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ABSTRACT: Crevice corrosion accounts for 62% of the recorded
breakdown of insulators utilized in transmission lines, which may
interfere with the reliability of power utilities. To address these
challenges, sustainable and resilient slippery lubricant-infused
porous surfaces (SLIPS) are developed on insulators to prevent
electrochemically/biochemically induced crevice corrosion espe-
cially occurring in tropical and coastal environments. The
conventional way of developing SLIPS by chemical and physical
etching might interfere with the mechanical stability of insulators
composed of pin (galvanized steel), cement, and shell (porcelain).
The current study proposes a noble concept of developing
hierarchical patterned textured surfaces on insulators to fabricate a resilient SLIPS coating without physical/chemical etching.
The proposed coating exhibits 99% antiadhesion performance against a mixed culture of bacterial strains, superior hydrophobicity
(contact angle: 160°, contact angle hysteresis: 4°), and crevice corrosion resistance performance at elevated temperatures (25—75
°C) and humidity. This study could facilitate a new route for the development of sustainable and highly reliable SLIPS coatings in
the future.

Article Recommendations

CeNH)NO,

1. INTRODUCTION

The evidence so far suggests that the presence of microbes
inside crevices frequently results in highly localized changes in
electrolyte constituent concentrations, pH, and oxygen
levels.'™® The crevice becomes oxygen-depleted, while the
surrounding electrolyte gains oxygen, allowing this crevice
system to exist. As a result, the material within this crevice
system serves as the anode, and the exterior serves as the
cathode, completing the redox system. The increase in M* ions

Microorganism development has been evidenced in both
ceramic and nonceramic insulators placed all over the world,
particularly in tropical and subtropical conditions with high
humidity, significant rainfall, and high temperature. It has been
found that heterogeneous populations of bacteria, algae, moss,
and fungus coexist in insulator biofilms. Single-celled green
algae, which is abundant in Asia, is the most commonly
discovered biofouling on insulators (Figure 1). The intriguing
part about dry algae colonies on insulator surfaces is that they

within the material crevice causes an influx of chloride ions,
which results in a net neutralization reaction. The metal
chloride is then hydrolyzed to produce a free acid, resulting in
an acidic reaction.” The hydrolysis reaction produces free acid,
which keeps the pH below 2, while the pH outside the crevice
remains neutral. Because of the microenvironment and pH
state, the electrolyte within the crevice contains a high
concentration of metal chloride ions, which are dissolved at
near-total saturation concentrations. The biofilm can accelerate
oxygen depletion inside the crevice. The respiring microbial
colonies within the crevice become anodic, causing the
surrounding areas to become cathodic. Two different oxygen
concentrations in two different locations result in a difference
in electrical potential and, as a result, crevice corrosion.”®
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began to develop again when moist.”~”

According to published research, the formation of a biofilm
layer on the surface of an insulator poses a significant risk of
crevice corrosion within an insulator’s pin—cement crevice.
Crevice corrosion causes crack propagation within the
insulator, reduces flashover voltage by 30%, and induces
surface leakage current.'’ Such conditions compromise the
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integrity of high-voltage insulators, as shown in Figure 1.
Considering the complexity of the situation, it is preferable to
limit biofilm formation to avoid abrupt insulator failure.

Most of the available biofilm resistance methods deal with
either active coating or passive coating. The first category emits
biocides and antibiotics.'’"'> The other category includes
antimicrobial chemicals that are securely bound to surfaces,
such as hydrophilic polymers and polycationic biocides."* The
major limitation of the first category is the uncontrolled release
of biocides, which decreases over time.'* Furthermore, both
types of coatings promote the formation of an extracellular
polymeric adhering film and dead bacteria on coating surfaces,
which eventually inhibits initial attachment and has no
inhibitory effect over a longer stretch. On the other hand,
antimicrobial resistance to the biofilm increases at the same
time,' !¢

Superhydrophobic surfaces have attracted great attention as
a green alternative to solve the existing issue.'’ The
superhydrophobic surfaces consist of an air layer trapped by
micro/nanostructures that prevent direct contact between the
corrosive fluid and the surface. The air layer cannot withstand
high humidity, air pressure, and biological fluids. Thus,
superhydrophobic surfaces cannot be a reliable alternative for
the issue.'®

