro-scaled structures, was studied and all the
surfaces showed superhydrophobicity with highest CA value obtained for the multiscaled structures [93]. ZnO films with hierarchical surface and superhydrophobicity
were fabricated by Liu et al. [95] and hydrophobicity of these surfaces could be
controlled. Club-shaped ZnO nanowire structures modified with Teflon synthesized
by Wu and co-workers exhibited different extents of hydrophobicity [97].

2.3

NEW SURFACE DESIGN FOR POLYMERIC INSULATOR HOUSINGS

The loss of surface hydrophobicity of an HV insulator might result in flashover due
to the increase in leakage currents and discharges on the surface. Before recovery of
the hydrophobicity in the polluted layer, dry bands might also be formed as the
water evaporates from the insulator surface in areas with higher temperatures. Dry
band formation is known to result particle-arc electrical discharges in the shank
region (part of the polymer housing covering the fibreglass rod) of insulators and
cause erosion of the material. Pollutions and microorganisms accumulated on the
shank region of an insulator cannot be cleaned effectively. Due to the higher surface
discharge density in the shank region as a result of the geometry of the insulator, the
electric field strength is highest in this region. Therefore, higher risk of surface
heating, and hence, thermal damage is present in the shank region as a consequence
of dry band formation [98,99].
A recent approach for better anti-dry band and anti-fog properties of polymeric HV
insulators included a patented textured SIR surface [100]. Textured surfaces are
composed of regular geometrical structures promoting reduction of the leakage
current in the shank region because of the higher surface area. The electrical
7

performance of textured SIR materials with different patterns has been studied
[98,100,101], and all the studied regular structures on the textured SIR materials i.e.
contiguous hexagonal pattern, hexagonal intersections of overlapping protuberances
and intersecting square arrangements, successfully passed the inclined-plane tests,
while the plane SIR failed [101]. Haddad and co-workers [98] designed a noncontiguous hemisphere texture giving rise to 1.49 times higher surface area for SIR
housings, which exhibited better anti-fog properties due smaller and more mobile
partial-arcs.
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3

EXPERIMENTAL

3.1

MATERIALS

3.1.1 Silicone rubber
Elastosil R401/60, a high temperature vulcanized silicone rubber (HTV SIR), and its
curing agent C1 (Dicumyl peroxide 98%) were purchased from Elastomix AB,
Sweden. Sylgard 184, a room temperature vulcanized silicone rubber (RTV SIR),
consisting of a base and a curing agent, was supplied from GA Lindberg, Sweden.
3.1.2 Chemicals
Sodium benzoate (NaB) and para-aminobenzoic acid (PABA) both in reagent grade,
and octadecylphosphonic acid (ODPA) were purchased from Sigma Aldrich,
Sweden. 4,5-Dichloro-2-octyl-4-isothiazolin-3-one (DCOIT) was purchased from
Akros Chemicals, England. Thymol (98%) was supplied from VWR, Sweden. ZnO
nanoparticles (NPs) with the commercial name NanoTek® (40-100 nm, APS
Powder) were supplied from Nanophase Technologies.
3.1.3 Agars
Malt extract agars (MEA), an agar containing nutrients commonly used for the
growth of fungi and agar-agar (an agar without any nutrients) were purchased from
Sigma and Aldrich, Sweden and VWR, Sweden, respectively.

3.2

MICROORGANISMS

3.2.1 Fungal species
Fungal species, presented in Table 1, were previously isolated and identified from
HV insulators in Sri Lanka, Sweden and Tanzania and studied by Wallström et al.
[18,19]. The fungal species were supplied from CBS-KNAW: Fungal Biodiversity
Center (Netherland) and DSMZ: The German Resource Center for Biological
Materials. The fungal strains presented in Table 2, were studied according to the
international standard test ISO 846:1997, Plastic-Evaluation of the action of
microorganisms. The fungal strains presented in Table 2, are used for determination
of the fungal growth on the plastics applied to the electronic components and
equipments. Fungal species were either provided in freeze-dried or active forms. The
freeze-dried strains, after rehydrating, and the active strains were cultured on MEAs
and incubated at room temperature for 14 days prior to the experiments.
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Table 1. Fungi previously isolated from HV insulators in Sri Lanka, Sweden and Tanzania [18,19]

Country

Strains
Fusarium semitectum (DSM 62403)

Sri Lanka
Stagonospora elegans (CBS 114201)
Epicoccum nigrum (CBS 566.82)
Sweden

Cladosporium cladosporioides (DSM 19653)
Microsphaeropsis pseudaspera (CBS 113682 )
Cladosporium tenuissimum (CBS 117.79)

Tanzania
Curvularia lunata (DSM 63137)

Table 2. Fungal strains studied according to ISO 846

Strains
Aspergillus niger (CBS 113.50)
Penicillium funiculosum ( CBS 884.71)
Paecilomyces variotii (CBS 265.35)
Aspergillus terreus (CBS 116878)
Aureobasidium pullulans var. melanogenum (CBS 621.80)
Penicillium ochrochloron (CBS 110.66)
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3.2.2 Algae
Chlorella vulgaris (10 ml suspensions), a small unicellular green algae previously
isolated and identified from the biofilms that formed on HV insulators in Tanzania
and Sri Lanka [18,19], was supplied by the Scandinavian Culture Collection of
Algae and Protozoa, Denmark. Fresh algal cultures (10 ml) were propagated in 250
ml Erlenmeyer flasks containing 90 ml of sterile BG11 medium [102] and incubated
at room temperature provided with daylight illumination.
3.2.3 Preparation of fungal and algal suspensions
The surface of each fungal culture was wetted by pipetting 5 ml of either sterile deionized water or a mineral-salt/wetting agent solution, prepared according to ISO
846:1997, and thereafter, the surface of sporulating fungi was gently scraped with a
microbiology loop. This step was repeated 3 times for each fungus, and the spore
suspension was filtered through a glass wool filter. For the fungal suspensions
prepared with mineral-salt solution, the suspensions were centrifuged, and the
residue was re-suspended in either mineral-salt solution or mineral-salt/glucose
solution. The number of spores for each fungus was adjusted to 106 per ml. The
fungal suspensions representing each country were prepared by blending equal
volumes of the suspensions corresponding to each country in Table 1. The fungal
suspension for the standard test, called the “standard fungal suspension” throughout
this thesis, was prepared by blending equal volumes of suspensions of fungi from
Table 2. The algal suspension was prepared by adjusting the number of algal cells to
106 per ml.
3.2.4 Evaluation of active compounds
Powder test: NaB, PABA and DCOIT
The antimicrobial activity of NaB, PABA and DOCIT for the inhibition of the
growth of the fungi presented in Table 2 was determined through a powder test
developed previously by Wallström et al. [19]. MEAs were prepared and
antimicrobial agents at concentrations of 1, 3 and 5 wt % were placed on top of the
agar surface before the agars were solidified completely. Later, the agars were
inoculated by pipetting 100 µl of the standard fungal suspension. The samples were
incubated at 29±1 °C and ≥ 90 RH% for 28 days. Growth control samples were also
prepared to assure the growth and were incubated under the same conditions.
Antimicrobial activity of thymol
The efficiency of thymol for the inhibition of fungi and algae was studied through
disc diffusion and algal inhibition tests, respectively. Solutions of thymol/acetone at
concentrations of 1, 3 and 10 wt % were prepared, and thymol was studied for
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inhibition of each fungal strain. MEAs were inoculated with 100 µl of each fungal
suspension prepared of the strains presented in Table 1. Sterile filter papers (1×1
cm2) were impregnated with 30 µl of thymol solution for each concentration and
were placed onto the surface of the agars. Control samples with only acetone and
growth control samples were also prepared. All of the samples were incubated at
29±1 °C and ≥90 RH% for 21 days. Algal inhibition was developed to study the
effect of thymol on algal growth. Thymol in concentration of 1, 3 and 10 wt % was
added to vials containing 20 ml of algal suspension. Vials were incubated for 14
days at room temperature with the illumination from the daylight. Growth control
vials were prepared to verify the algal growth.

