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Abstract: High-voltage outdoor insulating materials face
formidable challenges emanating from stresses such as
electrical discharge, humidity, and UV radiation, propel-
ling them perilously toward potential failure. To combat
this, researchers explored novel materials to enhance insu-
lator performance under these stresses. In this study, sam-
ples infused with micro-/nano-alumina trihydrate (ATH)
and -magnesium hydroxide (MH) were tested with a base
polymer (RTV-SR – room-temperature vulcanizing silicone
rubber) during a 100 h electrical discharge aging process.
They were simultaneously exposed to AC discharges, UV
irradiation, and varying humidity levels. The study found a
decline in hydrophobicity in all samples post-discharge
exposure. Notably, composites with micro- and nano-fillers
exhibited prolonged hydrophobic recovery under stresses
such as medium humidity and UV irradiation. Scanning
electron microscopy analysis displayed deep cracks and
block-like structures on surfaces, particularly in samples
R1 (50% micro-MH) and R2 (50% micro-ATH). Aged sections of
R3 (10% nano-ATH) and R4 (10% nano-MH) showed heightened
surface cracks compared to R5 and R6. Energy-dispersive X-ray

analysis detected surface oxidation, emphasizing the severity
of electrical and other stresses. FTIR results indicated minimal
absorption peak reduction in co-filled samples after aging.
These findings highlight the impact of co-filled composite insu-
lators for robust insulating systems to withstand the hostile
outdoor environment.

Keywords: silicone rubber, discharge aging, hydrophobi-
city, magnesium hydroxide

1 Introduction

In overhead transmission and distribution lines, outdoor
insulators are employed to both mechanically support the
line conductors and electrically isolate them from grounded
towers. To accomplish this, insulation must possess a high
mechanical strength-to-weight ratio, stable thermal conduc-
tivity, high breakdown strength, and low maintenance costs
[1]. Polymer coatings for insulation have advanced recently,
with an emphasis on reducing flaws caused by humidity, UV
light, and other environmental conditions. Despite diffi-
culties such as environmental deterioration and electric
discharge aging, polymer composites – especially those
containing silicone – are preferred over ceramics because
of their hydrophobic, lightweight, and long-lasting qualities
[2]. The advancement of silicone rubber (SR) as an insulating
material has ushered in great opportunities for operating
at high voltage levels, driven by its enhanced hydrophobic
properties, heightened mechanical resilience, reduced main-
tenance demands, and superior dielectric strength. Its hydro-
phobicity is a key characteristic that sets it apart from
ceramic and glass insulators and contributes to its excellent
pollution flashover performance [3]. When evaluating SR
insulating materials in comparison to other polymers, their
capacity to restore hydrophobicity emerges as a paramount
attribute. The primarymechanism facilitating hydrophobicity
restoration lies in the migration of pre-existing lowmolecular
weight (LMW) polydimethylsiloxane (PDMS) from within the
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material’s core to the deteriorated surface. Remarkably, this
transfer of LMW can occur even in cases where the insulator
surface is contaminated, thus rendering SR-based insulators
suitable for deployment in highly polluted environments. Due
to SR’s innate hydrophobic properties, it acts as a barrier
against the development of leakage current, consequently
deterring surface flashover [4–6]. Gubanski et al. examined
the impact of UV radiation and surface partial discharge on
different types of polymers, which include epoxy resins, RTV-
SR (room-temperature vulcanizing silicone rubber), HTV-SR
(high-temperature vulcanized silicone rubber), and EPDM
(ethylene propylene diene monomer). They concluded that
RTV and HTV-SR are more stable than other polymers [7].

In addition to all of their special attributes, SR insula-
tors are vulnerable to aging and degradation because of
their organic structure when subjected to electrical and
environmental stresses [8–10]. Electrical discharges and
dry-band arcing (DBA) are two types of electrical stresses
that cause insulation failure. Loss of hydrophobicity causes
leakage current on insulator surfaces that travels to the
DBA and erodes the surface [11]. Electrical discharge is
another stress that is thought to pose a risk to the effec-
tiveness of SR insulators. The discharge’s gaseous bypro-
ducts, NO and NO2, can react with moisture to form HNO3,
which might harm both the core and the shed material. On
the surface of insulators, the discharge may also generate
ozone and electrons [12,13]. The type of material used to
make the electrodes and the strength of the electric field at
the tip both affect when the electrical discharge begins
[14,15]. For instance, pointed electrodes with sharp edges
produce an electric field with a high intensity and then
initiate a discharge [16]. The surrounding air is ionized
as a result of the strong electric field, producing ions and
electrons that move in the direction of the applied electric
field stress [17,18].

