corrosion and

materials degradation

Article

Event-Based Evaluation of Short-Term Wettability Degradation
of RTV Nanocomposite-Coated 150 kV Ceramic Insulators Under
Tropical Flashover Stress

Yusreni Warmi 1*{), Nofriady Handra 2, Agus Sukarto Wismogroho 3, Syukri Syukri 40, Sitti Amalia ?,
Andi M. Nur Putra 1©, Hamdi Habdillah 3¢, Martini Martini ! and Muhammad Naufalun Nabil 7

W) Check for updates

Academic Editor: Raman Singh

Received: 5 February 2026

Revised: 19 March 2026

Accepted: 27 March 2026

Published: 30 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Electrical Engineering, Faculty of Engineering, Institut Teknologi Padang (ITP),

Padang 25143, Indonesia; sittiamalia@itp.ac.id (S.A.); andimnurputra@itp.ac.id (A.M.N.P.);
202131006.martini@itp.ac.id (M.M.)

Department of Mechanical Engineering, Faculty of Engineering, Institut Teknologi Padang (ITP),

Padang 25143, Indonesia; nofriady.h@itp.ac.id

National Research and Innovation Agency (BRIN), Kawasan Sains dan Teknologi (KST) B.J. Habibie, Serpong,
South Tangerang 15314, Indonesia; agussukarto@gmail.com

Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Andalas (UNAND),
Padang 25163, Indonesia

Division of Information and Communication Technology (BITKOM), Institut Teknologi Padang (ITP),
Padang 25143, Indonesia; hamdi@itp.ac.id

Faculty of Computing, Universiti Teknologi Malaysia (UTM), Johor Bahru 81310, Malaysia

Department of Mechanical Engineering, Faculty of Engineering, Universitas Andalas (UNAND),

Padang 25163, Indonesia; mnaufalunnabil@gmail.com

*  Correspondence: yusreni@itp.ac.id; Tel.: +62-813-6344-4072

Abstract

Flashover events can induce rapid surface condition changes on outdoor ceramic insulators,
while early-stage degradation is typically assessed indirectly through long-term ageing
or electrical diagnostics. This study proposes an event-based, surface-focused evaluation
framework to assess short-term flashover-induced surface degradation using normalized
wettability indicators. A controlled experimental comparison was conducted on uncoated,
TiO,-RTV-coated, and SiO,-RTV-coated 150 kV ceramic insulators subjected to a single
flashover pre-stress under humid tropical conditions. Static contact angles decreased from
42.6° to 18.3° for uncoated ceramic, from 112.4° to 86.7° for TiO,-RTV, and from 115.8° to
92.6° for SiO,-RTV after flashover exposure. The corresponding relative wettability reten-
tion values were 43.0%, 77.1%, and 80.0%, while the wettability degradation index values
were 0.57, 0.23, and 0.20, respectively. Surface morphology and elemental presence were
qualitatively examined via SEM-EDS. The results show that both nanocomposite coatings
effectively preserve post-flashover surface hydrophobicity compared with uncoated ceram-
ics, with the S5i0,-RTV system exhibiting the highest short-term wettability retention. By
integrating static contact-angle measurements, qualitative surface morphology, and normal-
ized wettability indicators, this study proposes an event-based evaluation framework for
RTV-coated ceramic insulators. Flashover-voltage and leakage-current measurements were
included only as supplementary validation to support the surface-based interpretation,
without implying direct electrical performance modeling. This surface-focused, event-
based approach provides an experimental basis for post-flashover condition assessment of
ceramic insulators operating in humid outdoor environments.
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1. Introduction

Ceramic insulators operating in humid tropical environments are highly suscep-
tible to moisture-assisted surface conduction and discharge activity, which can ac-
celerate contamination processes and reduce surface resistance under wet operating
conditions [1-7]. To mitigate these effects, room-temperature-vulcanized (RTV) silicone
coatings have been widely applied because of their inherent hydrophobicity and their
ability to suppress continuous water-film formation on ceramic surfaces in polluted and
high-humidity environments [8-13].

Recent studies have investigated the incorporation of TiO; and SiO; nanoparticles
into RTV matrices to improve surface wettability, hydrophobic stability, and resistance to
moisture-assisted surface conduction in outdoor insulation systems [14-17]. However, most
published studies primarily emphasize contact-angle enhancement, pollution flashover
performance, or long-term ageing behavior [18-20]. Only limited attention has been
given to the immediate post-event surface condition following a controlled flashover
exposure, particularly under humid tropical conditions. In addition, many reports discuss
filler-matrix mechanisms beyond what can be directly supported by contact-angle data,
SEM images, or EDS spectra alone. Accordingly, the present study defines its scope
more narrowly and avoids mechanistic claims that are not directly supported by the
experimental dataset.

The present study provides a controlled comparison of uncoated, TiO,-RTV-coated,
and SiO,-RTV-coated 150 kV ceramic surfaces by quantifying static contact angles before
and after controlled flashover exposure under high-humidity tropical conditions and by
qualitatively examining surface morphology and elemental presence using SEM-EDS. The
discussion is intentionally limited to observable wettability changes and qualitative surface
features, whereas mechanistic chemical interpretations and long-term degradation behavior
are deliberately excluded because of the scope and nature of the experimental dataset.