3.3

SAMPLE PREPARATION

3.3.1 High temperature vulcanized silicone rubber (HTV SIR)
NaB, PABA and DCOIT at concentration of 3 wt % were compounded with HVT
SIR in a two-roll mill machine (Lab Tech Engineering Company Ltd., Thailand) for
15 min at room temperature. The curing agent (0.7 wt% of the base) was added
afterwards, and the SIR materials were cured to plates with dimension of 22 × 22 ×
0.2 cm3 in a hot press (Schwabentan Polystat) for 15 min at 150 °C and a specific
pressure of 5 MPa. Post-curing of the plates was performed in a vacuum oven at 60
°C for 6 hr. Samples were called NSIR, PSIR and DSIR for the addition of NaB,
PABA and DCOIT to SIR, respectively. Reference samples were prepared in the
same way without the addition of any active compounds. Disks with diameter of 18
mm were die-cut from the plates to study the antimicrobial activity of the materials.
3.3.2 Room temperature vulcanized silicone rubber (RTV SIR)
RTV SIR samples were prepared by mixing the base Sylgard 184 with the curing
agent in a weight ratio of 10:1 according to the instructions from the supplier. The
mixture was degassed for 20 min and cured for 48 hrs in a Teflon mould with
dimensions of 7 × 2 × 0.2 cm3. Thymol was added to the base Sylgard 184 at
concentrations of 1, 3 and 10 wt %, and the mixture was stirred for 2 hr, allowing
the acetone to evaporate. The curing agent was added afterwards, and the samples
were cured for 48 hr in Teflon moulds after 20 min of degassing. The samples
containing thymol were called TSIR. Small disks of 10 mm in diameter were
prepared to study for the antimicrobial activity of thymol in SIR. Reference samples
were prepared for comparison.
Textured SIR was prepared of Sylgard 184 with curing the material in an aluminium
mould with dimensions of 10 × 10 × 0.2 cm3 as it is shown in Figure1. The
aluminium mould was manufactured to produce a pattern of contiguous
hemispherical protuberances with diameters of 2.5 mm on one surface of the sample,
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providing the surface with approximately 1.907 times more surface area compared
to the plane surface SIR [98]. Samples with dimension of 7 × 2 × 0.2 cm3 were cut
from the textured SIR to study how the regular structure on the surface would affect
the biofilm formation. Plane surface Sylgard 184 samples were prepared as
reference samples.

Figure 1. a) Close view of the aluminium mould b) Textured surface sample

3.3.3 Hydrophobization of ZnO nanoparticles
ZnO NPs were hydrophobized with fictionalization by ODPA [96]. First, a solution
of 2 mM ODPA in EtOH 99% was prepared. ZnO NPs were added to the solution
and the suspension was vigorously stirred for 12 min. The suspension was left
covered for 4 days at room temperature. The solvent was evaporated by removing
the cover for 1 day following by drying in an oven at 100 °C in order to improve the
ODP bonding and to remove remaining solvent [96]. Hydrophobic NPs are called OZnO throughout this thesis.
3.3.4 Nanocomposite SIR surfaces
Nanocomposite SIR surfaces were prepared using both hydrophobic and hydrophilic
ZnO NPs by spray coating [103,104]. NP suspensions with concentration of 35 mg
ml-1 were prepared in EtOH 96% using a Sonics Vibra Cell ROD Ultrasonicator
(450 A, 20 kHz at 30% amplitude) for 5 min. Samples of Sylgard 184 were prepared
as described in section 2.3.2, cleaned with isopropyl alcohol ≥99.7% and dried at
room temperature prior to coating with NPs. An air brush spray with a nozzle of 0.3
mm in diameter, connected to a compressed nitrogen source (1.2 bar), was used for
spray coating. The NPs suspensions (2 ml ) were deposited on the surface of clean
SIR samples, positioned horizontally, and the deposition of NPs was performed
perpendicular to the surface with a constant distance of 130 mm. Samples were left
to dry for at 24 hr in a clean environment to allow the solvent to evaporate.
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3.4

SENSITIVITY OF THE SILICONE RUBBER MATERIALS TO
MICROBIAL GROWTH

3.4.1 Standard test: ISO 846
NSIR, PSIR and DSIR samples along with reference SIR samples were studied
according ISO 846: Plastic-Evaluation of the action of microorganisms, for their
susceptibility to fungal growth. The aim of ISO 846 is to study the deterioration of
the plastic materials due to the action of fungi. However, in this work, the standard
test was mainly applied to study the efficiency of the active compounds in the
inhibition of the growth of fungi when integrated in SIR materials. The samples
were also studied for changes in their chemical and surface properties after being
exposed to microorganisms. The samples were first cleaned by dipping in EtOH
70% and then dried under constant airflow for 72 hr. The samples were studied
using three different methods: A, B and Bʹ. In method A, agar-agar plates were
prepared without any nutrients present for the microorganisms, while in method B
and Bʹ the agars were prepared with the addition of glucose (nutrient source). In
method A and B, the surface of each sample was first inoculated with 100 µl of the
“standard fungal suspension” and then the samples were placed on the agar surface.
In method Bʹ, the agars were inoculated first, and the samples were placed on the
agar surface after 3-4 days of incubation (after observing visible growth). Growth
control samples were also prepared for each method and incubated along with the
samples in all methods at 29±1 °C and ≥90 RH% for 28 days.
3.4.2 Disc diffusion test
The antimicrobial activity of samples containing thymol against fungi and algae was
determined by performing disc diffusion tests. The samples were sterilized under
UV radiation for 5 min on both sides. First, MEA and BG11 agars were inoculated
with 100 µl of the fungal and algal suspension respectively, and thereafter, the
samples were placed onto the agar surface. The samples studied for fungal growth
were incubated at 29±1 °C and ≥90 RH% for 21 days. The samples evaluated for
inhibition of algal growth were incubated at room temperature with daylight
provided.
3.4.3 Microenvironment chambers
Textured and plane surface samples were studied in a microenvironment chamber
simulating outdoor environments. Two samples of each surface were placed
vertically and two samples of each surface were positioned horizontally inclined
(20°), to represent different parts of the insulator housing, as shown in schematic 2.
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Schematic 2. Microenvironment chamber, textured and plane surface samples (redrawn from [19,25])

All samples were inoculated with 7 ml of the of Cladosporium cladosporioides
fungus spore suspension. The samples were incubated at room temperature and ≥90
RH%. The samples were inoculated with fresh spore suspension containing nutrients
every week for a period of 28 days.
SIR nanocomposite surfaces prepared with ZnO and O-ZnO NPs were studied in the
microenvironment chamber, as shown in schematic 3, to determine the effect of the
NP coating on the microbial growth. The samples were placed vertically and
horizontally inclined (20°), on stable platforms in the latter case, presenting different
part of the insulator housings and to analyze the effect of morphology and wetting
properties of the surface on the attachment of microorganisms. The samples were
also positioned horizontally as controls to study the effect of the chemistry of NPs
on the fungal growth.

Schematic 3. Microenvironment chamber, NP sprayed SIR surfaces (redrawn from [19,25])

Samples were inoculated with the 100 µl fungal suspension of Curvularia lunata
fungus. To evaluate the influence of the morphology and determine the self-cleaning
ability of the samples, inoculation was applied to the samples with a angle of 20° to
the samples placed vertically and horizontally inclined. The samples positioned
horizontally were inoculated perpendicular to the surface. Reference SIR samples
were also studied in a separate microenvironment chamber in order to avoid any
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possible NP contamination. The samples were incubated at a temperature of about
25±2 °C and ≥90 RH% for about 4 weeks.

3.5

CHARACTERIZATION

3.5.1 Thermogravimetric analysis (TGA)
TSIR samples were studied using TGA to determine the amount of thymol present in
the SIR material after sample preparation as well as to study how thymol influences
the thermal properties of Sylgards 184. A Mettler Toledo SDTA/TGA 851e ThermoBalance, Switzerland was used for thermal analysis. The samples were weighed in
70 µl alumina crucibles and analysed from 40 °C to 900 °C under nitrogen gas flow
with a flow rate of 80 ml min-1 and a heat rate of 30 °C min-1. The samples were
studied less than 48 hr after preparation and experiments were performed in
duplicate. An SIR sample with added amount of 10 wt % thymol was also incubated
under the same incubation conditions as for the disc diffusion test and was studied to
determine the amount of thymol present in the material after the incubation period.
A control SIR sample was also incubated and studied as a reference.
3.5.2 Mechanical properties
The mechanical properties of the TSIR samples were studied to determine the effect
of the addition of thymol on the mechanical properties of Sylgard 184. Eight
dumbbell-shaped samples reference SIR and TSIR were prepared. The dimensions
of the narrow central neck region of the samples were measured 2 × 0.4 × 0.2 cm3.
Tensile testing was performed using an Instron 5944 Universal Tensile machine with
a 500 N load cell and an extension rate of 50 mm/min. Tensile testing was
performed at temperature of the 23±1 °C and humidity of 50±2%. A strain-stress
curve was obtained for each sample and Young’s modulus of each sample was
calculated according to Hook’s law considering only the linear part of each curve
[105, 106]. The presented Young’s modulus is the average of the modulus for 8
samples for each material.
3.5.3 Visual examination and Field emission scanning electron microscopy (FESEM)
Results from the powder, standard, disc diffusion and algal inhibition tests as well
samples incubated in microenvironment chambers were all studied visually and
digitally photographed.
A Hitachi S-4800 FE-SEM (Tokyo, Japan) was used to analyse how the active
compounds and morphology of the surface influenced the fungal growth on the
samples. Specimens from the samples evaluated in the standard test, was performed
for SEM analysis by cutting small pieces from the parts of the sample where the
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fungal growth could not be seen by the naked eye. For evaluation of the fungal
growth on the nanocomposite surfaces, small pieces from the samples were cut
where the growth was obvious. Morphology of the nanocomposite SIR surfaces
were also studied by SEM. Specimens for morphology evaluation were prepared by
spraying-method as described in section 3.3.4 directly on small SIR pieces. All SEM
specimens were kept in desiccators at least for 48 hr prior to analysis. Specimens
were placed on metal stubs on carbon tapes. SEM analyses were performed at a
voltage of 1 kV and images were taken at different magnifications.
3.5.4 Surface wetting properties
Dynamic CAs were determined using a CAM200 contact angle metre (KVSinstruments Helsinki, Finland) applying a method adopted from [107]. For samples
studied in the standard test, a 3 µl MilliQ water droplet was placed on the surface
using an automatic dispenser, the droplet was expanded to the total volume of 25 µl
and the liquid was withdrawn immediately. 3 Images were captured each second and
CA for each sample was measured as the average of right and left CAs of the drop,
using Young-Laplace fitting method. Four random spots on the surface of each
sample were studied and the final CA was the average of the CA of the 4 spots.
NSIR samples studied in method B were rinsed with de-ionized water to remove the
microbial growth and after drying for 24 hrs, CA measurements were repeated on
the samples to see if it is possible to remove the microbial growth from the surface
of the samples and restore the initial surface wetting properties.
Dynamic CAs of the nanocomposite surfaces were determined by applying the same
method. However, advancing CA was measured through increasing the volume of an
initial drop from 25 to 40 µl and receding contact angle was measured while
withdrawing the water. Measurements were performed on triplicates and four
random spots on each sample were studied and one image was captured each
second. Static CA on the nanocomposite surfaces was also measured by deposition
of a 4 µl MilliQ water droplet on the surface and Young-Laplace method was used
to calculate the CA values [12].
A Wilhelmy balance from Krüss, K12 was used to determine the surface wetting
properties of the textured samples [108]. Samples were suspended vertically from a
balance and as the samples were immersed into the water, the interaction force
between the water and the material was measured according to the following
equation:
τ=F/L=γLVcosθ=γSV−γSL
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where F is the interaction force between the sample and water corrected for the
water’s buoyancy force, L is length of the perimeter of the sample, θ is the contact
angle between the water and the sample surface, γxy is the interfacial tension between
x and y, and τ is the wetting tension. S, V and L stands for solid, vapour and liquid,
respectively.
Two pieces of the textured surface samples with the same dimension were cut and
taped together to achieve the same texture on both surfaces for the CA
measurements. The total dimension was measured 0.5 × 0.53 × 3 cm3 (0.817 g).
Samples studied with Wilhelmy balance instrument are present in Figure 2.