Over the last decade, surface modification technologies
known as slippery liquid-infused porous surfaces (SLIPS) or
lubricant-impregnated surfaces (LIS) have evolved. SLIPS
coatings have a broad application in marine, biomedical, and
construction industries due to their environment-friendly and
reliable nature.'” Until now, several techniques for fabricating
SLIPS have been used, including chemical, physical etching,
sol—gel synthesis, and so on.”’ However, chemical and physical
etching interfere with the mechanical stability of cement and
porcelain materials.”" Similarly, chemical and physical etching
are not safe for galvanized steel.”! Keeping this in mind, a few
researchers have used the sol—gel technique to develop
SLIPS.”"** However, nanopatterns are built on surfaces rather
than hierarchical patterns, which have a poorer lubricant
retention ability than hierarchical patterns. The stability of
SLIPS is based on the capability of surface textures to retain
the lubricant by capillary and van der Waals forces.”” To the

best of our knowledge, constructing hierarchical patterned
textured surfaces on power insulators without using physical/
chemical etching has not been reported so far. In addition,
coatings involving cerium are popular as an electrochemical
corrosion-resistant material, but its biochemical corrosion
resistance has not been explored much.”

The current study suggests a noble concept of developing
hierarchical patterned textured surfaces on insulators to
fabricate a robust SLIPS coating without physical/chemical
etching. The efficacy of the proposed treatment has been
evaluated systematically against electrochemically and bio-
chemically induced crevice corrosion in a simulated tropical
and coastal environment.

2. EXPERIMENTAL SECTION

2.1. Materials. The Korea Electric Power Corporation
(KEPCO) supplied insulator specimens with a (galvanized
steel) pin length of 10.7 cm and a zinc coating of 180 ym. All
of the chemicals such as isopropyl alcohol (IPA), Turco 6849,
ceric ammonium nitrate Ce(NH,),NO;, ethanol, acetic acid,
calcium hydroxide, sodium chloride, and sodium sulfate were
procured from Merck, Korea, and liquid ethylene—propylene
terpolymers, Trilene 65D (L-EPDM), and dispersant (Disper
BYK 2055) were from ChemPoint. All formulations were
created with analytical-grade chemicals in distilled water.

2.2. Fabrication of Specimens. For the preparation of
cerium sol precursors, 10 g of ceric ammonium nitrate,
Ce(NH,),NO;, were dissolved in 10 mL of ethanol, S mL of
acetic acid, 1 mL of stearic acid, and 5 mL of DI. The obtained
sols were initially dark due to the reduction reaction of Ce*" to
Ce’* due to the presence of ethanol.”* The prepared sols were
agitated for 1 h under 60 °C. An EPDM-based lubricating oil
was prepared by mixing the dispersant (0.10 mL), transparent
paraffin oil (100 mL), toluene (4 mL), and L-EPDM (8 mL)
blends and agitating at 2000 rpm for 1 h. The Ce-based
obtained composite was sprayed (3—5 times) on insulator
samples (T1) and dried at room temperature for 3 h. Finally,
the EPDM lubricating oil was coated/sprayed on insulator
specimens (T2) by a brush/spray and dried for 1 h at 50 °C.*
The excess EPDM lubricating oil flowed off during the process.
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Figure 2. Preparation of the EPDM lubricating oil-infused steric acid-modified cerium oxide composite (hierarchical surface).

The development of composites and application process can
be seen in Figure 2.

The dried insulator was cut into 2 cm X 2 cm specimens by
waterjet cutting. Three types of specimens were prepared for
the experiment: bare (untreated), modified cerium composite-
applied specimens (T1), and EPDM lubricating oil-infused
steric acid-modified cerium oxide composite-applied specimens
(T2). The thicknesses of the coating of T1 and T2 were
measured by a laser confocal microscope (36.7 and 37.7 um,
respectively).