Unlike previous studies that primarily emphasize long-term electrical performance
or mechanistic interpretation, this work provides a controlled short-term comparative
assessment of TiO,-RTV and SiO,-RTV nanocomposite coatings applied to 150 kV ceramic
insulators under tropical flashover pre-stress. The novelty of this study lies in the following:

(1) the use of a single, controlled flashover event as a surface pre-conditioning step;

(2) the direct comparison of post-flashover wettability retention between TiO,-RTV
and SiO,-RTV coatings under identical environmental conditions; and

(3) the strictly qualitative interpretation of surface morphology and elemental presence
without invoking unmeasured electrical or chemical mechanisms. This approach provides
focused experimental insight into the short-term surface degradation behavior of RTV-
based coatings relevant to humid tropical environments.

In addition to electrical insulation reliability, surface wettability is closely associated
with moisture-driven surface degradation processes because it governs moisture retention,
thin electrolyte-film formation, and contaminant ion accumulation on exposed ceramic sur-
faces [1-3]. Hydrophilic or poorly stabilized surfaces facilitate persistent water layers that
act as conductive electrolytes, thereby promoting ionic transport and progressive surface
deterioration under humid or polluted environments [4-10]. In this context, wettability
behavior is not merely a surface property, but a key controlling factor in moisture-assisted
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degradation pathways that precede persistent electrolyte-film formation and long-term
ageing phenomena.

From the perspective of surface degradation and environmental ageing, the present
study focuses on early-stage surface stabilization by correlating coating morphology, quali-
tative surface condition, and wettability response. Rather than directly quantifying long-
term material deterioration, this work emphasizes the initial surface condition that governs
moisture retention and electrolyte-film persistence, both of which are recognized as critical
precursors to moisture-driven surface degradation. This surface-focused approach provides
an experimental basis for comparing early-stage surface degradation behavior without
extending the interpretation beyond the measured evidence.

In outdoor high-voltage insulation systems, surface wettability plays a critical role in
governing moisture retention and water-film continuity, which directly influence moisture-
driven surface degradation processes. Under humid and contaminated conditions, in-
creased wettability promotes sustained moisture residence on ceramic insulator surfaces,
accelerating degradation pathways that can lead to persistent electrolyte-film formation
and progressive surface deterioration. Therefore, evaluating wettability behavior provides
a surface-sensitive indicator for assessing early-stage degradation mechanisms relevant to
moisture-driven surface deterioration in outdoor insulation environments.

2. Materials and Methods
2.1. Material

Ceramic insulator segments (porcelain, 150 kV class) were obtained from the Indone-
sian transmission network operator PLN-P3BS and used as test substrates representative
of field-installed line insulators [2,6]. The base coating matrix was a commercial room-
temperature-vulcanized (RTV) silicone rubber (Dow Corning 3140, Dow Corning Corpora-
tion, Midland, MI, USA), which has been widely adopted for outdoor insulation applica-
tions because of its hydrophobic surface properties and environmental stability [9,18,19].

Two nanofiller systems were selected based on previously reported RTV nanocompos-
ite formulations for high-voltage insulation: TiO, nanoparticles (anatase phase, average
size 20-30 nm) and SiO; nanoparticles (amorphous, average size 15-25 nm) [8,16,21-23].
The nanoparticle loading was fixed at 2 wt.% relative to the RTV matrix, consistent with
concentrations reported to improve hydrophobic behavior without excessively increas-
ing viscosity or compromising coating integrity [8,16,17,21]. A silane coupling agent and
a silicone-based surfactant supplied with the RTV kit were used to aid dispersion and
adhesion; however, their detailed compositions were not disclosed by the manufacturer.
Consequently, the present study interprets coating behavior strictly in terms of observable
physical properties (contact angle and surface morphology) without inferring specific
chemical interactions between nanofillers and the RTV matrix [16-18].

All raw materials were stored at 25 &+ 2 °C and 50-60% relative humidity prior to
use, following standard handling recommendations for RTV-based outdoor insulation
systems [9,24].

2.2. Preparation of TiO»-RTV and SiO,-RTV Nanocomposite Coatings

The nanocomposite mixtures were prepared by ultrasonication for 30 min to disperse
the TiO, or SiO, nanoparticles, followed by mechanical stirring for homogenization. Coat-
ings were applied using a controlled spray-deposition method, selected for reproducibility
and surface uniformity. The coated specimens were then allowed to cure under ambient
humidity for 24 h.

To improve clarity, the complete experimental workflow is illustrated in Figure 1.
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6 g TiO,, 20 g silicone rubber
2 g hardener, 0.1 g surfactant
100 mL xylene

Coating

[ spray deposition technique]

Curing

100°C,1h

.

The same procedure was applied for both
TiO,—RTV and SiO,-RTV coatings.

Prepracesation

Figure 1. Experimental workflow for coating preparation, application, curing, flashover exposure,
and post-flashover characterization procedures used in this study. The arrow indicates the spray-
deposition step used to apply the TiO,-RTV and SiO,-RTV coatings onto the ceramic substrate
before curing.

2.3. Coating Preparation and Application

The RTV-based composite coatings were prepared by dispersing TiO; or SiO, nanopar-
ticles into a room-temperature-vulcanized silicone rubber matrix using ultrasonication for
30 min, followed by mechanical stirring to obtain a homogeneous suspension, following
procedures commonly adopted for nanoparticle-modified RTV coatings applied to high-
voltage ceramic insulators [14-17]. The nanoparticle content and mixing procedure were
kept identical for all coated specimens to ensure consistency between samples. Prior to
coating application, the ceramic insulator surfaces were cleaned using sequential rinsing
with deionized water and ethanol, followed by air drying at ambient conditions to remove
surface contaminants, as recommended in previous studies on surface conditioning for
RTV-coated ceramic substrates [8-13].