Figure 2. Samples of textured and plane surfaces prepared for CA measurements

Plane surface samples were also prepared in the same way with total dimensions of
0.5 × 0.4 ×3 cm3 (0.6626 g). The thickness of the samples was calculated based on
the weight and density of the samples. The surface tension of pure water was
measured, 72±0.2 mN m-1. The samples were first cleaned with EtOH and then with
MilliQ water and dried prior to measurements. Both samples were studied in two
different tests. First, the samples were immersed in water to a depth of 10 mm,
withdrawn to a depth of about 1 mm, immersed again to 10 mm, and finally
withdrawn to a depth of zero. The speed of the measurements was 2 mm min-1, and
the temperature of the water was kept at 24 ºC. The water was changed between the
first and second tests and in the second test, the samples were immersed in water to a
depth of 10 mm and withdrawn.
3.5.5 Attenuated Reflection Fourier Transform Infrared Spectroscopy (FTIR)
The chemical composition of the surface of the samples studied in the standard test
was studied by a Spectrum 2000 FTIR spectrometer, PerkinElmer (Waltham, MA)
equipped with a Red gate normal single reflection ATR accessory. The samples
were rinsed with de-ionized water to remove biological growth from the surface and
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dried prior to the measurements. Samples of each type without biological growth
were also studied. Each spectrum was based on 16 scans from 600 to 4000 cm -1 and
at a resolution of 4 cm-1. Measurements were carried out in triplicates.
3.5.6 Image analysis
The biological growth rates on the surface of the textured and plane samples studied
in the microenvironment chamber was determined by image analysis. The amples
were photographed in a dark room from a distance of 20 cm on a white luminescent
surface. One clean sample of each surface was also photographed as a reference for
each surface. The images were processed using MATLAB to estimate the coverage
of the growth on each surface. Each image was represented as red, green and blue
intensity matrices. A grey-scale image was also obtained by averaging over these
three colours. The microbial growth on the surface of the samples were analysed by
four different methods. In method 1, a predefined threshold of 0.5 was chosen, and
the microbial coverage was calculated as the fraction of pixels with intensity values
greater than 0.5. Method 2 was developed because a relatively large difference
between the blue and red intensity values was observed where the microbial growth
covered the surface. Microbial coverage was calculated as the fraction of pixels with
a red-blue intensity difference greater than a threshold of 0.1. Method 3 is simply a
combination of methods 1 and 2 covering the areas that each method did not cover.
Method 4 examines the area on the surface where the intensity starts to increase
rapidly. All of the methods are visualized in Figure 3. The grey-scale intensity data
were sorted in an increasing order and plotted against the area fraction. The area
fractions for methods 1, 2 and 4 are denoted x1, x2 and x4, respectively. Method 3 is
the combination of x1 and x2. The slope of the curve was derived numerically. The
first point on the curve (above 0.1) with slope >1 was noted, and the fraction of
pixels above that point gave the growth fraction.
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Figure 3. Visualization of the concept of the different image analysis methods
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4

RESULTS AND DISCUSSION

4.1

ANTIMICROBIAL ACTIVITY OF THE ACTIVE COMPOUNDS

4.1.1 Powder test
The powder test is a rapid and easy method to evaluate the biocidal effect of the
various compounds, and a clear pattern for the microbial growth can be observed for
the different substances already in the first days of incubation. The results from the
powder test can also be used for the determination of the required concentration of
the active compounds for the sample preparation. The powder test was performed to
determine the efficacy of NaB, PABA and DCOIT on the growth of the
microorganisms presented in Table 2. Fungal strains studied according to the
standard test, are aggressive strains that are tested on plastics for electrical
applications and can affect the material in a negative way. Therefore, the evaluation
of the growth of the strains presented in Table 2 on SIR material can provide
valuable information for the materials used in high voltage applications. The same
fungal strains were studied by Wallström et al. on SIR with different formulations
according to IEC 68-2-10 [16].
From the first days of the incubation, a distinct fungal growth pattern was observed
for all the substances. At the end of incubation time i.e. after 28 days of incubation,
it could be concluded that all the concentration of the NaB and DCOIT i.e. 1, 3 and
5 wt % could inhibit the growth of microorganisms presented in Table 2. Fungal
growth could not be inhibited by PABA at any concentration. However, PABA was
also selected for further study of its antimicrobial activity in the material. The aim
was to determine possible differences in the microbial growth on the surface of the
SIR in the standard test from that on the MAEs in the powder test where nutrients
are abundant for growth. The theory was based on a previous study by Wallström et
al. [3] where the effect of the zinc borate on fungal strains in the powder test and in
the SIR material evaluated in a standard test were different.
4.1.2 Antimicrobial activity of thymol
Thymol was studied in a disc diffusion test for antimicrobial activity against fungal
growth of the strains presented in Table 1. The effective concentration of thymol for
the preparation of samples was also determined considering the results of this test.
The lower concentrations of thymol i.e. 1 and 3 wt % were only effective against
some strains when samples were analysed after 7 days of incubation. However, 10
wt % thymol could inhibit the growth of all fungi. In Figure 4, samples from the disc
diffusion test inoculated with two different strains from Sri Lanka on day 7 of
incubation are presented.
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Figure 4. Results of disc diffusion test after 7 days of incubation, first row: Fusarium semitectum and
second row: Stagonospora elegans; (a) growth control, (b)1 wt % thymol, (c) 3 wt % thymol and (d) 10
wt % thymol.

A very small zone of inhibition was present for the thymol 3 wt % sample inoculated
with Fusarium semitectum. Concentrations of 1 and 3 wt % of thymol could inhibit
the growth of Stagonospora elegans to some extent with a much larger zone of
inhibition for the higher concentration. Thymol at concentration of 10 wt % could
inhibit the growth of all fungal strains and the samples inoculated with fungal
suspensions from Sri Lanka and Tanzania were free of growth for 21 days.
Biological growth for samples inoculated with strains from Sweden tested for 10 wt
% of thymol was not observed for Epicoccum nigrum and Cladosporium
cladosporioides for 21 days. Microsphaeropsis pseudaspera was less sensitive to
thymol than the two other fungi from Sweden. On day 21 of incubation; dense
fungal growth with a very small zone of inhibition was observed for this fungus as
shown in Figure 5.