2.3. Surface Measurements. The particle size of steric
acid-modified cerium oxide can be confirmed with Brookhaven
Instruments’” dynamic light scattering (DLS) instrument. The
morphology and element distribution of the as-prepared
specimens was carried out using a scanning electron micro-
scope (SEM, TESCAN, Czech Republic) coupled with energy-
dispersive X-ray spectroscopy (EDS). The topology of the as-
deposited surfaces was investigated using a Bruker Innova
microscope in the high-amplitude mode. Atomic force
microscopy (AFM) images were processed using NanoScope
analysis 7.0 software to obtain values for roughness character-
istics. Fourier transform infrared spectroscopy (FTIR) was
carried out by a Bruker IFS-66/S TENSOR 27 instrument with
100 scans and a resolution of 1 cm™". The water contact angle
(WCA) measurements and contact angle hysteresis (CAH)
were measured using a Pheonix 300 Touch, and each
measurement was repeated three times. The drop volume
used was 3 mL. The CAH was calculated as the difference
between the advancing and receding contact angles. The
variations in WCA and CAH following immersion in corrosive
media for 90 days were examined.

2.4. Evaluation of Stability of the Proposed Treat-
ment. The stability of the proposed approach was evaluated
by water stress (simulating rain), gravity, and volatility tests.
Water drop cloaking tests were set up in a closed flowing water
chamber with an inlet and an outlet. The samples (T2) were
kept inside the chamber in a horizontal and vertical manner to
evaluate stress and gravity tests. The X-ray photoelectron
spectroscopy analysis was carried out on the liquid medium
filled in the test chamber for five cycles.

For the volatility test, a measured amount of the EPDM
lubricating oil (50 mL) was kept in an evaporation crucible and
heated to 100 °C for 15 min with a constant flow of air over it.
The oil was weighed before and after the test to examine the
percent loss in the mass of the oil. The experiment was carried
out using the Noack volatility test equipment in accordance

with the ASTM D5800 compliant. The result of the
experiment was compared with the volatility test results of
silicone oil (viscosity: 250 cSt).

2.5. Antiadhesion Tests. Acidithiobacillus ferroxidans
ATCC 23270 and Thiobacillus organoparus Markosian ATCC
27977 bacterial strains were adopted to explore the bacterial
antiadhesion of the proposed composite, since this strain forms
intense adherent biofilms on various surfaces.

The pin (galvanized steel)/cap (steel)/cement/shell (por-
celain) specimens were randomly chosen and incubated in a
Petri dish containing mixed cultures of A. ferroxidans ATCC
23270 and T. organoparus Markosian ATCC 27977 (2 X 107°
cells/mL) in modified BG11 culture media. The EPDM
lubricating oil-infused steric acid-modified cerium oxide
composite-applied specimens (T2) were considered. The
bare (untreated) and modified Ce composite-treated speci-
mens (T1) were considered reference specimens for the
experiment. All samples were rinsed with sterile deionized
water and ethanol before culture. The plates containing
modified or reference specimens were grown in static
circumstances under 2500 Ix of white fluorescence light
using a 12/12 h light/ dark cycle at room temperature. Each
sample comprised three duplicates. After 90 days, the
specimens were removed and dried before sending for image
analysis.

2.5.1. Antimicrobial Tests. The impact of the modified Ce
composite (T1 and T2) on the viability of A. ferroxidans
ATCC 23270 and T. organoparus Markosian ATCC 2797 was
examined. The brief twofold dilution of the modified Ce
composite and the EPDM lubricating oil-infused steric acid-
modified cerium oxide composite with the nutrient broth was
carried in triplicate in a 96-well microtiter plate, followed by
the addition of 100 uL of combined A. ferroxidans ATCC
23270 and T. organoparus Markosian ATCC 2797 to each well
to provide 13, 7.5, 3.75, 1.89, 0.95, 0.5, 0.2, and 0.1% (v/v)
concentration by volume with a final volume of 200 yL. The
plate was sealed and incubated at 37 °C. After 1, 6, and 24 h of
incubation, 35 uL of each well suspension was removed and
cultivated on nutrient agar by the pour plate method. The plate
counting (CFU/mL) was performed post incubation at 37 °C.