The prepared RTV composite was applied uniformly onto the ceramic surfaces using
a controlled spray-coating technique. Key deposition parameters, including spray distance,
application angle, number of coating passes, and curing conditions, were maintained
consistently for all specimens to minimize variability in coating morphology and surface
coverage [10,11,19]. After application, the coated samples were cured for 24 h at ambient
laboratory conditions (25 £ 2 °C; 50-60% relative humidity) before subsequent tropical-
humidity preconditioning.

Coating thickness was not quantified using magnetic or eddy-current measurement
instruments, as such techniques are not applicable to non-conductive ceramic substrates.
Instead, coating uniformity and surface coverage were ensured through controlled de-
position parameters and visual inspection to confirm the formation of a continuous RTV
layer across the ceramic surface, consistent with qualitative thickness-control approaches
reported in related RTV coating studies [16,19].
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2.4. Sample Grouping and Preconditioning

Three sample groups were prepared for comparative evaluation: uncoated ceramic
insulators (control), ceramic insulators coated with TiO,-RTV nanocomposite, and ceramic
insulators coated with SiO,-RTV nanocomposite.

Each group comprised 1 = 3 specimens, which is consistent with sample sizes typically
used in hydrophobicity and surface characterization studies of RTV-coated insulators [8,25].

After curing, all specimens were placed in a climate chamber and preconditioned
at 28-33 °C and 80-90% relative humidity for seven days to simulate tropical moisture
exposure conditions prior to flashover testing. Similar temperature and humidity ranges
have been reported to accelerate surface wetting and contamination effects on outdoor
insulators in tropical environments [6,7]. This preconditioning step ensured that all coated
and uncoated samples reached a comparable initial moisture-adsorption state, in line
with recommendations for comparative evaluation of insulator surface performance under
humid conditions [8,11,25].

2.5. Flashover Exposure Under Tropical Conditions

The flashover pre-stress experiment was performed to simulate a short-term electrical
surface-disturbance event under humid tropical conditions. Each specimen was exposed to
a single controlled flashover event prior to post-test surface evaluation. The purpose of this
stage was not to establish a predictive breakdown model, but to generate a reproducible
electrical pre-stress condition for subsequent assessment of wettability change and surface
morphology response [11,26].

In accordance with the experimental scope, predictive flashover modeling was not
attempted. The flashover stage in this study primarily served as a controlled electrical
pre-stress step for subsequent hydrophobicity and surface morphology assessments, while
flashover-voltage and leakage-current measurements were included only as supplementary
validation of the surface-based interpretation [11,26]. Thus, the main role of the flashover
experiment was to create a consistent post-stress surface condition for comparative evalua-
tion among the uncoated, TiO,-RTV-coated, and SiO,-RTV-coated ceramic insulators under
the investigated humid-environment scenario.

2.6. Contact-Angle Measurement

Static water contact angles were measured using a goniometer (Ossila L2004A1, Os-
sila Ltd., Sheffield, UK) with a 5 uL droplet volume. Three measurements were taken at
different positions on each specimen, and the mean value was reported. Measurements
were performed before and after flashover exposure to evaluate changes in surface wetta-
bility as an indicator of short-term surface-condition degradation, following standard RTV
hydrophobicity procedures [18,26,27].

Surface morphology and elemental composition were qualitatively examined using
scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM-EDS) to
identify post-stress surface features and coating continuity characteristics [8,11,28]. The pri-
mary analytical focus of the present study was placed on surface wettability and qualitative
surface characterization, while flashover-voltage and leakage-current measurements were
used only as supplementary validation rather than as the principal diagnostic basis [11,26].
Accordingly, the integrated interpretation of coating performance was established mainly
from contact-angle behavior, qualitative surface morphology, and normalized wettability
indicators, with the electrical measurements used to support the consistency of the surface-
based evaluation. During acquisition, each droplet profile was visually checked to ensure a
stable baseline and a clearly distinguishable contour before the contact angle was recorded.
A representative measurement setup is provided in Figure 2. In response to the reviewer’s
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request, representative raw contact-angle captures obtained from the goniometer software
are now additionally provided in Appendix A to show the droplet profile, baseline fitting,
and left/right angle detection used during measurement. The comparative analysis and
statistical discussion in the main text remain based on the averaged contact-angle values
obtained from three measurement positions on each specimen.

Ossila goniometer
|

= [

L 5 pL deionized wate@@

Surface

Sample stage
Figure 2. Contact-angle measurement setup.

2.7. SEM-EDS Surface Characterization

Surface morphology was observed using a JEOL JSM-6510LV scanning electron mi-
croscope (JEOL Ltd., Tokyo, Japan), and elemental composition was analyzed via energy-
dispersive spectroscopy (EDS). SEM analyses were qualitative only and limited to iden-
tifying surface features such as cracks, roughness, or particle distribution. EDS analysis
was used solely to confirm elemental presence (Si, Ti, O), without interpreting chemical
bonding or reaction behavior [8,27]. For clearer presentation, the EDS spectra are shown as
processed figure outputs with labeled elemental peaks while preserving the original analyt-
ical trend recorded by the instrument. Within the scope of this study, the EDS discussion is
limited to qualitative elemental confirmation and comparative peak-intensity observation
relevant to surface-condition changes before and after flashover exposure; accordingly,
elemental percentage values are not reported.