Figure 5. Results of disc diffusion test, Microsphaeropsis pseudaspera; (a) growth control day 7 of
incubation, (b) thymol 1 wt % day 7 of incubation, (c) thymol 3 wt % day 7 of incubation, (d) thymol 10
wt % day 7 of incubation and (e) thymol 10 wt % day 21 of incubation

Thymol was also studied for inhibition of algal growth. Inhibition of algal growth on
SIR is important because algae was the dominant component of the biofilms isolated
from the surface of the HV insulators in Sweden, Tanzania and Sri Lanka and
provided fungi with nutrients, as the studies by Wallström et al. [3,16] showed.
Therefore, inhibition of the algal growth might also result in inhibition of fungal
growth. All concentrations of thymol were effective against the growth of Chlorella
vulgaris, and algal growth was completely inhibited as shown in Figure 6.
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Figure 6. Results for algal inhibition test, first row: day 1 of incubation and second row: day 7 of
incubation; (a) growth control, (b) thymol 1 wt %, (c) thymol 3 wt % and (d) thymol 10 wt %

The highest concentration of thymol was effective in the complete inhibition of
fungal growth of all species from three countries for 7 days, and no growth was
observed for the majority of species even up to 21 days. The lower concentrations of
thymol were only effective on some species; therefore, a concentration of 10 wt %
of thymol was chosen to be applied in the material preparation. Algal growth could
be inhibited by all three concentrations and lower concentrations were chosen for
sample preparation and for testing the materials against algal growth.

4.2

MATERIAL CHARACTERIZATION AND SUSCEPTIBILITY OF THE
SILICONE RUBBER MATERIAL TO MICROBIAL GROWTH

4.2.1 Silicone rubber materials containing NaB, PABA and DCOIT
Standard test: ISO 846
Considering the results from the powder test, 3 wt % of the active compounds was
used in the sample preparation. SIR samples containing NaB, PABA and DCOIT
were inoculated with standard fungal suspension and studied for antifungal activity
in a standard ISO test. The reference samples in methods A and Bʹ were free of
growth to the naked eye. However, in method B, growth was observed in a spot-wise
pattern. In method A, the microorganisms did not have access to nutrients through
the growth media. In methods B and Bʹ, abundant nutrients were available to support
the microbial growth. In addition, in method Bʹ, the samples were exposed to
already well colonized fungi. However, in method Bʹ, as in the method A, visible
microbial growth on the surface was not observed. No growth was observed by the
naked eye on the agars in method A. In SEM analysis, shown in Figure 7, complete
growth and biofilm formation on the surfaces of the reference samples in all three
methods were observed.
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Figure 7. SEM micrographs of the reference samples studied in the standard test, (a) method A, (b)
method B and (c) method Bʹ; SEM micrographs were taken at a magnification of x500.

SIR is not expected to support microbial growth when an extra carbon source is not
available. On the other hand, nutrients can be always present from the surrounding
in this case most likely in form of contaminant particles. In method Bʹ, the
inoculation was not performed directly on the surface of the samples, which could
be the reason for the absence of a spot-wise fungal growth on the surface of
reference samples in this method. With exposure of the material to microorganisms
for longer time, the fungi might cover the surface even in this method.
Visual observation of the NSIR samples showed similar results to the reference
samples, no growth was visible to the naked eye in methods A and Bʹ, while for
samples in method B, fungi grew in restricted spots on the surface of the samples.
The agar mediums in methods B and Bʹ were covered with growth. Analysis of the
samples by SEM, presented in Figure 8, showed that biofilm did not form on the
surface of the samples. However, hyphae and mycelium formations were observed
on the surface of NSIR samples.

Figure 8. SEM micrographs of the NSIR samples studied in the standard test, (a) method A, (b) method B
and (c) method Bʹ; SEM micrographs were taken at a magnification of x500.

NaB could inhibit the fungal growth at concentration of 3 wt % when it was studied
in the powder test. However, the NSIR material did not result in complete inhibition
of the fungal growth when it was studied in the standard test, although the extent of
microbial growth was much lower than the growth on the reference samples.
Biological growth was observed for the PSIR samples in method B in the form of
spots on the surfaces and even in method A, at least one of the strains was present
attached to the edges and walls of the samples as shown in Figure 9.
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Figure 9. PSIR sample inoculated in method A

Biofilm formation was observed on the surfaces of these samples in method A and B
when analysed by SEM. However, the samples in method Bʹ were free of biofilm
formation. SEM micrographs of the PSIR samples are presented in Figure 10. The
PSIR samples were the only samples with visible growth to the naked eye in method
A.

Figure 10. SEM micrographs of the PSIR samples studied in the standard test, (a) method A, (b) method
B and (c) method Bʹ; SEM micrographs were taken at a magnification of x500.

DSIR samples were all free of growth to the naked eye in all three methods. In the
SEM analysis of the samples, shown in Figure 11, neither microbial growth nor
biofilm formation was observed. Only spores were present on the surfaces of the
samples.

Figure 11. SEM micrographs of the DSIR samples studied in the standard test (a) method A, (b) method
B and (c) method Bʹ; SEM micrographs were taken at a magnification of x500.

In method A, no carbon source was present for the microorganisms and the growth
of fungi could only occur if the material or from the surroundings provide the fungi
with nutrients. All of the samples and agars in method A, except the PSIR samples,
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were free of fungal growth to the naked eye. Considering the results of the powder
test, colonization of the PSIR samples would be expected. PABA could not suppress
the growth of fungal strains. Fungal growth was even visible in method A. Methods
B and Bʹ are usually carried out to determine the fungistatic/fungicidal properties of
a material. A zone of inhibition on the agars or inhibition of growth on the material
usually is an indication that the samples/additives have fungistatic/fungicidal
properties. The most effective antimicrobial agent for the complete inhibition of the
microorganisms presented in Table 2 was the commercial active compound i.e.
DCOIT. The DSIR samples could not only inhibit the growth but also no growth
was observed on agars in method B. It can be concluded that the DSIR samples had
long-term fungicidal properties with controlled leaching rate. The NSIR samples
could not inhibit the fungal growth completely. On the other hand, the fungal growth
on the NSIR samples was much less extensive than on the reference samples. It can
be concluded that the NSIR sample had fungistatic properties and could inhibit the
fungal growth only to some extent. This might be due to the slow release of NaB
from the bulk SIR.
Changes in surface properties
SIR insulators are preferred to traditional insulators because of the pronounced
surface hydrophobicity and the ability of the material to retain the surface
hydrophobicity. Measurement of the static CA of a droplet placed on a horizontal
surface is a common way to determine surface wetting properties. However, this
method does not reflect the real conditions for HV insulators, especially if an
insulator is contaminated with an uneven biofilm distribution on its surface. Water
accumulation on the shank and shed parts of the insulator housings occurs as a result
of rain or the formation of dew droplets. Depending on the position of the insulator
units in service, the shank and shed parts of the insulators would experience
different weathering erosion factors in different direction and degree and therefore it
is very important to measure the dynamic CAs or tilting angles to characterize the
surface.
To determine how the addition of active compounds and the growth of
microorganisms influenced the surface wetting and surface chemical properties of
SIR materials, dynamic CA measurements and FTIR analyses were performed on
the SIR, NSIR, PSIR and DSIR samples.
The advancing and receding CAs of the reference samples and samples containing
the active compounds were studied before and after exposure to the microbial
growth. The method used for dynamic CA measurements was aimed to simulate
authentic conditions. SIR is a hydrophobic material with a low contact angle
hysteresis (CAH). Water does not form a film on the surface of a clean insulator.
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However, in some regions for example in seaside or polluted areas or after formation
of a hydrophilic biofilm, SIR insulator housings become hydrophilic, and water
forms a film on the surface; and as a result the CAH increases, as shown in Figure
12.

Figure 12. a) Clean SIR housing and b) contaminated SIR housing

CA values were plotted versus the base diameter of the drop. The upper horizontal
line of the curve presents the advancing CA, which is obtained when the volume of
the drop expands. The line where the base diameter of the drop is almost constant is
obtained when the water drains. Depending on the surface and the liquid, the drop
might shrink until the receding CA is achieved (lower horizontal line of the curve).
A receding CA would be not obtained if the drop is pined to the surface [107,109].
In Figure 13, the results for CA measurements of the clean and inoculated samples
are presented. The advancing CA was approximately 120° for all of the clean
samples. The receding CA values were almost the same for all of the clean samples.
A stick-slip behaviour of the receding liquid front of all samples was observed.
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Figure 13. CA measurements results for a) reference samples, b) NSIR, c) DSIR and d) PSIR ( ) clean
samples, (---) samples from method A, (….) samples from method B and (-.-) samples from method Bʹ

For the inoculated reference, PSIR and DSIR samples, the advancing and receding
CA values were the same as the clean samples. However, for the reference samples
in method Bʹ, the receding CA was higher than the clean and inoculated samples in
methods A and B. The factor that could affect the CA in the different methods was
not inoculating the surface directly in method Bʹ. The surface of the samples was
free of the salt/mineral solution in method Bʹ. However, spores were present on the
surface of all the samples even in method Bʹ. Because of the presence of spores and
biofilm on the surface more intensive stick-slip behaviour was observed for the
inoculated samples, especially for the receding CA. The recession of the drop front
did not occur for the inoculated NSIR samples, and a receding CA was not achieved
when the drop drained. Fungal spores and biofilms can be hydrophilic and
hydrophobic in nature, and based on the results of the receding CA for the NSIR
samples, it can be concluded that the spores covering the surface had a hydrophilic
nature. On the other hand, the biofilm covering the surface of the reference and
PSIR samples had a hydrophobic nature, and despite the heavy growth on the
surface of the samples, the CA values were the same as or higher than the clean
samples.
In Figure 14, the CA measurements of the NSIR samples inoculated in method B
before and after cleaning are shown. Cleaning the samples could restore the surface
hydrophobicity to some extent i.e. the advancing CA was measured the same as the
non-inoculated samples, and the receding of the drop front occurred earlier than for
29

the non-cleaned samples. The drop did not need as much force as on the surface of
the uncleaned samples to recede. However, a receding CA was not obtained even for
the cleaned samples, indicating that there was still microbial contamination present
on the surface of the samples.