2.6. Anticorrosion Performance. The anticorrosion
performance of bare, modified Ce (T1), and EPDM lubricating
oil-infused steric acid-modified cerium oxide composite (T2)-
applied specimens were studied in corrosion media for 90 days
by a Korean Scientific Inc. UCMOS03100KPA. In addition,
electrochemical workstation tests were conducted by measur-
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Figure 3. Surface analysis of (a) untreated (bare) and (b) treated specimens (T2).

ing Tafel curves by sweeping the potential from —0.6 to 0.6 V
versus the open circuit potential at a rate of 1 mV/s.
Electrochemical impedance spectroscopy was determined by
altering the frequency range between 1072 and 105 Hz, and the
open circuit potential was kept at equilibrium.”* The corrosion
media was prepared by adding 24.12 g NaCl, 4.01 g Na,SO,,
5.02 g MgCl,, 1.20 g CaCl,, 0.7 g KC, 0.20 g NaHCO;, 0.10 g
KBr, 0.03 g H;BO;, 0.3 g StCly, and 0.02 g NaF in 1 L of
deionized water.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology and Composition. EDS was
used to analyze the surface chemistry of the treated specimens.
The contents of unprocessed specimens (bare) were Zn (wt
%): 89, O (wt %): 10.8, and Al (wt %): 4.1, with a roughness
(R,) of 3.5 um, as shown in Figure 3a. In addition, treated
specimens (T2) show C (wt %): 72, Ce (wt %): 20.8, and O
(wt %): 9.1, with a roughness (R,) of 9.5 ym, as shown in
Figure 3b.

The EDS results suggest that the EPDM lubricating oil-
infused steric acid-modified cerium oxide composite was
adsorbed on the surface. In the FTIR spectra of the deposited
specimens (Figure 3b), peaks 2848 and 2920 cm™' are
attributed to the adsorption of C—H asymmetric and
symmetric stretching vibrations, revealing the presence of
EPDM. The carboxylate peaks are detected at 1448 and 1546
cm™!, reconfirming the adsorption of cerium stearate on the
surface.*

Stearic acid, CH;(CH,),,COOH, is ionized to produce
CH;(CH,),COO~ ions and H* ions in the presence of a
catalyst. The CH;(CH,),;,COO~ ions reside in the cathode
region. However, H" ions combine with electrons to produce
H,. The Ce** ions are oxidized to Ce** ions. With the progress
of the reaction, Ce*, Ce%*, and CH,(CH,),;COO™ react and
adsorb on the treated specimens (cathode). Cerium stearate is
adsorbed on the surface to form microstructures; meanwhile,
emlttmg H, facilitates the formation of micro/nanostruc-
tures.”® Thus, the roughness (R,) of the treated specimen
changes to 9.5 pm, as shown in Figure 3b. The chemical
processes can be explained using Figure 4.

The particle size of Ce(III) stearate and Ce(IV) stearate was
measured to be 10 ym on average by a particle analyzer.

3.2. Surface Wettability. The wettability of the surface is
influenced by factors like surface morphology and surface
topology. To operate effectively in harsh tropical or coastal
environments, the treated insulator should be water repellent,
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Figure 4. Chemical reaction between Ce ions and stearic acid.

as water infiltration in insulator microcracks is primarily
responsible for crevice corrosion and other corrosion. The
hydrophobic performances of untreated (bare) and treated
specimens (T1 and T2) are compared in Figure Sa. The
untreated specimens depict a contact angle (CA) of 60° and a
contact angle hysteresis (CAH) of 150°. After treatment,
specimen T1 depicts a CA of 150° and a CAH of 10°.

At the same time, specimen T2 depicts a CA of 160° and a
CAH of 4°. T1 specimens comprise higher CA due to higher
surface roughness, a lower actual contact area, and a long
carbon chain of stearic acid adsorbed on globular cerium
stearate that supports nanosheet formation (hierarchical
structure; Figure Sb). However, due to higher CAH, the
water droplets could not slide off the treated substrate, as
shown in Figure 6a.

T2 specimens show higher CA and CAH due to the
presence of the EPDM-based lubricant oil as a top layer in
addition to the hierarchical structure (Figure Sb). The
nanosheets on the surface of microspheres and in the gaps
between them can provide enough capillary force to retain the
EPDM lubricating oil. Due to the presence of the lubricant, the
water droplet rolls off the substrates, as shown in Figure 6b.
The CA and CAH measurements were carried out on both
untreated and treated substrates cut from the insulator, such as
pins (galvanized steel) and cement specimens, as shown in
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Figure 7. Wettability performance after exposure to corrosive media with varying temperatures from 25 to 75 °C: (a) contact angle measurements

and (b) contact angle hysteresis measurements.