2.8. Coating Thickness Control

The coating application process was standardized by controlling the RTV formulation
viscosity, spray distance, number of coating passes, and curing conditions for all specimens.
Because magnetic and eddy-current thickness gauges are not applicable to non-conductive
ceramic substrates, no direct thickness values obtained using such instruments are reported.
Coating uniformity was ensured through controlled deposition parameters and visual
verification of continuous surface coverage across the ceramic insulator surface. This
qualitative approach to thickness control is appropriate for preliminary surface-property
studies on non-conductive ceramic substrates, where thickness uniformity is maintained
through controlled deposition parameters rather than direct instrumental measurement.

2.9. Statistical Analysis

One-way ANOVA with o = 0.05 was used to determine statistical differences between
groups. Tukey posthoc tests were applied when significant differences were detected.
Statistical analysis was performed in OriginPro 2023. No regression modeling, mechanistic
correlation, or predictive analysis was conducted [20]. Because each group comprised
n = 3 specimens, the statistical results are interpreted as preliminary comparative evidence
under controlled laboratory conditions rather than population-level estimates.
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2.10. Summary of the Experimental Procedure

Coating thickness-control procedures and statistical analysis were applied to improve
data consistency across all sample groups. To enhance coating comparability, controlled
deposition parameters, including spray distance, spray angle, number of coating passes,
and curing duration, were maintained consistently for all coated specimens [11,24]. Because
the ceramic substrate was non-conductive, direct thickness measurement using magnetic or
eddy-current gauges was not applicable. In addition, indirect thickness-estimation methods
such as weight gain or cross-sectional microscopy were not applied in the present study.
Therefore, coating comparability was ensured through controlled deposition conditions
and visual verification of continuous and homogeneous surface coverage, rather than
through absolute thickness quantification [11,26]. Statistical analysis was then applied
to evaluate the consistency of the measured wettability parameters and the comparative
surface-performance trends among the uncoated, TiO,-RTV-coated, and SiO,-RTV-coated
insulator groups.

3. Results and Discussion

The observed changes in surface wettability following flashover exposure reflect
alterations in moisture-surface interactions that are closely associated with moisture-
driven surface degradation mechanisms. Reduced contact-angle stability indicates en-
hanced moisture retention on the ceramic surface, facilitating physicochemical surface
processes that contribute to surface deterioration under humid conditions. From a surface-
degradation perspective, wettability evolution serves as an indirect yet sensitive marker of
surface-condition degradation, linking flashover-induced surface modification to persis-
tent electrolyte-film formation and moisture-assisted surface conductivity under tropical
environmental stress.

3.1. Hydrophobicity Enhancement

Contact-angle measurements demonstrate a clear improvement in surface hydropho-
bicity following the application of TiO,-RTV and SiO,-RTV nanocomposite coatings. The
uncoated ceramic surface exhibits hydrophilic behavior, with contact-angle values ranging
from 62° to 70°, which is consistent with previously reported characteristics of unprotected
ceramic insulators exposed to humid tropical environments. Such hydrophilic behavior
increases surface susceptibility to moisture accumulation under wet conditions, facilitating
the formation of continuous surface water films along the insulator surface [6,12].

After coating application, both nanocomposite systems exhibit a distinct transition to
hydrophobic surface behavior. The TiO,-RTVcoated samples achieve an average contact
angle of 105° £ 3°, while the SiO,-RTV-coated samples show slightly higher values of
110° £ 2°. The relatively narrow standard deviations indicate consistent surface modi-
fication across all prepared specimens, suggesting uniform coating coverage and stable
short-term wettability enhancement [27,28].

Following flashover exposure, hydrophobicity remains above 95° for both coated
systems, whereas the uncoated ceramic surface experiences a pronounced reduction in
contact angle. This post-flashover hydrophobic retention reflects reduced surface wet-
tability under humid conditions rather than any form of performance enhancement be-
yond surface-related behavior. The observed trends are consistent with previous studies
reporting improved moisture-shedding characteristics of RTV-based coatings and additive-
assisted surface enhancement on ceramic and porcelain insulators in high-humidity envi-
ronments [7,20,23,29].

Figure 3 presents the statistical distribution of contact-angle measurements obtained
before and after flashover exposure. Although all samples experience some degree of
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contact-angle reduction following flashover, the decline is most pronounced for the un-
coated ceramic surface. Among the coated specimens, the SiOy-RTV system retains the
highest post-flashover contact-angle values, followed by the TiOp-RTV system. These
differences reflect variations in short-term surface wettability and are consistent with the
qualitative surface features observed in subsequent SEM micrographs (Figures 4 and 5),
without implying predictive behavior beyond the measured surface properties.

120 A

100 A

80 A

60 | [

40 | [

Contact angle (°)

20 1

Uncoated TiO2-RTV  SiO:-RTV
Sample

Figure 3. Mean static contact angle of uncoated, TiO,-RTV, and SiO,-RTV ceramic insulators measured
before and after flashover exposure. Error bars represent + standard deviation (1 = 3).

(a) (b)

Figure 4. SEM micrographs of the TiO,-RTV-coated ceramic surface: (a) before flashover exposure;
(b) after flashover exposure (5000 x ).