Figure 14. CA measurements NSIR samples ( ) clean NSIR, (---) NSIR in method B before cleaning and
(…) NSIR in method B after cleaning

The reference samples of the SIR and the NSIR materials and cleaned samples of the
SIR and NSIR materials, after being studied in methods B and Bʹ, were studied by
FTIR and results are presented in Figure 15. In Figure 15a, FTIR spectra with main
characteristic silicone peaks for the reference SIR and the samples from method B
and Bʹ are present. Peaks corresponding to C-H bond in CH3 group and Si-CH3
deformation vibration of the side chain are present at 2963 cm-1 and at 1260 cm-1
respectively. Peaks presenting the Si-O-Si stretching vibration and the Si-C
stretching and CH3 deformation were observed between 1000-1100 cm-1 and at 810
cm-1 respectively [110].
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Figure 15. FTIR spectra for (a, b) the SIR material and (c) the NSIR material; ( ) the reference SIR and
NSIR material, (---) cleaned samples after being exposed to fungi in method B and (…) cleaned samples
after being exposed to fungi in method Bʹ

Figure 15b, shows FTIR spectra between 1300-1800 cm-1 for the reference and
inoculated SIR samples. For the cleaned samples studied in methods B and Bʹ,
strong peaks were observed between 1500-1700 cm-1, corresponding to proteins and
polysaccharides of the biofilm on the surface of the samples [111]. In Figure 15c,
FTIR spectra for NSIR samples between 1300-1800 cm-1 are presented. A sharp
peak for the reference NSIR samples was observed at 1500-1600 cm-1, which is the
characteristic peak of NaB salt [110]. For samples exposed to microbial growth,
peaks representing protein groups were present in the spectra, which is an indication
that, after cleaning, microbial growth could not be removed from the surface
completely and this correlates with the results from the CA measurements for NSIR
samples in method B.
In addition to study the changes in the material properties due to the incorporation of
different additives and microbial growth, the electrical performance of the samples
were also analysed [112]. Conductivity measurements and flashover voltage tests
were performed on the samples of SIR, NSIR and DSIR before and after exposure to
the microorganisms. PSIR samples were not studied because fungal growth was not
suppressed by PSIR. The addition of NaB and DCOIT to SIR did not affect the
surface conductivity and surface flashover voltage of the base SIR. However, the
addition of DCOIT resulted in an increase in the volume conductivity of DSIR
compared with SIR, which might give rise to higher leakage current through the
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insulator and greater power loss. The NSIR samples exhibited the same volume
conductivity as the SIR samples. Biofilm formation on the samples reduced the
insulation performance to some extent [112].
4.2.2 Silicone rubber materials containing thymol
Material Characterization: Thermal and mechanical properties
In order to analyse the effect of thymol on the thermal properties of Sylgard 184,
samples containing thymol were studied using TGA. TGA was also used to
determine the final concentration of the active compound in the antimicrobial
samples. Thermal analyses of the TSIR and reference samples are presented in
Figure 16. In the TGA thermograms of the reference samples, only a single
degradation step was observed, which corresponds to the degradation of SIR, and it
starts at about 400 °C. The thermograms for the TSIR samples contained two
degradation steps and the first step occurring at approximately 100 °C correlates
with the temperature at which the decomposition of thymol starts. The final
concentrations of thymol present in TSIR samples were about 0.05, 0.5 and 3 wt %
for addition of 1, 3 and 10 wt % of thymol to Sylgard 184. Based on the TGA
results, the TSIR samples were named TSIR0.05, TSIR0.5 and TSIR3 for additions
of 1, 3 and 10 wt % of thymol to SIR, respectively.

Figure 16. TGA thermograms of the reference and the TSIR samples; ( ) Reference sample, (- - -)
TSIR3, (-·-) TSIR0.5 and (...) TSIR0.05
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The final concentration of thymol in the material is much less than the added initial
concentration. Large amount of the active compound was lost during the sample
preparation. The addition of the lower concentrations of thymol did not affect the
thermal properties of the Sylgard 184. However, the presence of 3 wt % of thymol in
the material resulted in more weight loss of about 15 wt % for Sylgard 184. TGA
was used to determine the final concentration of thymol in the TSIR3 samples after
21 days of incubation as shown in Figure 17. Samples were placed on MEAs and
incubated under the same conditions as for the disc diffusion test. In addition, the
thermal properties of the aged Sylgard 184 and TSIR3 samples were compared.

Figure 17. TGA thermograms of the aged reference and TSIR3 samples; ( ) aged reference sample and
(- - -) aged TSIR3

The final concentration of thymol in the aged TSIR3 sample was about 0.05 wt %.
Sylgard 184 is a relatively stable material, and ageing did not influence its thermal
properties. However, the aged TSIR3 sample showed a greater and faster weight
loss, even when it was compared to the non-aged TSIR3 sample.
Tensile testing was performed on TSIR3 samples to study the influence of the
addition of thymol on the mechanical properties of the SIR. The results of the tensile
test for the reference and the TSIR3 samples are presented in Table 3. The Young’s
modulus values obtained for the reference and antimicrobial samples were almost
the same. The TSIR3 samples had lower elongation at break and lower ultimate
tensile strength than the reference samples. The addition of thymol to Sylgard 184
resulted in changes in mechanical properties of SIR material, which could be due to
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the interaction of thymol with the crosslinking agent and the distribution the
crosslinking process. As confirmed also by the larger mass loss, observed by thermal
analysis, of the TSIR samples, the presence of thymol resulted in a less crosslinked
material.
Table 3. Tensile test results for reference and TSIR3 samples

Elongation
Samples

Ultimate tensile strength (MPa)

Young’s Modulus (MPa)

at break (%)
SIR

226±42

2.68±0.42

0.60±0.11

TSIR3

167±36

2.04±0.68

0.63±0.07

Antimicrobial activity of TSIR material
TSIR3 samples were studied for antifungal activity in a disc diffusion test. TSIR3
samples could inhibit the growth of the fungi from Sri Lanka and Tanzania.
Inoculation with fungi from both countries resulted in heavy fungal growth for the
reference samples by the second day, while no growth was observed for
antimicrobial samples even up to 21 days. In Figure 18, disc diffusion test results for
fungi from Tanzania are presented.

Figure 18. Results of the disc diffusion test of fungi from Tanzania, first row: reference samples and
second row: TSIR3 samples (a) day 1 of incubation, (b) day 2 of incubation, (c) day 3 of incubation and
(d) day 7 of incubation

The TSIR3 samples could not inhibit the growth of fungi from Sweden completely.
However, for the TSIR3 samples much lighter growth was visible compared to the
reference samples, which were covered by a dense fungal growth by the second day
of the incubation, as shown in Figure 19. A large zone of inhibition was still present
for the antimicrobial samples even after 7 days of incubation.
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Figure 19. Results of the disc diffusion test of fungi from Sweden, first row: reference samples and
second row: TSIR3 samples (a) day 1 of incubation, (b) day 2 of incubation, (c) day 3 of incubation and
(d) day 7 of incubation

Algal growth was inhibited by TSIR0.05 and TSIR0.5 as shown in Figure 20. For
the TSIR0.05 samples, the growth of algae began; however, a zone of inhibition was
present even after 14 days. Complete inhibition of algal growth was achieved by the
TSIR0.5 samples, and no growth was observed even on day 14.