A variety of micro-/nano-sized fillers have been employed
to enhance the characteristics of base polymeric materials in
previous research studies [19–22]. These investigations have
indicated that incorporating fillers improves the physical, elec-
trical, mechanical, and thermal attributes of SR polymers.
Nevertheless, it has been observed that composites containing
nano-sized particles exhibit superior properties compared to
micro-composites. This superiority is attributed to the larger
specific surface area of nanoparticles and their enhanced inter-
action with the polymer [8,23]. In recent studies, the authors
investigated various composites filled with micro-/nano-fillers
and concluded that co-filled composites outperformed micro-
and nano-filled composites [24,25].

In some other research studies, authors claimed that
under electrical discharges co-filled composites performed
better than micro- and nano-filled composites [26,27].

In the past, alumina trihydrate (ATH) and silica fillers
have been utilized to increase the erosion resistance of SR
insulating materials. Research conducted by the authors has
shown that ATH nanoparticles contribute to flame retar-
dancy, enhanced resistance to tracking, and erosion resis-
tance, while nano-SiO2 fillers provide increased mechanical
strength to the base SR [28,29]. Meyer et al. studied the
effects of ATH and silica fillers on SR composites with var-
ious micro-filler sizes and concentrations. They discovered
that composites with 10% ATH fillers outperformed silica in
terms of erosion resistance. Additionally, ATH and silica
both demonstrated equal effectiveness while enhancing
erosion resistance at filler loadings of 30 and 50% [28].
According to Ghunem et al., ATH-filled composites demon-
strated superior erosion resistance over silica-filled compo-
sites at a 50wt% loading level and under the crucial IPT
voltage [30]. However, in a different study [31], the ability
of ATH and silica to halt erosion at the essential IPT voltage
was the same. Using IPT, Ghunem et al. investigated how a
50% concentration of silica, ATH, andmagnesium hydroxide
(MH) affected erosion resistance. They discovered that ATH
and MH filler SR composites displayed greater rates of ero-
sion resistance than silica-filled composites due to the water
of hydration [32].

Apart from DBA, electrical discharges are the other
electrical stress which is the most severe and causes insu-
lation failure. In the study, SR insulators were exposed to
electrical discharges, and the authors found that the hydro-
phobicity of these insulators reduced over time as the ratio
of water-repellent C–H, Si–CH3, and Si–O bonds decreased
and hydrophilic O–H groups and C]O bonds developed
[11]. Micro-ATH and nano-alumina fillers were utilized by
Nazir et al. to improve the characteristics of SR against
electrical discharges. They discovered that the perfor-
mance of SR co-filled composites against electrical dis-
charges is greatly improved by the addition of a small
amount of nano-alumina to micro-ATH [26]. ATH filled
composites outperform in several cases due to the water
of hydration present in it. These fillers can efficiently
improve the performance of SR insulators when exposed
to electrical discharge. The other filler MH also contains
water of hydration, which may be a strong contender to
improve SR dielectric properties, but it has not yet been
explored in the realm of high voltage insulation. Research
studies have shown that electrical discharges, humidity,
acid fog, or vertical wind can all work together to have
synergistic effects on SR insulators that hasten the break-
down of the insulator [33–35]. Sufficient research is essen-
tial to understand the synergistic effect of electrical
discharge and various environmental stressors on aged
SR composite materials containing varying concentrations
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of ATH and MH micro-/nano-fillers. This research is crucial
for mitigating the harmful effects of electrical aging on the
morphology and chemical composition of SR composites,
ultimately for the betterment of the comprehensive perfor-
mance of SR insulation for HV insulation.

In this research, a comprehensive investigation was
carried out to assess the impact of AC discharge aging on
composites loaded with ATH and MH. The experiments
were conducted for 100 h in a specially designed chamber,
allowing for rigorous testing under controlled conditions.
Six distinct types of composites were meticulously pre-
pared, incorporating various fillers at the micro-, nano-,
and micro-/nano-scales. The primary focus of this research
was to delve into the long-term effects of synergistic stresses
imposed on different filler types and concentrations within
SR composites. A critical aspect of this investigation involved
the evaluation of the hydrophobicity recovery phenomenon
in the aged samples. We used advanced analytical techni-
ques to study structural and chemical changes in both pris-
tine and aged composites. Scanning electron microscopy
(SEM) was utilized to examine the surface morphology, pro-
viding valuable visual data on the materials’microstructure.
Energy-dispersive X-ray (EDX) analysis enabled the precise
determination of the elemental composition, offering crucial
information about the distribution of fillers and other com-
ponents within the composites before and after aging
experiments. Additionally, Fourier transform infrared
(FTIR) spectroscopy analysis was performed to investigate
the molecular changes, providing detailed insights into the
chemical alterations induced by aging stresses.