(a) (b)

Figure 5. SEM micrographs of the SiO,-RTV-coated ceramic surface: (a) before flashover exposure;
(b) after flashover exposure (5000 x ).
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Overall, the contact-angle results confirm that both TiO,-RTV and SiO,-RTV nanocom-
posite coatings provide measurable enhancement in short-term surface hydrophobic-
ity relative to uncoated ceramic insulators. The findings presented in this section are
limited to observable wettability behavior under the controlled tropical flashover con-
ditions employed in this study and do not extend to long-term aging, durability, or
mechanistic interpretations.

3.2. Surface Morphology and Elemental Distribution

Figures 4-6 provide experimental evidence that a single controlled flashover event
induces distinct surface-condition states on ceramic insulators, depending on the presence
and type of RTV-based nanocomposite coating. In this study, SEM-EDS is employed not as
a microstructural characterization tool, but as a qualitative diagnostic method to identify
post-flashover surface-condition differentiation relevant to wettability behavior under
humid tropical environments.

g 10,000 —] Map_001_wholespectrum
5 _
O, 1 OKa
= 1 | SiKa
@ 5000 — |
Q -
E -
0 U T I U T T T I T T T T I T T T T I
0 5 10 15 20
Energy [keV]
(a)
= ] Map_001_wholespectrum
Z 15,000 49K@ e L
>3 .
(=} .
O,
> 10,000 - | SiKa
1Al
£ 5000 - KKb
:‘A‘ KKa
0 1
_l T T T 1 I T 1 T T [ T T T T I T T T T l
0 5 10 15 20
Energy [keV]

(b)

Figure 6. EDS spectra of the TiOp-RTV-coated ceramic surface (a) before and (b) after flashover
exposure, with the main detected elemental peaks identified for qualitative comparison.

As shown in Figure 4, the TiO,-RTV-coated surface retains a largely continuous poly-
meric layer after flashover exposure. The SEM micrographs reveal limited development of
open pores or interconnected microcracks, indicating that the RTV matrix remains struc-
turally intact following electrical pre-stress. Although localized surface irregularities are
visible at higher magnification, these features do not expose the underlying ceramic sub-
strate. From a surface-condition perspective, this morphology suggests a reduced density
of preferential moisture-adsorption sites, which is consistent with previously reported
suppression of continuous water-film formation on RTV-coated insulators operating under
humid conditions [7,20,24,27].
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In contrast, Figure 5 shows that the SiO,-RTV-coated surface exhibits an even more
uniform post-flashover morphology, with fewer observable surface discontinuities com-
pared with the TiO,-RTV system. The smoother and more homogeneous surface texture
indicates enhanced resistance of the coating layer to flashover-induced electro-thermal
stress. This morphological stability provides experimental support for the higher post-
flashover wettability retention observed for the SiO,-RTV coating (Section 3.3), establishing
a direct link between surface continuity and short-term hydrophobic stability under humid
conditions. Similar correlations between surface smoothness and improved moisture repel-
lency have been reported for silica-modified RTV coatings in polluted and high-humidity
environments [16,20,30,31].

By contrast, the uncoated ceramic surface exhibits pronounced surface heterogene-
ity after flashover exposure, including open pores, microcracks, and heterogeneous
deposits. Such features are widely recognized as surface-condition indicators associ-
ated with enhanced moisture adsorption and the formation of continuous surface water
films, which precede leakage-current development and secondary discharge activity un-
der humid conditions [6,12,20,32]. The absence of a protective polymeric layer allows
flashover-induced stress to directly impact the ceramic substrate, resulting in irreversible
surface-condition degradation.

The elemental information provided in Figure 6 further supports this surface-condition
differentiation. The EDS spectra confirm the presence of Si and O associated with the RTV
silicone matrix and Ti associated with the TiO, nanofiller, both before and after flashover
exposure. Following flashover, increased C- and O-related signals are detected, which
are attributed to discharge-related residues and environmental contamination rather than
chemical modification or degradation of the coating material [20,30]. Importantly, no abrupt
reduction or disappearance of coating-related elemental signals is observed, indicating that
the coating layer remains present and continuous after flashover exposure. Consistent with
the intrinsic limitations of EDS analysis, these results are interpreted solely as confirmation
of elemental presence and not as evidence of uniform nanoparticle dispersion or chemical
interaction [7,17,33,34].

Taken together, the SEM-EDS results demonstrate that flashover pre-stress produces
three experimentally distinguishable surface-condition states:

(i) severe surface disruption and moisture-susceptible morphology on uncoated
ceramic surfaces;

(ii) partially preserved surface continuity on TiO,-RTV-coated surfaces; and

(iii) the most stable and uniform surface condition on SiO,-RTV-coated surfaces.

This differentiation is experimentally significant because it provides a physical
surface-condition basis for interpreting the wettability degradation trends discussed in
Sections 3.3 and 3.4, without invoking unmeasured electrical performance or chemical
degradation mechanisms.