Figure 20. Results for the disc diffusion test of algae after day 14 of incubation, (a) growth control, (b)
reference sample, (c) TSIR0.05 and (d) TSIR0.5

Thymol is a low molecular weight and volatile phenolic compound sensitive to light,
oxygen and elevated temperatures [113]. The actual amount of thymol present in the
SIR material was about 3 wt % for addition of 10 wt % of thymol according to
thermal analysis. Large amount of thymol was lost during the sample preparation.
Exposure of the thymol to the severe conditions of the disc diffusion test i.e. high
temperature and humidity caused even more loss of thymol. In the disc diffusion test
with only filter papers, 3 wt % of thymol could not suppress the growth of all fungi.
It is believed that the test conditions and fast evaporation of solvent i.e. acetone
resulted in much faster diffusion of thymol rather than more controlled migration of
the thymol from the material. It has also been shown that the release rate of an active
compound from a polymer is highly dependent on the amount of free crosslinking
agents existing in the material, that might react with the active compound and bind it
to the polymer [114].
Small amounts of thymol could inhibit the growth of the strains from Sri Lanka and
Tanzania, and even after 21 days, there was still a small amount of thymol remained
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in the material. Complete inhibition of the strains from Sweden was not achieved.
On the other hand, the fungal growth was suppressed by thymol in SIR compared
with the growth controls. Thymol exhibited high antimicrobial activity against algae,
even at very low concentrations, and had a small influence on the thermal and
mechanical properties of the SIR material. However, sample preparation method and
the final concentration of the active compound in the material are very important for
the antimicrobial activity of the samples.
4.2.3 Textured silicone rubber material
Surface wetting properties
The dynamic CAs of the textured surface were measured and compared with the
plane samples to study the way in which regular geometrical patterns on surface i.e.
hemispherical protuberances, influence the surface wetting properties. The samples
were analysed in two tests: in test 1, the samples were immersed in water to a depth
of 10 mm, withdrawn to a depth of about 1 mm, immersed again to depth of 10 mm
and finally withdrawn to a depth of zero. In test 2, samples were immersed in water
to a depth of 10 mm and withdrawn.
In Figure 21, results for the CA measurements of the plane and textured samples
studied by Wilhelmy balance for test 1 and test 2 are presented.
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Figure 21. CA measurements for the plane and textured surface, (a) plane surface sample in test1, (b)
textured surface sample in test 1 (c) plane (---) and textured (…) surface samples in test 2

In Figure 21a, dynamic CA measurements for the plane surface samples are
presented, and the advancing CA was obtained when the immersion of the sample
into the water started. The initial advancing CA was greater than 90° and increased
by immersing the sample deeper into water. Upon withdrawing the sample from the
water, the receding CA was obtained and was about 40° when the test ended. The
dynamic CA behaviour was the same as that of the HTV SIR in Figure 13a when the
dynamic CA was measured by expanding the volume of the droplet on the SIR
surface to a specific volume and draining the water immediately afterwards. When
the sample was immersed into the water for the second time, the same advancing
and receding CA behaviours and values were obtained, indicating that pre-wetting of
the sample did not affect the surface wetting properties. CAH was not stable
throughout the measurement, and it was unusually high. CA values are highly
related to the measurement method. The high CAH could be due to the removal of
SIR oligomers from the surface due to the cleaning of the surface prior the
measurements. In Figure 21b, CA measurements for the textured sample were
presented. The same CA behaviour was observed for the textured samples.
However, due to the structure on the surface, a stick-slip behaviour was monitored
for the advancing and receding CAs. The advancing CA was about 130° for this
sample, and the receding CA was about 60°. The textured sample has a lower CAH
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than the plane surface sample. Although the textured samples were also cleaned
prior to measurements, high CAH was not observed for the textured sample. It is
believed that the regular surface structure improved the dewetting properties of the
samples. In Figure 21c, the dynamic CA measurements of the plane and textures
samples were compared in the test 2. The same CA behaviour was observed for both
samples but with a higher receding CA for the textured samples and, therefore, a
lower CAH.
The texture on the surface of the SIR can result in improved anti-dry band properties
of the HV insulators. Microbial accumulation influences the surface wetting
properties of polymeric HV insulators via the formation of thin water film on the
surface. When this thin film of water evaporates due to the rise in atmospheric
temperature, dry band forms on the surface of the insulator. Dry band formation
results in interruption of the current flow along the insulator, which results in a
voltage gradient across the dry band. Higher leakage currents increase the width of
the dry band and might eventually results in flashover. On the textured surface,
water needs to pass through the regular structure on the surface resulting in even
distribution of the water channels over the surface. This results in a decrease in the
overheating risk on a particular part of a surface since the spread of the leakage
current on the surface is more uniform [98,101]. A higher receding CA and,
therefore, a lower CAH might reduce the risk of dry band formation and failure of
the insulator.
Image analysis of the biocontaminated textured and plane surfaces
Textured and plane surface samples were studied in a microenvironment chamber in
order to determine the effect of the regular structure i.e. hemispherical
protuberances, on biofilm formation.
Samples were studied visually and photographed to determine the extent of
microbial growth on the different surfaces. In addition, image analysis was used to
give a better picture of how microbial growth was distributed on the surfaces. Image
analysis methods have been used to determine the rate of microbial growth on SIR
materials [25] and to differentiate between clean and biocontaminated surfaces
[115]. Samples inoculated in the microenvironment chamber were photographed
after 28 days for visual studies, as shown in Figure 22.
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Figure 22. Samples exposed to microbial growth after 28 days in the microenvironment chamber (a)
samples positioned vertically and (b) Samples positioned horizontally

For the plane samples hung vertically, intensive biological growth was mostly
observed at the lowermost edges of the samples, and for the horizontally inclined
plane samples, microbial growth was mostly concentrated on the downwards tilted
side. For the textured samples hung vertically and horizontally, inclined growth was
distributed evenly on the surface. No microbial growth was observed on the top of
the regular structures on the surface. However, in the gaps between the regular
structures, higher concentrations of microbial growth were observed.
Image analysis was performed using four different methods to obtain more precise
information about the biological growth distribution on the plane and textured
surfaces. The applied threshold was chosen to eliminate the slight growth on the
surface and to detect spots on the surface where the fungal growth was denser. The
areas with dense growth on all samples were calculated using four different image
analysis methods. The results are summarized in Table 4. The values are the extent
of microbial growth in percentage on the surface of each sample. Each value is the
average value for two samples, and only one sample (without any microbial growth)
was studied as the reference sample in each case.
The values obtained from the four different methods for the reference plane samples
were in the range of 0.02-0.28% and very close to the correct value of 0.0%. For the
reference textured samples, slightly higher values in the range of 0.53-3.2% were
obtained from the all methods. The choice of threshold plays an important role in the
image analysis results of the textured samples, especially in method 1. The regular
structure on the surface causes both intensity and colour differences. Therefore, even
a small decrease when applying method 1 results in large errors when analysing
microbial coverage on the surface of the textured samples. Method 1 mostly
determines the sporulating growth and is less sensitive to less pronounced growth,
which is captured by method 2. Method 2, is rather unstable on its own since it
describes completely black regions as not having any organic growth and, therefore,
gives large deviations for the textured surfaces. A combination of two methods i.e.
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method 3 needs to be applied to obtain more reliable results. However, the deviation
is highly influenced by the limitations of method 2.
Table 4. Image analysis results: area covered by biological growth (%) (± deviations)

Methods
Samples
Method 1

Method 2

Method 3

Method 4

Horizontally inclined plane surface

7.85±0.52

8.66±1.75

13.15±1.97

15.79±0.44

Vertical plane surface

12.45±1.76

19.83±3.02

24.50±0.09

28.84±3.97

Horizontally inclined textured surface

13.30±1.62

15.91±13.33

22.48±9.87

9.90±0.7

Vertical textured surface

10.00±1.32

5.48±4.06

12.71±3.45

12.46±2.44

Reference plane surface

0.02

0.26

0.28

0.26

Reference textured surface

0.99

0.53

1.5

3.2

A larger area was covered by microbial growth on the surface of the plane samples
positioned vertically than the inclined plane samples according to all four methods.
The area of the microbial growth on the vertically hung samples was smaller with
more intensive growth as was also observed via visual examination. For the textured
samples, higher values were obtained for the horizontally inclined samples than the
vertically positioned samples when using method 1-3. However, method 4 gave
higher values for the samples positioned vertically. In Figures 23 and 24,
visualizations of the results of the image analysis are presented. Figures 23 (a) and
24 (a) present the images for the samples positioned vertically, Figures 23 (b) and 24
(b) are the images for the horizontally inclined samples, and Figures 23 (c) and 24
(c) present the reference samples. The first row shows the original digital images
prior to analysis, the second row are the images processed using method 1, the third
row are the images processed using method 2, and the fourth row are the images
processed using method 3. Method 4 operates on sorted data and cannot be
visualized in this way. As discussed previously, method 3 provides the most realistic
coverage extent while method 2 is the least reliable. If only the plane samples are to
be analysed, method 1 with a lower threshold would be a good alternative.
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Figure 23. Image analysis of plane surface samples (a) Vertical, (b) horizontally inclined, and (c)
reference; rows 1-4 show the original pictures and the images processed using method 1, method 2, and
method 3, respectively.

Image analysis method 3 provides detailed information about biofilm formation on
the surfaces. For the plane samples positioned vertically, inoculation droplets
travelled on the surface from the top edge to the lower edge and were pinned to the
lowermost edge of the sample. The microbial growth was mostly concentrated on
the lowermost edge because the suspension could not run off the surface completely.
The same behaviour was observed for the horizontally inclined samples, where the
fluid travelled to the lower tilted side. When the samples were inoculated again each
week, the droplets wetted a highly pre-wetted and already colonized surface.
Suspension droplets were pinned on the surface, and therefore, spot-wise growth is
also present on the surface of the samples to lower extent for the inclined samples.
However, it seems that in the case of tilted samples, due to the tilting angle
suspension droplets even on a pre-wetted and colonized surface tend to travel to the
tilted side rather than forming drops on the surface. As a result the microbial
coverage, on the surface of the tilted samples is more concentrated in a particular
area and spot-wise growth was not observed on the surface of these samples as much
as for the vertical samples.

41

Figure 24. Image analysis of textured surface samples (a) Vertical (b) horizontally inclined, and (c)
reference; rows 1-4 show original pictures and the images processed using method 1, method 2, and
method 3, respectively.