2 Experimental

2.1 Material preparation

RTV-SR was used as a base material, and RTV-615A which
has a density of 1.15 g/m3 was employed. It was made up of
30% vinyl and 70% PDMS. MH and ATH were added as
fillers to strengthen the basic polymer. To accomplish ade-
quate deagglomeration, filler particles were first agitated
for 15 min in a 100ml solution of ethanol before being
subjected to ultrasonication for 30 min. After that, RTV-
615A was added to the filler, and the mixture was blended
for 15 min with an HSM-100 LSK high-shear mixer. After
that, the mixture was agitated for a further 15 min before
the curing agent (RTV-615B) was added. The ratio of Parts A
to B was maintained at 10:1. The resulting mixture was
subsequently dried for 10 min in a vacuum desiccator to
release any trapped air. The prepared solution was then

poured into steel molds for the required shape and dimen-
sion. The shape was flat, and the dimensions were 120mm ×

50mm × 5mm. The vulcanization process was finally com-
pleted by applying 30MPa of pressure using a hydraulic
press for 30min, followed by 4 h of post-curing in an oven
heated to 85°C. Table 1 presents the details of the RTV-SR
composites that were employed in this study. ATH and MH
were the fillers utilized. Rectangular samples with dimen-
sions of 120mm length, 50mm width, and 5mm thickness
were employed.

2.2 Electrical stress aging setup

Electrical discharge was produced using a point-to-plane
copper electrode arrangement. The arrangement was con-
tained in a stainless-steel chamber with a controlled gas-
eous atmosphere, as shown in Figure 1. The point electrode
has a 2 mm tip diameter and acts as a discharge source [36].
The test sample is placed on the bottom round plate elec-
trode, which has dimensions of 50mm in diameter by
10 mm in thickness and is connected to the ground.

Figure 1 illustrates an outline viewpoint and image of
the electrical aging setup. Electrical charge was applied to
the test samples using 6 single needles, simple electrodes,
and a 16 kVA transformer. With the aid of an HV probe
with a 1,000:1 ratio that was attached to an oscilloscope,
a high voltage was applied. The test samples were exposed
to 10 kV, while the voltage was adjusted by a variac. Addi-
tionally, UVA 340 lamps were used to provide UV radiation,
a humidifier with a sensor, display, and controller was
utilized in the chamber to manage the level of humidity,
and a circuit breaker was also connected in case of any
fault. Three samples of each type were evaluated for
repeatability of results till 100 h with 10 kV applied to the
samples. The distance between the needle tip and the
sample was maintained at 1 mm with the help of a standard
gauge block [26,37]. Samples were also examined under the
impact of UV radiation. Experiments were performed at two
different relative humidity levels, medium (55–65%) and

Table 1: Sample notations with base polymer and filler percentages

Sample notation RTV (%) Micro-filler Nano-filler

R1 50 50% ATH —

R2 50 50% MH —

R3 90 — 10% ATH
R4 90 — 10% MH
R5 70 25% ATH 5% ATH
R6 70 25% MH 5% MH
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high (75–85%). De-ionized water was used to fill the humi-
difier to protect the system from breakdown due to ioniza-
tion in the chamber’s environment.

2.3 Hydrophobicity loss and recovery
analysis

Since the aging process begins with the loss of hydropho-
bicity, it is imperative to evaluate SR’s hydrophobicity. To
quantitatively assess the hydrophobicity loss and recovery,
a variety of methods can be used, such as water soaking,
sliding angle, dynamic contact angle, static contact angle,
and the Swedish Transmission Research Institute scale.
Measuring the static contact angle, which exists at the
point where a liquid drop touches a material surface, is
the most common way to determine them. The relationship
between the contact angle, solid surface energy, and liquid
surface tension is described by the Young–Dupré equation
as follows:

= +γ γ γ θcos ,
GS SL LG

(1)

where γ
GS
, γ

SL
, and γ

LG
represent the interfacial tension between

the gas and solid, the solid and liquid, and the liquid and gas,
respectively, and θ represents the contact angle.

Hydrophilic materials enable the water to touch more
surfaces because of their high surface energy and ease of
wetting, and as a result the contact angle eventually drops

from 90°. Contrarily, water cannot flow across the surfaces
of hydrophobic materials due to their low surface energy,
resulting in a contact angle of larger than 90° [38]. The
contact angle of SIR-aged composites was measured using
a micropipette with a drop size of 20 µL. De-ionized water
was dropped onto the SIR surface, which was being aged
just below the needle tip. Then, each droplet was photo-
graphed and uploaded to a computer. To determine the static
contact angle of each droplet, “ImageJ” software with the low-
bond axisymmetric drop shape analysis (LBADSA) technique
was utilized [39]. Contact angles of aged samples were deter-
mined immediately following the aging through 100 h with
various intervals of time to understand the hydrophobicity
recovery phenomenon.