The novelty of this section lies in repositioning SEM-EDS from serving as a descriptive
imaging technique to a surface-condition diagnostic framework for short-term flashover
assessment. Unlike previous studies that emphasize long-term aging, electrical flashover
voltage, or mechanistic filler-matrix interactions [13,20], the present work demonstrates
that early-stage flashover-induced surface-condition differentiation can be experimentally
identified through qualitative surface continuity analysis and directly correlated with
wettability retention metrics. This surface-focused diagnostic approach provides practical
relevance for post-event condition assessment of ceramic insulators operating in humid
tropical environments, where rapid identification of surface vulnerability is critical.

https:/ /doi.org/10.3390/cmd7020022
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3.3. Wettability Response as an Experimental Signature of Post-Flashover Surface Condition

The wettability response quantified through static contact-angle measurements pro-
vides direct experimental evidence of flashover-induced surface-condition differentiation.
Figures 7 and 8 present the contact-angle values measured before and after flashover ex-
posure, emphasizing that the observed trends originate from experimentally measurable
surface behavior rather than qualitative visual interpretation.

= Before Flashover B After Flashover

120 -

)

[

o

o
1

Contact angle (°

N B @) [0}
o o o o o
1 1 1 1 ]

Uncoated TiO2-RTV Si02-RTV
Sample

Figure 7. Static contact angle response before and after flashover pre-stress.

80 -

60 -

40 A

20 -

Relative wettability retention (%)

Uncoated TiO2-RTV SiO2-RTV
Sample

Figure 8. Relative wettability retention derived from static contact-angle measurements after
flashover pre-stress.

As shown in Figure 7, the uncoated ceramic surface undergoes a pronounced reduction
in static contact angle following flashover pre-stress. This abrupt wettability collapse
signifies a rapid transition toward moisture continuity on the ceramic surface. From an
experimental perspective, such a transition represents a critical surface-condition shift, as
continuous water-film formation on ceramic insulators is widely recognized as an early-
stage precursor to leakage-current escalation and surface discharge activity under humid
operating conditions [6,12,20,32]. The magnitude of contact-angle reduction observed here
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reflects irreversible surface-condition deterioration, consistent with the extensive surface
disruption and pore exposure identified in SEM observations (Section 3.2).

In contrast, the TiOp-RTV- and SiO,-RTV-coated samples retain substantially higher
post-flashover contact-angle values, as illustrated in Figure 7. This retained hydrophobicity
experimentally confirms that the RTV-based coatings preserve the ability to disrupt contin-
uous water-film formation even after electrical surface stressing. From a surface-condition
standpoint, this behavior indicates delayed progression toward moisture-assisted conduc-
tion pathways, in agreement with previous studies on RTV-coated insulators subjected to
humid and contaminated environments [7,20,24,27].

A more explicit comparison of short-term wettability stability is provided in Figure 8,
which highlights the relative retention of post-flashover contact angles among the tested
surfaces. The consistently higher retained contact-angle values for the coated samples
demonstrate that surface protection fundamentally alters the post-flashover wettability re-
sponse. Notably, the SiO,-RTV coating exhibits the highest wettability retention, indicating
the superior short-term stability of surface hydrophobicity under combined electrical and
humid stress. Although the absolute difference between the two coating systems is moder-
ate, its reproducibility across all specimens indicates that filler type influences early-stage
surface-condition resilience rather than long-term material performance [16,20,30,31].

Importantly, the wettability response presented in Figures 7 and 8 is interpreted here
not as an intrinsic material property but as an experimental signature of post-flashover sur-
face condition. When evaluated alongside SEMEDS evidence (Section 3.2), the contact-angle
results establish a coherent experimental framework linking flashover-induced surface
disruption, surface continuity, and short-term moisture interaction. This integrated inter-
pretation advances wettability measurements beyond descriptive hydrophobicity reporting
and positions them as a surface-condition diagnostic indicator for early-stage assessment
following flashover events.

The novelty of this section lies in the experimental use of post-flashover wettability
response as a diagnostic marker of short-term surface-condition change. Unlike conven-
tional studies that employ contact-angle measurements primarily to describe material
hydrophobicity or long-term aging behavior [13,20], the present work demonstrates that
contact-angle retention immediately after flashover exposure can differentiate degradation
states of coated and uncoated ceramic insulators under tropical humidity. By explicitly
correlating wettability trends (Figures 7 and 8) with surface-condition evidence from SEM-
EDS, this study introduces a surface-focused, event-based diagnostic perspective relevant
to post-flashover condition assessment.

3.4. Quantitative Interpretation of Short-Term Wettability Degradation Based on
Normalized Indicators

This section strictly interprets post-flashover wettability changes as surface-condition
indicators relevant to moisture-driven degradation, without invoking chemical bonding,
spectroscopic evidence, or bulk material transformation. These post-flashover changes
are relevant to moisture-driven surface degradation because they may promote localized
conductive pathways and persistent electrolyte-film formation on contaminated ceramic
surfaces. Flashover events impose localized electrical and thermal stresses that disturb
surface continuity, increase micro-scale defect density, and alter water—surface interaction
behavior, thereby influencing moisture retention without inducing bulk material transfor-
mation [1-3,6]. These surface-level modifications govern the formation and persistence of
thin electrolyte films under humid tropical environments, which are widely recognized as
precursors to moisture-driven surface deterioration [4-6].

From a degradation perspective, reduced contact-angle stability indicates enhanced
moisture residence time on the insulator surface. Persistent moisture films act as conductive
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electrolytes, facilitating ionic transport and physicochemical surface processes that acceler-
ate surface deterioration under humid and polluted conditions [4-6,12,32]. Consequently,
wettability evolution serves as an indirect yet sensitive indicator of early-stage surface
degradation linked to persistent electrolyte-film formation and moisture-assisted surface
conductivity, particularly for ceramic insulation systems operating in tropical environments
where moisture-assisted degradation dominates long-term performance loss [1,6,32].