On the vertical textured samples, microbial growth was concentrated on the lower
edges of the samples, indicating that the fluid travelled over the surface to the lower
edge. However, the extent of growth at the lower edge for the textured samples is
much smaller than that of the plane samples. In addition, settling of the spores and
consequent fungal growth were present between the regular structures throughout
the surface. For the inclined textured samples, the colonized area was almost two
times larger than that of the vertical samples, according to the values obtained using
method 3. The fungal growth covered almost the entire surface with higher
concentrations on the tilted side, similar to the plane samples. Larger area on the
surface of the inclined textured samples were covered by fungal growth compared
with the vertical samples, possibly due to the different travelling paths of the
inoculation suspension on the surfaces filling the gaps in the regular structure. The
biofouling results are in accordance with the CA measurements, and more even
distribution of the water (in this case, the inoculation suspension) was observed,
giving rise to more homogenous coverage of the surface with fungi.
The use of the textured surface for SIR housing can be favourable if used in the
vertical areas of an insulator. As observed from the results, the extent of microbial
coverage of the surface of the samples is highly dependent on how the samples were
positioned with a much more distinct pattern on the textured samples. The microbial
growth is highly associated with the accumulation of water on the surface. The
textured surface promotes the more homogenous spreading of the water across the
entire surface, giving rise to evenly distributed microbial growth. Therefore, using
the textured surface can highly affect the surface properties of an insulator.
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4.2.4 Nanocomposite silicone rubber surfaces
Surface characterization: SEM and dynamic CA measurements
SIR samples were sprayed with hydrophobic and hydrophilic NPs to achieve
hierarchical structures. The samples were studied in microenvironment chambers for
microbial growth to evaluate the effect of the nanocomposite surfaces on fungal
growth as result of the chemistry of the NPs and roughness induced by the presence
of the NPs on the surface.
SIR nanocomposite surfaces were characterized for surface morphology and surface
wetting properties. SEM micrographs of the nanocomposite surfaces prepared with
ZnO and O-ZnO NPs are presented in Figure 25. As shown in the low magnification
SEM images, the distribution of the ZnO NPs on the SIR surface was quite
homogenous, and the NPs uniformly covered the entire surface, giving rise to a
fairly smooth surface morphology. However, the distribution of the O-ZnO NPs on
the SIR surface was not as homogenous as the ZnO NPs and non-smooth
morphology was clearly seen for the O-ZnO nanocomposites. Micro- and nano-sized
agglomerates were present on both surfaces, which can be due to NP agglomeration
and the spraying method. On the surface of the ZnO nanocomposite, larger
agglomerates were present on some parts of the intact coating layer, while smaller
and evenly distributed agglomerates were observed on the O-ZnO nanocomposite
surface. The smooth morphology of the ZnO nanocomposite surface was clearly
seen, even in the higher magnification SEM images, while the surface sprayed with
O-ZnO exhibited much more rough morphology.
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Figure 25. SEM micrographs of SIR nanocomposite surfaces (a) sprayed with ZnO and (b) sprayed with
O-ZnO; SEM micrographs were taken at magnifications of x500 and x3000.

The results for dynamic and static CAs of the nanacomposite surfaces prepared with
hydrophilic and hydrophobic NPs are summarized in Table 5. Spraying the SIR
surface with both ZnO and O-ZnO NPs resulted in higher static and advancing CAs
for the nanocomposite surfaces compared with the reference SIR. An increase in the
static CA to values ≥ 150° is an indication of a much higher surface roughness of the
nanocomposite surfaces. In both cases, the increase in the CA values was greater for
the surface prepared with O-ZnO. A static CA ≥ 150° is one of the requirements for
a superhydrophobic surface.
Table 5. Static and dynamic CA results for the reference and nanocomposite surfaces (± standard
deviation)

θs

θa

θr

CAH

Reference SIR surface

109.56±1.27

114.52±0.84

93.94±1.94

20.96±2.47

Nanocomposite surfaceprepared with ZnO

155.11±2.18

161.08±8.93

48.38±5.94

112.70±3.84

Nanocomposite surfaceprepared with O-ZnO

158.36±1.99

164.37±6.76

162.26±9.87

2.11±1.46
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The receding CAs of the surface prepared with the O-ZnO NPs showed an increase
about 68° compared with the reference SIR surfaces, resulting in a dramatic decrease
in the CAH value. The static and the advancing CAs ≥ 150° and a very low CAH of
approximately 2° is an indication of superhydrophobicity and self-cleaning
properties for the surfaces sprayed with O-ZnO NPs, which were achieved due to the
hierarchical surface morphology and the surface chemistry of the NPs.
The high receding CA is an indication of high surface roughness and heterogeneous
surface wetting state i.e. Cassie-Baxter wetting state, which is characterized by the
low adhesion between the liquid and the surface due to the existence of air pockets
between the roughness features and liquid. Hierarchical roughness i.e. existence of
roughness at several size scale is one of the most important factor in achieving
superhydrophobicity [64,70]. In addition, low surface energy as a result of surface
chemistry plays an important role [64].
The higher static and advancing CA values obtained for the ZnO nanocomposite
surfaces is an indication of higher surface roughness induced by NPs on this surface
compared with the reference SIR. On the other hand, the receding CA is lower for
this surface than for the reference sample i.e. this surface has a higher CAH. The
fact that the CAH is much higher for the nanocomposite prepared with ZnO NPs
suggests a high roll-off angle for the surface, which means a higher tilting angle is
required for a drop to roll off the surface, i.e. drops get pinned to the surface [64,70].
The different behaviours between the two nanocomposite surfaces can be explained
by the hydrophilic nature of the ZnO NPs. Receding CA is measured when the
surface has already been wetted by water, while the static and advancing CAs are
measured on non-wetted surfaces. The combination of less hierarchical structure,
observed by SEM, and the hydrophilicity of ZnO NPs result in greater wettability of
the surface because it is easier for the water to fill in the initial air pockets under the
droplet.
Although the surface wetting properties of the ZnO nanocomposite samples have
been improved due to the higher roughness induced by the NPs compared with the
smooth surface of the reference surfaces, superhydrophobicity was not achieved
because of a very high CAH. The wetting of the ZnO nanocomposite is a
homogenous wetting, which is also called Wenzel wetting state [64,70].
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Antimicrobial activity of nanocomposite surfaces
Nanocomposite SIR and reference SIR surfaces were incubated in
microenvironment chambers for the determination of the extent of microbial growth.
The microenvironment chamber, simulating outdoor environments and providing
real growth conditions for fungi was designed by Wallströms et al. [19,25] and used
for the evaluation of microbial growth on SIR materials. Samples in the
microenvironment chambers were photographed and analysed by SEM every week.
Fungal growth on the horizontally positioned reference samples could be observed
with the naked eye by day 3 of incubation. However, fungal growth on the
nanocomposite surfaces placed horizontally became clear and much more defined
after one week of incubation. Fungal growth on the reference surfaces had a
different pattern than the growth on the nanocomposite surfaces. On all of the
surfaces, growth was initiated and developed from the initial inoculation droplets.
On the reference surfaces, the biofilm was evenly distributed on the surface from the
centre of the drop. However, on the nanocomposite surfaces, the fungi seemed to
grow in layers from the centre of the droplets upwards not spreading out further
from the initial suspension droplets. SEM analysis at low magnification confirmed
the dissimilarity of the growth on different samples, which are shown in Figure 26.

Figure 26. SEM micrographs of fungal growth on the reference and nanocomposite SIR surfaces
positioned horizontally in the microenvironment chambers after 7 days of incubation a) reference SIR
surface b) SIR surface sprayed with ZnO and c) SIR surface sprayed with O-ZnO; SEM micrographs
were taken at the magnifications of x30 and x500.
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For nanocomposite surfaces, the growth was much more concentrated in the centre.
However, for the reference surfaces, the hyphae and mycelia of the fungi spread out
on the surface.
SEM analysis of the microbial growth on the nanocomposite surfaces prepared with
ZnO NPs after 7 days of incubation (Figure 26b) revealed changes in the
morphology of the hyphae and mycelia of the fungus. Shrinkage and deformation of
the hyphae were observed for the hyphae on the surfaces coated with ZnO by 7 days
of incubation when it was compared with the smooth hyphae formed on the
reference SIR surfaces. The changes in the morphology and ultrastructure of the
hyphae could be due to exposure to the NPs. Changes in the structure and
morphology of fungi hyphae treated with several NPs have been reported [49,116119]. In a study by He et al. [49], inhibition of two postharvest pathogenic fungi
exposed to ZnO NPs was observed, and inhibition of at least one of the fungi was
due to the changes in the morphology of the fungal hyphae.
The variation in the growth pattern on the different surfaces became more distinct
after 14 days of incubation, as it is shown in low magnification SEM images in
Figure 27. Changes in the morphology of the fungal hyphae growing on the
nanocomposite surfaces prepared with O-ZnO was distinguished by SEM analysis
after 14 days of incubation, as shown in Figure 27c.
Visual observation and SEM analysis of the fungal growth on the samples
positioned horizontally were similar to the results from week 1 with the difference
that, for the reference samples, the microbial growth was extended over more of the
surface, while for the nanocomposite surfaces growth was not extending out of the
initial growth spots.
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Figure 27. SEM micrographs of fungal growth on the reference and nanocomposite SIR surfaces
positioned horizontally in microenvironment chamber after 14 days of incubation a) reference SIR surface
b) SIR surface sprayed with ZnO and c) SIR surface sprayed with O-ZnO; SEM micrographs were taken
at the magnifications of x30 and x1000.