2.4 Morphological analysis

Morphological analysis was performed by scanning elec-
tron microscopy (SEM). The surface topography data can
be gathered to detect morphological changes in the tested
surfaces. High-energy electron beams were used to scan
the sample in a raster scanning pattern to produce SEM
micrographs. The electron beam interacts with the surface
atoms of the sample to produce signals that reveal infor-
mation about surface topography and composition. To
create high-quality SEM micrographs and determine the
elemental compositions on the surface of discharge-aged
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Figure 1: Experimental setup of electrical stress causing degradation. (a) Schematic view. (b) Photographic view of needle-plane electrodes.
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materials, an FEI Quanta FEG 250 ESEM system, which also
has an EDX detector, was employed.

2.5 FTIR analysis

In-depth analysis of the functional chemical groups within
the studied materials was carried out with the powerful
tool of FTIR spectroscopy. This technique meticulously
examined absorbance peaks spanning a spectral range
from 500 to 4,000 cm−1. The data captured from both the
weathered, aged samples and the pristine, unaged counter-
parts were rigorously compared. This meticulous comparison
served as a beacon, illuminating the extent of degradation
inflicted by relentless environmental stresses.

3 Results and discussion

3.1 Hydrophobicity loss

All samples had their contact angles assessed both before
and immediately after the discharge aging test, which
lasted for 100 h. All untreated samples had contact angles
greater than 90°, which indicates good hydrophobicity
before testing. Regardless of the type or quantity of fillers
used, the samples lost their hydrophobicity because of pro-
longed discharge exposure and other applied stresses.
Table 2 displays the measured contact angles for each
sample at the beginning (untreated) and immediately fol-
lowing the aging experiment.

The aged sample’s contact angles demonstrate that UV
has a higher effect on hydrophobicity. Additionally, com-
pared to medium humidity, the loss in contact angle was a
little bit larger at high humidity. For samples R1, R2, R3, and
R4, Table 2 clearly shows that high humidity had a signifi-
cantly greater impact on hydrophobicity loss. The contact
angles of co-filled samples R5 and R6 were greater than

those of R1, R2, R3, and R4, indicating that the co-filled com-
posite had greater hydrophobicity. Under humidity and
without UV, samples R5 and R6 performed better, with con-
tact angles of 36.6° and 35.2°, respectively. Moreover, sam-
ples filled with ATH had higher contact angles after an aging
period, and the co-filled sample R5 showed the highest
hydrophobicity in all cases. Figure 2 shows the pictures of
droplets on the surface of aged samples showing loss of
hydrophobicity.

3.2 Hydrophobicity recovery

The ability of SR insulators to regain their hydrophobicity
is a special quality, and a thorough analysis of the behavior
was done to adequately pinpoint the causes of recovery of
older composites. Due to the initial rapidity of the recovery,
the contact angles for aged samples were first assessed at
shorter intervals. To ensure consistency, we acquired three
photos of each composite and averaged the contact angle
values. Four separate cases were examined, and after aging
of the samples, 1,296 images of droplets were captured using a
high-resolution camera. Then, the recovery phenomena of the
sampleswere examined using ImageJ software. Figures 3 and 4
show the difference in contact angles for all six filled compo-
sites under medium/high humidity levels, with or without UV
radiation and at a 1mm electrode–sample distance.

After 30 min of recovery time, the recorded increase in
contact angles of samples aged under high humidity and
UV radiation was 11.3°, 17.9°, 13.3°, 9.6°, 8.6°, and 4.7° for
samples R1, R2, R3, R4, R5, and R6, respectively. The differ-
ence in contact angles after 40 h of recovery time was 43.2°,
42.7°, 42.1°, 39°, 43.4°, and 36.6° for samples R1, R2, R3, R4, R5,
and R6, respectively. The recovery rate was the highest for
sample R5 when exposed to high humidity and UV radiation.
Under the influence of UV radiation and high humidity, the
contact angles recorded were 66.3°, 65.8°, 71.1°, 69.6°, 78.7°,
and 73.6° for samples R1, R2, R3, R4, R5, and R6, respectively,
after 100 h of recovery time.

Table 2: Contact angles of samples before and immediately after discharge aging

Samples Untreated High humidity (UV) Medium humidity (UV) High humidity (without UV) Medium humidity (without UV)

R1 98.6° 20.2° 21.6° 21.7° 22.4°
R2 97.8° 13.7° 20.4° 18.9° 20.8°
R3 101.3° 25.1° 28.1° 27.1° 30.1°
R4 99.6° 24.5° 26.8° 26.5° 28.2°
R5 102.5° 29.3° 35.9° 30.2° 36.6°
R6 101.6° 28.6° 33.4° 29.9° 35.2°
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Figure 2: Images of droplets on the surface of samples after discharge aging experimentation under: (a) UV irradiation and high humidity, (b) without
UV irradiation and high humidity, (c) UV irradiation and medium humidity, and (d) without UV irradiation and high humidity.
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Figure 3: Hydrophobicity recovery of electrical stress exposed composites under high humidity and UV irradiation.
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In the case of ATH fillers, the contact angles recorded
were higher than those of MH filled composites. However,
the micro-filled composites showed the least recovery after
100 h when exposed to discharge aging. From Figures 3 and 4,
it can also be seen that the composites co-filled with micro/
nano-filler concentration showed a faster recovery rate from
the start up to 100 h of recovery time. Figure 5 shows the
curves of all samples that were exposed to discharge, UV
radiation, and medium level of humidity. It is quite obvious
that the loss of hydrophobicity was higher in the case of high
humidity, but looking at the recovery phenomenon it was
slower in the case of medium humidity level during 100 h
of recovery time.