The improved wettability stability observed for TiO,-RTV and SiO,-RTV nanocompos-
ite coatings after flashover exposure indicates enhanced resistance to moisture-driven sur-
face degradation. The reduced dispersion of post-flashover contact-angle values suggests a
more homogeneous surface response to water interaction, suppressing localized moisture
accumulation sites that typically initiate degradation progression and moisture-assisted
surface damage [7-9,16,20]. This stabilization effect highlights the role of RTV-based
nanocomposite coatings in maintaining surface continuity and limiting electrolyte-film
formation immediately following electrical surface stress. These results should be inter-
preted strictly as surface-condition indicators rather than direct evidence of corrosion or
bulk material degradation.

To quantitatively resolve these short-term surface-condition changes, normalized
wettability indicators were employed. Relative Wettability Retention (RWR) captures
the ability of the surface to preserve hydrophobicity after flashover exposure, while the
Wettability Degradation Index (WDI) represents the severity of surface destabilization due
to moisture interaction. As summarized in Table 1, the uncoated ceramic surface exhibits
the lowest RWR and the highest WDI, confirming severe surface degradation and high
susceptibility to moisture-assisted deterioration. In contrast, both TiO,-RTV and SiO,-RTV
coatings maintain higher RWR values and lower WDI values, indicating improved post-
flashover surface stability. Among them, the SiO,-RTV coating exhibits the most favorable
normalized performance, which is consistent with its superior contact-angle stability and
more uniform surface response after flashover exposure.

Table 1. Quantitative wettability-retention metrics derived from contact-angle measurements before
and after flashover exposure.

Sample CA_Before (°)  CA_After (°) RWR (%) WDI
Uncoated 42.6 18.3 43.0 0.57
TiO,-RTV 112.4 86.7 77.1 0.23
5i0,-RTV 115.8 92.6 80.0 0.20

Importantly, the present interpretation is strictly based on surface-condition diagnos-
tics derived from wettability behavior and qualitative surface morphology observations,
without invoking chemical bonding analysis, spectroscopic interpretation, or bulk com-
positional changes. By adopting an event-based, surface-focused diagnostic framework,
this study provides a practical methodology for evaluating early-stage degradation mecha-
nisms without reliance on long-term aging tests as the primary assessment approach. The
normalized wettability indicators therefore offer a simple but effective quantitative basis
for comparing coating effectiveness under short-term flashover-induced surface stress in
humid outdoor environments.

Relative Wettability Retention (RWR, %):
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Wettability Degradation Index (WDI):

CAafter

WDI =1—
CAbefore

3.5. Extended Experimental Validation Using Flashover and Leakage-Current Measurements

To further support the surface-condition evaluation, supplementary flashover-voltage
and leakage-current measurements were considered under controlled wet and dry condi-
tions. These additional electrical results were not intended to replace the primary surface-
based framework of the study, but rather to provide limited supporting evidence for
comparison with the wettability- and morphology-based observations discussed in previ-
ous sections [1-3,20,35-37]. The summarized results are presented in Tables 2 and 3.

Table 2. Flashover voltage and leakage current measured at 50% of flashover voltage under
wet conditions.

Sample Flashover Voltage (kV) Leakage Current at 50% of Flashover Voltage (mA)
Uncoated 37 0.016
TiO,-RTV 38 0.016
SiO,-RTV 35 0.016

Table 3. Flashover voltage measured under dry conditions.

Sample Flashover Voltage (kV) Mean + SD (1 = 6)
Uncoated 15.33 £ 2.58
TiO,-RTV 17.67 +£2.07
SiO,-RTV 17.92 +2.06

As shown in Table 2, the wet-condition flashover-voltage measurements indicate
only limited electrical separation among the uncoated and coated samples under the
investigated conditions. Although the TiO,-RTV-coated sample shows a slightly higher
flashover-voltage value than the uncoated ceramic, the overall variation remains small,
and the SiO,-RTV-coated sample does not exhibit a higher flashover-voltage value than the
uncoated condition. In addition, the recorded leakage-current values at 50% of flashover
voltage are identical for all tested samples. Accordingly, these supplementary wet-condition
electrical results should be interpreted cautiously and should not be taken as the dominant
basis for performance ranking among the coating systems. Under the present wet-condition
measurements, the electrical data mainly indicate that the differences among the tested
surfaces remain limited at this stage of evaluation [20].

The dry-condition results summarized in Table 3 also show a relatively narrow varia-
tion in flashover response among the tested samples. The flashover-voltage values remain
within a close range, indicating that the application of TiO,-RTV and SiO,-RTV coatings
does not fundamentally change the intrinsic dielectric breakdown threshold of the ceramic
substrate under dry conditions. These observations are consistent with the interpretation
that the principal role of the RTV-based nanocomposite coatings is associated more strongly
with surface-related moisture behavior than with substantial modification of the intrinsic
bulk electrical strength of the ceramic body [8-10,20,35,36].

Overall, the supplementary electrical results remain broadly consistent with the
contact-angle-based and morphology-based interpretation presented in this study. Al-
though the electrical separation among samples is limited under the present wet-condition
measurements, the results still support the interpretation that the main contribution of the
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RTV-based nanocomposite coatings lies in improving surface moisture behavior rather than
fundamentally changing the intrinsic dielectric strength of the ceramic body [4-7,16,20].