Figures Sb and6a,b. In addition, contact of bare and treated
specimens (T1 and T2) with water and corresponding
micrographs revealing the morphology of treated specimens
are depicted in Figures Sb and 6a,b.

For the evaluation of the stability of treated specimens in
harsh conditions, the hydrophobic performance was re-
examined after exposure to corrosion media for 90 days at a
temperature range of 25—75 °C (see Figure 7). The CA of
specimen T1 reduces to 115° and its CAH increases to 16°.

40924

The reason could be the solubility of stearate-based nanosheets
under harsh conditions.”” However, T2 specimens have shown
stable CA and CAH under harsh conditions. The probable
explanation could be that due to lower CAH, the corrosive
solution droplets could easily roll off the substrate. The liquid
repellency attitude of T2 specimens under any condition is
attributed to the EPDM lubricating oil on the top layer. If the
substrate has crevices/microcracks, the lubricant will penetrate
the crevice and prevent the entry of liquid/corrosive liquid,
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which is the source of crevice corrosion. This excellent
performance has made the treatment (T2) ideal for usage in
extreme conditions, including higher temperatures up to 75
°C.** Additionally, the aged samples T2 underwent five cycles
of simulating rainstorms to test their lubricant resilience
against stress and gravity. Figure 8a,a’ depicts the experimental
setup. The flowing water (five cycles) from the setup’s output
was subjected to XPS (Figure 8b), but no evidence of the
EPDM lubricating oil was discovered. The stability of the
lubricating oil was further reconfirmed by the Noack volatility
test. Only 7% of the EPDM lubricating oil was lost when
heated over >75—100 °C for 1S min (see Figure 9). The
results are in line with silicone oil (200 cSt). Thus, it is
confirmed that the proposed approach for SLIPS fabrication is
stable.

100 F
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Figure 9. Volatility results for the lubricating EPDM oil.

3.3. Antibiofilm Performance. The accumulation of
bacteria, diatoms, and other microorganisms on the surface
of the insulator is primarily responsible for biofilm develop-
ment. Since a biofilm may change the microenvironment of
crevices, it causes significant crevice corrosion. Reduced
biofilm development can considerably reduce the massive
damage caused by the future establishment of crevice
corrosion, biocorrosion, and macrofouling biological popula-

tions. For biofilm antiadhesion testing, a mixed culture of A.
ferroxidans ATCC 23270 and T. organoparus Markosian ATCC
27977 bacterial strains was chosen. The three substrates bare,
T1, and T2 were kept in the bacterial suspension for 90 days
and studied, as shown in Figure 10. The bare substrate was
covered with a dense layer of living cells (green), resulting in
biofilm development, as illustrated in Figure 10a by confocal
and corresponding SEM micrographs. The treated specimens
(T1 and T2) showed antiadhesive performance against the
bacterial population.

The confocal and SEM micrographs of the treated substrate
(T1) show minimal bacterial adherence and simultaneous fatal
effect (red) on the attached bacterial population. The
corresponding SEM micrographs demonstrate bacterial cell
wall breakdown of the attached bacterial population. The
reason might be the fewer attachment points of the hierarchal
structure formed on specimen T1 and the bactericidal effect of
Ce (see Figure 10a).”’ For specimen T2, the confocal
micrograph depicts no bacterial adhesion. The reason might
be that even if a small number of bacteria clings to the
substrate and die, the dead bacterial population does not bind
to the substrate for an extended period due to the extremely
low surface energy of the top EPDM lubricating oil, and the
result is reconfirmed by the corresponding SEM micrograph
(see Figure 10a). The fatal effect of Ce(Ill) stearate and the
EPDM lubricating oil-infused Ce(III) stearate composite was
reconfirmed by the CFU/mL test, as shown in Figure 10b. The
schematic of the antibiofilm and bactericidal efficacy of
composite T2 is represented in Figure 10c. The statistical
analysis reveals that the adhesion ratios for bare and treated
substrates (T1 and T2) were 63.3, 3.8, and 0.1% respectively.
The proposed treatment (T2) illustrates dual protection from
the microbial population by prevention of adherence (99%)
and fatal effect (0.1%). The removal of the dead bacterial
population attached to the proposed treatment (T2) due to
extremely low surface energy is an added advantage.