We also found that the impact of UV radiation along
with discharge exposure causes more degradation on the
surface of all composites. The recovery rate was also
slower in all samples because of the impact of UV radia-
tion. Figures 5 and 6 show the curves of hydrophobicity
recovery for samples that were aged under discharge,
medium humidity level, UV irradiation, and without UV
irradiation. It can be seen that the recovery rate was
slower from the start till the end of 100 h of recovery
time than in the case of high humidity level.

The contact angles recorded for sample R5 after 100 h
of recovery were 72.7° and 75.7° under medium humidity
level, UV radiation, and without UV radiation exposure,
respectively. The other co-filled sample R6 had a faster
recovery rate than micro-filled and nano-filled composites

showing its better recovery rate. From Figures 5 and 6, it
can be seen that the recovery rate is the fastest in the case
of co-filled composites and slowest in the case of micro-
filled composites. The filler type and concentration also
had a major role in the case of hydrophobicity recovery
rate. The loss of hydrophobicity was more in the case of
samples filled with MH fillers, micro-fillers, and nano-fillers.
Whereas the ATH filler and co-filled composites experienced
the least amount of hydrophobicity loss and recovered more
quickly. The synergetic impact of electrical discharge along
with UV irradiation and humidity showed a damaging
impact on the composite’s surface, and the contact angles
of all composites never recovered back to 90°. This shows
the severity of electrical discharge, humidity, and UV irra-
diation on the surfaces of composites having different con-
centrations of fillers.

3.3 SEM analysis

SEM micrographs show that the portions of the SR samples
that were directly underneath the high-voltage electrode
underwent surface deterioration. The samples R1, R2, R3, R4,
R5, and R6 were put to test under various humidity levels,
UV rays, and electrical discharge application at a 1 mm
distance. Figure 7 demonstrates that the degraded surfaces
of R1 and R2 subjected to UV irradiation, high humidity, and
electrical discharge show a higher degree of deterioration

Afte
r te

st

10
 m

inute

20
 m

inute

30
 m

inute
1 h

our

1.5
 hour

2 h
ours

3 h
ours

4 h
ours

6 h
ours

8 h
ours

10
 hours

15
 hours

20
 hours

30
 hours

40
 hours

70
 hours

10
0 h

ours

10

20

30

40

50

60

70

80

90

C
on

ta
ct

 A
ng

le
 (D

eg
re

es
)

Recovery time

 R1

 R2

 R3

 R4

 R5

 R6

Figure 4: Hydrophobicity recovery of electrical stress exposed composites under high humidity and without UV irradiation.
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and more cracks. High humidity levels and UV irradiation
caused more deep fissures and cracks to appear on R1 and R2
surfaces than they did at medium hydrophobicity, which
results in a loss of hydrophobicity. The deterioration of
the aged portion of R3 at various humidity levels is depicted

in Figure 7. The size of the cracks was larger at high
humidity levels and UV irradiation for samples R1 and R2
having only micro-fillers. Samples treated under medium
humidity level and UV radiation recorded smaller cracks.
Additionally, the surface of samples treated without UV
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Figure 5: Hydrophobicity recovery of electrical stress exposed composites aged under UV irradiation and medium humidity level.
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Figure 6: Hydrophobicity recovery of electrical stress exposed composites aged under medium humidity and without UV radiation exposure.
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Figure 7: SEM micrographs of composites treated under electrical discharge, high humidity, and UV irradiation.

Figure 8: SEM micrographs of composites exposed to electrical discharge, medium humidity, and UV irradiation.
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radiation similarly exhibited electrical discharge and caused
deterioration, although the surface morphology was superior
to that of samples exposed to UV light.