3.6. Integrated Interpretation of Short-Term Surface Stability After Flashover Pre-Stress

The combined experimental evidence obtained from surface morphology observations
(Section 3.2), static contact-angle measurements (Section 3.3), and normalized wettability
indicators (Section 3.4) enables an integrated interpretation of short-term surface stability
following flashover pre-stress. Rather than treating wettability degradation as an isolated
parameter, the present results demonstrate that flashover-induced surface response is
governed by the ability of the surface to maintain morphological continuity and suppress
rapid moisture spreading immediately after electrical stressing, as reported in previous
studies on electrically stressed ceramic insulators and RTV-coated systems [1-3].

For the uncoated ceramic insulator, the convergence of SEM observations, contact-
angle reduction, and extreme normalized degradation indices indicates a coherent degra-
dation pathway. The presence of open pores and microcracks observed after flashover
(Section 3.2) directly corresponds to a sharp decrease in contact angle (Figure 7) and the
lowest RWR combined with the highest WDI (Table 1). This consistency confirms that
flashover exposure rapidly transforms the surface into a moisture-favorable state, leading
to irreversible loss of short-term wettability resistance under humid conditions, in agree-
ment with earlier investigations on untreated ceramic insulators subjected to electrical and
environmental stress [3-5].

In contrast, RTV-based nanocomposite coatings fundamentally modify this surface-
response trajectory. Despite exposure to identical flashover pre-stress, both TiO»-RTV and
5i0,-RTV coatings maintain substantially higher post-flashover contact angles and exhibit
significantly lower degradation severity as quantified by RWR and WDI. This behavior
indicates that nanocomposite coatings do not merely delay wetting but actively stabilize
the post-flashover surface condition by preserving surface continuity and limiting the
formation of moisture-conductive pathways, consistent with the hydrophobic stabilization
mechanisms reported for RTV-based coatings [6-8].

A key experimental distinction emerges between the two nanocomposite systems.
While both coatings provide effective short-term protection, the SiO,-RTV coating consis-
tently demonstrates superior surface stability across all evaluation metrics. Its higher RWR
and lower WDI values, together with smoother post-flashover morphology, indicate that
silica-reinforced RTV coatings offer enhanced resistance to flashover-induced surface desta-
bilization. Importantly, this distinction is observable immediately after a single flashover
event, highlighting the sensitivity of the adopted experimental framework to early-stage
surface degradation phenomena, which are often obscured in long-term aging studies [7-9].

The novelty of this study lies in establishing an event-based, surface-condition-
oriented assessment framework for ceramic insulators subjected to flashover stress. Unlike
conventional studies that emphasize long-term aging, pollution accumulation, or electrical
endurance testing, the present work demonstrates that short-term surface stability can
be quantitatively resolved using normalized wettability indices directly linked to exper-
imentally observed morphology. This approach enables rapid discrimination between
coating formulations based on their immediate post-flashover surface response, providing
a practical and reproducible methodology for evaluating coating effectiveness under humid
tropical conditions [1,2,6].

By integrating morphological evidence with normalized wettability metrics, this study
advances a surface-focused experimental paradigm that bridges the gap between qualitative
surface observation and quantitative degradation assessment. The results confirm that
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early-stage surface-condition integrity following flashover exposure is a critical determinant
of wettability behavior and can be effectively captured using the proposed methodology.

4. Conclusions

This study demonstrates that TiO,-RTV and SiO,-RTV nanocomposite coatings signif-
icantly improve the short-term surface wettability retention of 150 kV ceramic insulators
following a single flashover pre-stress under humid tropical conditions. By integrat-
ing static contact-angle measurements, qualitative surface morphology, and normalized
wettability indicators, including relative wettability retention (RWR) and the wettability
degradation index (WDI), an event-based framework was established to quantitatively
evaluate early-stage flashover-induced surface-condition degradation.

Among the tested coating systems, the SiO,-RTV coating exhibited the most stable
post-flashover wettability retention, indicating superior resistance to moisture-assisted sur-
face degradation under the investigated conditions. The supplementary flashover-voltage
and leakage-current results were consistent with the wettability- and morphology-based
interpretation, confirming that the primary contribution of the RTV-based nanocompos-
ite coatings lies in improving surface moisture behavior and suppressing conductive
film continuity, rather than fundamentally altering the intrinsic dielectric strength of the
ceramic substrate.

Overall, the findings support the use of nanoparticle-modified RTV coatings, par-
ticularly SiO,-RTV, as promising candidates for rapid post-event surface-performance
screening of ceramic insulators in humid outdoor service environments. The proposed
surface-focused, event-based framework provides a practical experimental basis for evalu-
ating short-term degradation behavior associated with flashover-induced surface-condition
changes, without requiring long-term aging experiments as the primary assessment ap-
proach. This study focuses on early-stage surface-condition changes associated with
flashover-induced wettability response and does not directly investigate corrosion pro-
cesses. Because the experiments were performed on a controlled n = 3 dataset per group,
the present results should be interpreted as comparative laboratory evidence and should
be further validated in larger-scale studies.
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Appendix A. Representative Raw Contact-Angle Measurement Images

Representative raw contact-angle screenshots obtained during goniometer acquisition
are provided in this appendix to directly address Reviewer 3’s request for measurement
images. Each screenshot shows the droplet profile, software-based baseline fitting, and
left/right angle detection used to calculate the reported average contact angle values.
The appendix presents representative examples from different sample conditions and
measurement points.
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