3.4. Anticorrosion Performance. The anticorrosion
performance is an essential assessment for coatings applied
to insulators installed in tropical and coastal regions. To
evaluate the corrosion performance of the proposed treatment,
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efficacy of T2.

the bare and treated substrates (T1 and T2) are studied after
exposure to corrosion media for 90 days at 25—75 °C, as
shown in Figure 1la—c. The untreated crevice can quickly

90 days

Crevice 1

Crevice 2

Crevice 1

T2

Figure 11. Anticorrosion performance of bare and treated pin
(galvanized steel)—cement joint specimens after exposure to
corrosion media for 90 days at 25—75 °C: (a) bare, (b) T1, and
(c) T2.

develop localized corrosion in the presence of corrosive fluids,
leading to crevice or pitting corrosion. The topology of the
crevice formed in metal—nonmetal joints is most susceptible to
local corrosion under harsh microenvironments.**~>* Thus,
the crevice of pin (galvanized steel)—cement was studied to
evaluate the progress of any local corrosion in the bare and
treated substrates. The crevice found in the untreated and T1
treated pin—cement joint reveals symptoms of corrosion in pin
(galvanized steel) and cement deterioration, as exhibited in
Figure 11a,b. The early indications of deterioration in the pin—
cement junction found in T1 treated specimens may be caused
due to solubility of cerium stearate under very harsh
conditions. However, the excellent corrosion performance of
the T2 treated specimen is related to stable lubricating oil
(EPDM oil) and the hierarchical structure that serves as a
barrier against penetration of corrosive fluids inside the crevice.

40926

Additionally, potentiodynamic polarization and electrochem-
ical impedance spectroscopic studies were performed to
reconfirm the corrosion resistance properties of the treated
specimens (see Figure 12).

The corrosion current density, I, and the corrosion rate
(CR) for the bare specimen are highest (4.61 X 107 A/cm?®
and 541 X 1072 mm/Y, respectively) over the treated
specimens (T1 and T2). However, T2 has I, and CR 1
order of magnitude lesser than T1 (see Figure 12a). The Bode
and Nyquist plots represent the highest capacitance for T2,
which is also in line with the previous findings (see Figure
12b—d). Therefore, the proposed composite T2 exhibit the
best corrosion resistance against biochemical and electro-
chemical corrosion.

4. CONCLUSIONS

The study introduced a strategy to develop lubricating oil-
infused hierarchical patterned porous surfaces on insulators by
utilizing the EPDM lubricating oil-infused steric acid-modified
cerium oxide composite (green composite) to prevent
electrochemically/biochemically induced crevice corrosion in
the tropical and coastal environment. The surface analysis
results utilizing EDS, FTIR, and AFM suggested the existence
of EPDM lubricating oil-infused cerium stearate on the surface.
The superhydrophobic property (CA of 160° and CAH of 4°)
of the proposed composite (T2) before and after exposure to
corrosion media at 25—75 °C was validated by contact angle
measurements and macrographs. The schematic and the
corresponding SEM micrographs revealed the superhydropho-
bic performance of the lubricant-infused hierarchical surface
developed on treated substrate T2. This excellent water-
repelling performance and acquired stability have made the
treatment (T2) ideal for usage in extreme conditions, including
tropical and coastal regions. The confocal and SEM images
confirm the efficacy of the proposed treatment (T2) against
the microbial population by preventing adherence (99%) and
fatal effects (0.1%). The removal of the dead bacterial
population attached to the surface due to extremely low
surface energy is an added advantage. The antielectrochemical
corrosion property of the proposed composite was validated by
image analysis, potentiodynamic polarization, and electro-
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Figure 12. (a) Tafel polarization curves. Electrochemical impedance spectroscopic studies: (b) Bode magnitude plots, (c) Bode phase plots, and

(d) Nyquist plots.

chemical impedance spectroscopic studies. Thus, the proposed
treatment is an encouraging green solution against electro-
chemical- and biochemical-inspired crevice corrosion of
insulators installed in tropical and coastal regions and leads
to the safe operation of power utilities.
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