Under high humidity and UV exposure, sample R2 dis-
played significant degradation that led to larger fissures
and a block-looking structure. Additionally, as seen in
Figure 8, sample R2 at a medium humidity level with UV
exposure showed higher degradation with cracks, a blocky
structure, and white powder on its surface than other sam-
ples. In every situation, the surface morphology of the R5
(25% ATH + 5% nano-ATH) and R6 (25% MH + 5% nano-MH)

treated areas produced improved outcomes that are also
consistent with the earlier hydrophobicity recovery results.
In comparison to samples R3 and R4, the treated portion
of sample R4 showed significant deterioration at medium
humidity level and under UV radiation. Additionally, R4 dis-
played deeper fissures, a blockier structure, and white
powder when tested under UV radiation and at medium
humidity. Due to the damaging effects of electrical dis-
charge, humidity, and UV radiation, samples R1, R2, R3, and
R4 showed a higher degree of degradation than R5 and R6
composites. In every instance, it appears that the UV rays

Figure 9: EDX analysis to identify changes in various composite components – silicon (Si), oxygen (O), carbon (C), aluminum (Al), and magne-
sium (Mg).
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are more harmful, causing deep fissures and the develop-
ment of white powder on the surface.

3.4 EDX analysis

Before and after the discharge test, EDX analyses were
conducted to identify changes in various composite com-
ponents. Silicon (Si), oxygen (O), carbon (C), aluminum (Al),
and magnesium (Mg) are the main components of compo-
sites as shown in Figure 9.

The samples were examined at a distance of 1 mm
under various humidity conditions, UV light, and without
UV light. The elemental compositions of untreated and
stress-aged 50% filled composites under various circum-
stances are shown in Table 3. After aging, samples R1 and
R2 revealed a reduction in their filler content, with the
largest reduction reported from 16.38 to 7.69%, indicating
a loss of more than 50% under conditions of high humidity
and UV exposure. Under various humidity levels, samples

R1 and R2 demonstrated an increase in the oxygen level
while experiencing a drop in silicone and filler contents.
After aging, sample R2 likewise showed a reduction in filler
content; under high humidity and medium humidity with
UV exposure, the Mg reduction was noted to be 17.16–9.79%
and 10.69%, respectively. Additionally, it was observed in
all cases that the silicone and oxygen levels had increased.
Spectra of samples R1 and R2 are shown in Figure 9, illus-
trating the impact of stress, high humidity, and UV radia-
tion on the reduction of filler content and increase in the
oxygen level due to the oxidation process.

The chemical constituents of samples R3 and R4 that
were exposed to high humidity, medium humidity, UV
radiation, and without UV radiation are shown in Table 4.
For sample R3, the loss of aluminum content was the
greatest when exposed to high humidity and UV radiation,
demonstrating the severity of the discharge effect and the
additive effects of humidity and UV radiation on the filler
concentration. Under conditions of high humidity and UV
radiation, the proportion of O for sample R4 on the surface
increased from 35.45 to 39.85%. This demonstrates the auto-

Table 3: Elemental composition of stress-aged composites (50% micro-filler concentration)

R1 %C %O %Al %Si

Unaged 20.91 38.96 16.38 23.74
Without UV radiation and high humidity 18.35 47.15 10.30 24.20
With UV radiation and high humidity 16.66 50.59 7.69 25.06
Without UV radiation and medium humidity 18.55 46.01 10.78 24.66
With UV radiation and medium humidity 16.10 50.32 8.83 24.75

R2 %C %O %Mg %Si

Unaged 23.65 32.32 17.16 26.87
Without UV radiation and high humidity 22.98 35.96 13.62 27.44
With UV radiation and high humidity 17.52 42.77 9.79 29.92
Without UV radiation and medium humidity 23.11 35.21 14.19 27.49
With UV radiation and medium humidity 17.37 42.30 10.69 29.64

Table 4: Elemental composition of stress-aged composites (10% nano-filler concentration)

R3 %C %O %Al %Si

Unaged 25.70 34.92 4.96 34.42
Without UV radiation and high humidity 23.33 36.75 4.35 35.57
With UV radiation and high humidity 22.39 38.06 3.75 35.80
Without UV radiation and medium humidity 23.85 35.79 4.66 35.70
With UV radiation and medium humidity 22.92 37.15 4.22 35.71

R4 %C %O %Mg %Si

Unaged 24.84 35.45 5.82 33.89
Without UV radiation and high humidity 22.24 37.64 4.57 35.55
With UV radiation and high humidity 19.85 39.85 3.96 36.34
Without UV radiation and medium humidity 22.35 37.33 4.85 35.47
With UV radiation and medium humidity 20.96 38.47 4.35 36.22
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oxidation and development of OH hydrophilic groups on the
sample’s surface [40].

The percentage increase in silicone for samples R3 and
R4 shows the recovery phenomena because of the move-
ment of LMWs on the surface of the samples. Due to the
synergistic effects of stresses, samples R5 and R6 of co-filled
composites also displayed an increase in oxygen content
and a decrease in the percentages of silicon and carbon
(Table 5). Under conditions of high humidity and UV radia-
tion, the sample R6 with micro-MH + nano-MH also showed
a drop in Mg from 13.36 to 7.72%. Additionally, the concen-
tration of silicon and oxygen was increased, demonstrating
how LMWs diffused throughout the sample’s surface. The
sample R5 showed the least amount of filler content loss
across all cases, and the recorded oxygen level was not
particularly high, indicating less oxidation on the surface
of this co-filled composite.