Samples positioned vertically and horizontally inclined were also studied in the
microenvironment chamber to evaluate the importance of the surface wetting
properties on the antifouling ability of the surface.
Nanocomposite surfaces hung vertically could not be wetted when inoculated with
the fungal suspension, and the suspension droplets ran off the surface immediately
due to the surface wetting properties especially for the nanocomposite surfaces
prepared with O-ZnO. Few droplets were pinned to the surface prepared with ZnO,
which roll off the surface after a very short time. No microbial growth was observed
on the surface of the samples prepared with ZnO and O-ZnO NPs after 4 weeks of
incubation. Although dewetting of the surface was expected for the vertical O-ZnO
nanocomposite surfaces, for the samples coated with ZnO NPs, the same behaviour
was observed as a result of high static and advancing CA values and the position of
the sample i.e. vertical position. Even though this sample has a very high CAH,
wetting of the surface occurred over a very short time before the suspension droplets
rolled off the surfaces. Microbial growth was not observed because the spores did
not have enough time to settle on the surface and were washed off the surface by the
drops running off the surface. Microbial growth was observed on the reference
samples placed vertically. For the reference samples placed vertically, the microbial
growth was mostly concentrated on the lowermost edge of the samples similar to the
plane samples mentioned in the section “Image analysis of the biocontaminated
textured and plane surfaces”. Although the inoculation droplets roll on the surface,
not all of the droplets ran off the surface and not as fast as on the nanocomposite
surfaces, some were pinned to the lowermost edge of the samples, resulting in
microbial growth. The extent of microbial growth on the vertical reference samples
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was much less than the growth on the reference samples positioned horizontally due
to presence of less fungal suspension and spores.
The horizontally inclined nanocomposite surfaces prepared with O-ZnO exhibited
very strong water repellency and dewetting properties when inoculated with fungal
suspension due to the high advancing CA and very low CAH of the surface i.e.
superhydrophobicity. No microbial growth was observed on the surface of the
samples even after 4 weeks of incubation, as expected. However, inoculation of the
horizontally inclined reference and nanocomposite surfaces prepared with ZnO,
resulted in wetting of the surface. Most of the suspension droplets ran off the ZnO
nanocomposite surface but not all of them. Suspension droplets on the surface of the
reference samples were pinned onto the surface and did not roll off the surface.
Microbial growth on the reference surfaces was observed in a spot-wise pattern to
same extent as for the horizontally placed reference samples. Fungal growth was
initiated in the same spots as the initial inoculation droplets, and microbial growth
was clearly noticed after 3 days of incubation. In addition, during the 4 weeks of
incubation, growth spread out of the initial fungal growth in same way as for the
horizontal samples. No fungal growth was observed by the naked eye on the surface
of the inclined nanocomposite prepared with ZnO even after 4 weeks of incubation.
However, small droplets were present on the surface of these samples, as shown in
Figure 28.

Figure 28. Visual results of the inclined reference and nanocomposite SIR surfaces studied in the
microenvironment chamber after 28 days of incubation a) reference SIR surface b) SIR surface sprayed
with ZnO and c) SIR surface sprayed with O-ZnO

Droplets on the surface of the inclined ZnO nanocomposite were analysed using
SEM and only few fungal spores were found on the surface, and no hyphae
formation was observed. It is believed that since the large portion of the suspension
droplets ran off the surface, washing off the spores and the nutrients, conditions
were not sufficient for fungal growth to be initiated on the surface.
Fungal growth on the nanocomposite surfaces in general was in lower extent than
the reference SIR, ranging from no growth on the vertical and inclined samples to
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the microbial growth in form of limited spots on the horizontal samples. The
importance of the surface wetting and self-cleaning ability of the O-ZnO
nanocomposite samples were emphasized when the samples evaluated in vertical
and inclined positions as for the different parts of the insulator housing. For the ZnO
composite surfaces, superhydrophobicity and a self-cleaning ability could not be
concluded when the samples were studied for surface morphology and wetting
properties. However, microbial growth was not observed for ZnO nanocomposite
samples positioned vertically and inclined as a result of the improved surface
wetting properties. However, CAH of these samples was not very low; suspensions
wetted the surface to some extent and, for the inclined samples, did not roll off the
surface completely, which can result in promoting the microbial growth if the
nutrients and contaminations would be available in longer periods of time and as in
the case of rain in real application.
Fungal growth on the nanocomposite surfaces had a different pattern compared with
the reference samples, which is believed to be due to the behaviour of the
inoculation liquid on the surface. Differences in fungal growth were also observed at
the microscopic level. The morphology of the Curvularia lunata fungus was not
similar on the samples coated with NPs than the morphology of the same fungus on
the reference samples. Clear deformation and changes in morphology could be
observed which might be due to exposure of the microorganisms to the NPs.
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CONCLUSIONS

In this work, the prevention of microbial growth on SIR materials to be used as
housings for outdoor HV insulators was studied using two strategies. First, the
addition of active compounds with antimicrobial activities to SIR was studied, and
the effects of the compounds on the SIR properties were evaluated. Second,
modification of the SIR surface was studied using two different approaches. In the
first approach, the SIR material was manufactured with a regular geometrical pattern
on the surface to obtain a higher surface area and improved hydrophobicity. Second,
NPs were deposited on the surface of the SIR using a spray-deposition method to
achieve a hierarchical surface morphology and consequent superhydrophobicity and
self-cleaning properties. Biofilm formation is highly associated with water
accumulation on surfaces. The water distribution on a surface and the
wetting/dewetting properties of the surface can influence biological growth;
therefore, it was important to study microbial growth on a different surface pattern
and the effects of surface roughness and morphology on biofilm formation.
DCOIT was the most effective additive for the inhibition of the growth of aggressive
fungi studied according to the ISO standard. No fungal growth was observed on the
SIR samples containing DCOIT. NaB exhibited antimicrobial activity as well, but it
was less efficient than DCOIT. PABA could not prevent growth of any of the
studied strains. The addition of the additives did not result in any changes in the
surface wetting properties of the material. CA measurements of colonized samples
showed changes in the surface wetting properties due to the growth of fungi on the
material surface. Cleaning the samples did not result in complete removal of the
biological matter.
Thymol exhibited high antimicrobial activity against the growth of most of the
fungal strains, which have been found colonizing on insulators in several regions.
Thymol also showed antimicrobial activity against green algae found in biofilm
compositions formed on insulators. The incorporation of thymol in SIR influenced
the thermal and mechanical properties of the SIR but not in a significant way. A
large amount of thymol was lost during sample preparation according to thermal
analysis. Therefore, optimization of the sample preparation method needs to be
considered to minimize the loss of the active compound.
The textured samples showed dewetting properties compared with the plane SIR.
Higher receding CA and lower hysteresis were observed in the samples with regular
surface structures. A textured surface might decrease the risk of dry band formation
on the surface. However, microbial growth was observed over almost the entire
surface of the horizontally inclined textured SIR and was very well distributed.
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Because biofilms are mostly composed of water, if a textured surface is used in
inclined position, the resulting uniform coverage of the surface would influence the
electrical performance.
For nanocomposite surfaces prepared with O-ZnO NPs, a rough surface morphology
was observed. Studying the surface wetting properties provided information that was
indicative of superhydrophobicity and a self-cleaning ability for these
nanocomposites, i.e. hierarchical surface structures. Surfaces prepared with ZnO
NPs showed improved static and advancing CAs, which are required for
superhydrophobicity. No biological growth was observed on the surfaces of the
vertically and inclined nanocomposites. The morphology of the fungi growing on
the horizontal nanocomposite surfaces was different than the morphology of the
same fungi growing on the reference SIR material, which might be due to the
antimicrobial activity of the ZnO NPs.
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FUTURE WORK

Thymol proved to have a strong antimicrobial effect on the microorganisms used in
this study. However, improved methods need to be developed to avoid loss of the
compound during material preparation. Also, the diffusion rate of thymol from the
bulk of the material needs to be controlled. Different strategies should be
investigated, such as use of zeolites for controlled release of the compound as well
as surface functionalization.
Stability and resistance of the nanocomposite surfaces to microbial growth should be
further evaluated through long-term exposure of the materials to microbial
environments under various conditions.
The electrical properties of the designed surfaces, textured and nanocomposite
surfaces, exposed to microbial colonization should be determined.
Risk assessments should be performed for materials containing antimicrobial agents
and the nanocomposite surfaces to determine the environmental impact of the
designed materials.
Different combinations of the proposed strategies should be investigated, such as
addition of nanocomposite coating and/or antimicrobial agents to textured surfaces.
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