3.5 FTIR analysis

The aged and unaged samples were tested using attenuated
total reflection (ATR) mode Fourier transform infrared (FTIR)
spectroscopy. The samples were tested under the following
conditions: un-aged, medium humidity without UV mode,
high humidity without UV mode, and high humidity with
UV mode. The FTIR spectra of R2, R3, and R5 are presented
in Figure 10. Figure 10(a) shows the decrease in absorption
peaks of sample R2 along with associated functional groups.

Each peak in the graph displays the corresponding
wavenumbers in FTIR spectra. The hump-shaped peak in
aged composites between 3,200 and 3,300 cm−1 indicates
the presence of hydrophilic H bonded OH stretch, which
emerged because of electrical stress treatment. In compar-
ison to deteriorated R5, the increase in OH peak heights in
degraded R2, and R3 is relatively significant. The peak at

2,962 cm−1 deviates from the virgin state values by 76.5,
66.5, and 35.2%, respectively, and reveals CH stretch in
CH2 and CH3 in the spectra. In comparison to its virgin
value, the degraded R2 shows a higher drop of 17%.

The functional groups CH and NO (nitro) are repre-
sented by the peak heights at 1,413 and 1,350 cm−1, respec-
tively. After electrical stress exposure, both functional
groups’ peak heights significantly increase. Additionally,
all aged composites exhibit a substantial increase in the
absorbance intensity of the nitro group, indicating the pre-
sence of nitride compounds on the deteriorated composites
[41]. The Si–O–Si is discovered to be more stable in R5 (25%
micro-ATH + 5% nano-ATH) than in R3 (10% nano-ATH), in
contrast to Si-CH3. As a result of electrical stress exposure,
Si (CH3)2 in the composites has been severely damaged, as
shown by a dramatic decrease in peak heights at 787 cm−1 in
Figure 10. The decrease in Si (CH3)2 absorbance intensities is
discovered to be in the same order as the Si–O–Si main
chain of composites. In all composites, there is a little
increase in the Si (CH3)3 absorption intensity. In damaged
R2, Si (CH3)3 peak heights increased by 16% but only by 8%
and 5 in R3 and R5, respectively. This suggests enhanced Si
(CH3)3 deformation resistance provided by R3 and R5. There
was a noticeable decrease in absorption peaks of all samples
because of the applied stresses. The samples treated under
high humidity and UV irradiation caused more degradation
than in other conditions. Moreover, the co-filled composite
R5 showed less increase in its absorption peaks when tested
under electrical stress, UV irradiation, and high humidity
conditions which validates our previous results.

4 Discussion

The important findings of hydrophobicity recovery studies
on different composites under different environmental

Table 5: Elemental composition of stress-aged composites (5% nano-filler and 25% micro-filler concentration)

R5 %C %O %Al %Si

Unaged 23.68 33.02 12.08 31.22
Without UV radiation and high humidity 20.36 36.95 9.72 32.97
With UV radiation and high humidity 19.75 39.28 7.29 33.68
Without UV radiation and medium humidity 21.05 36.37 9.88 32.70
With UV radiation and medium humidity 20.02 38.25 8.67 33.06

R6 %C %O %Mg %Si

Unaged 21.58 34.36 13.36 30.70
Without UV radiation and high humidity 18.78 38.93 10.34 31.95
With UV radiation and high humidity 17.11 41.63 7.72 33.54
Without UV radiation and medium humidity 18.91 38.39 10.82 31.88
With UV radiation and medium humidity 18.04 40.68 8.33 32.95
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conditions and electrical stress exposure are noticed. The
samples having both micro- and nano-fillers showed faster
recovery than samples filled with micro-fillers and nano-
fillers. This might be a result of easier LMW component
transit from the bulk to the surface in co-filled composites.
The higher filler concentrations in 50% micro-filled com-
posites may serve as a barrier that slows down the diffu-
sion of LMW components. Moreover, because of electrical
discharges, an increase in oxygen content was also noticed
on SR’s surface, which causes the development of a hydro-
philic layer that resembles silica and polar silanol groups
on the PDMS surface. Severe oxidation, according to the
mechanism outlined in the study of Hillborg and Gedde
[42], transforms the hydrophobic –CH3 groups to –CH2 and
produces hydroxyl (Si–CH2OH) and peroxides (Si–CH2OOH)

as a result of a reaction between the oxygen content and
PDMS. Higher electrical discharge intensities below the
needle tip may cause more severe surface oxidation and
the development of hydrophilic layers. Additionally, the
hydrophobicity recovery phenomena after electrical stress
exposure are attributed to the polar group reorientation,
condensation of silanol groups, and the migration of LMW
components from the bulk to the surface of PDMS [18].

The contact angles had lower values under the influ-
ence of UV radiation for all types of composites which
showed the increase in severity of the test because of UV
radiation. Another important finding of this study is that at
the start just after aging most samples had the highest
recovery of contact angle only after 10 min of recovery
time. That is why, we took a lot of images during the first
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Figure 10: FTIR spectra of aged and unaged samples illustrating the functional groups under different stresses: (a) R2, (b) R3, and (c) R5.
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hour of recovery time. After 10 h of recovery time, the
contact angles of all composites had a marginal increase
in their values. Moreover, the impact of humidity level also
showed that at lower values of humidity, the recovery of
hydrophobicity was slower than that at higher levels of
humidity. Samples R5 and R6 showed better results than
samples R1, R2, R3, and R4 tested under different conditions.

Figures 7 and 8 depict the micrographs of aged areas of
composites showing cracks, pits, block type structure, and
white powder because of the impact of electrical stress and
other applied stresses. The development of surface cracks
may contribute to higher contact angle recovery because
these defects enable LMW constituents of PDMS a less-
resisting route to diffuse from the bulk to the surface.
Below the needle tip, there was a greater loss and greater
return of hydrophobicity. According to Hillborg and Gedde
[43], modest mechanical stress might cause the hydrophilic
layer to crack, which leads to a quicker recovery. Gubanski
[44] hypothesized that electrical discharge-induced defor-
mation of the PDMS surface starts the angle recovery pro-
cess at a faster rate. Moreover, at high humidity levels, the
increase in oxygen content and silicone content was
noticed, which can be attributed to the movement of
LMWs from the bulk to the surface and also showed oxi-
dation on the surface. The elemental composition of all
samples under different operational conditions noticed
an increase in oxygen level due to oxidation, an increase
of silicone content due to the movement of LMWs to the
surface, and a decrease in the filler content and carbon
content due to the synergistic impact of stresses. FTIR
results of micro-filler, nano-filler, and co-filled samples
showed the better discharge resistance of co-filled com-
posites under UV exposure and humidity. The formation
of OH groups was visible in the FTIR spectra, suggesting
the higher intensity of electrical stress along with other
environmental stresses. The decrease in SiCH3 peaks of
sample R2 was the highest, showing the loss of hydropho-
bicity, which is validated with the results of hydrophobi-
city and recovery.

5 Conclusions

In this study, electrical discharges were applied to six dif-
ferent types of composites for 100 h under different envir-
onmental stresses. The fillers used were ATH and MH with
50% micro-, 10% nano-, and 5% nano-/25% micro-concen-
trations. Different diagnostic techniques were employed to
see the impact of stresses and electrical discharges on the
surface of prepared composites. Hydrophobicity recovery

was studied after different intervals of time and noticed
that after 100 h of recovery, the contact angle did not reach
90° for each sample treated under different conditions. The
samples having micro-fillers of 50% showed the slowest
recovery because of the higher filler concentration that
restricts the movement of LMWs to the surface of samples.
The co-filled sample R5 had the highest contact angle of
78.9° at high humidity without UV after 100 h of recovery.
Sample R1 filled with only micro-filler recorded the least
recovery in the contact angle at the end of 100 h. Moreover,
ATH-filled composites showed better results than those of
MH, regardless of the concentration of fillers. The treated
surface of samples R5 and R6 co-filled with two fillers
showed better surface morphology than those of samples
filled with only micro- and nano-filled composites. SEM
micrographs for treated areas of R1 and R2 showed much
more cracks and white powder on their surface under the
impact of UV radiation. However, the surface just below
the needle tip of samples R5 and R6 had better surface
morphology. The elemental composition of all composites
showed a decrease in filler concentrations, which are
attributed to the impact of electrical discharges and syner-
gistic stresses on the molecular structure of samples. As the
severity of stresses increased, the oxygen percentage and
silicone percentage also increased, which shows the forma-
tion of the oxidation process on the surface of samples, and
the movement of LMWs to the surface was recorded. The
formation of OH groups also shown in FTIR curves vali-
dates the process of oxidation due to the severity of
electrical stress, UV, and high humidity. The loss of hydro-
phobicity can also be attributed to the loss of peaks of CH3

methyl groups shown in FTIR spectra. In all cases, the co-
filled sample R5 having 5% nano-ATH and 25% micro-ATH
performed better than other samples filled with micro- and
nano-fillers. The co-filled composites R5 and R6 showed
higher resistance to electrical discharges, UV, and humidity
than the samples R1, R2, R3, and R4. This study contributes
significantly to the understanding of the complex interplay
between filler types, concentrations, and aging stresses in
SR composites. The findings not only enhance our knowl-
edge of material behavior under challenging environmental
conditions but also pave the way for the development of
more resilient and durable composite materials.
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