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H I G H L I G H T S

• Six specimens SiR, S-2, and S-3, having alumina trihydrate (ATH) and silica (SiO2)as fillers are fabricated.
• Specimen were tested for 10,000 h under laboratory simulated multi stresses.
• FTIR analysis elucidates the highest intactness in essential chemical bonds of hybrid filled samples.
• SEM results suggest that S-3 retain the excellent surface condition.
• Samples stressed under positive polarity voltage are found with relatively more deterioration in properties.
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The present work explores durability enhancement in various properties of room temperature vulcanized silicone
rubber (RTV-SiR) coating with the incorporation of alumina trihydrate (ATH) and silica (SiO2) fillers. Test
samples i.e., neat RTV-SiR, RTV-SiR +10% μSiO2, and RTV-SiR filled with micro-ATH/SiO2 (10% each) were
chosen for experimentation. Long-term (10,000 h) lab aging of composite coatings is performed under bipolar
direct current (DC) voltage with simulated environmental stresses in a test chamber. The effect of fillers against
stresses is quantified through characterization results comparison of filled composites with unfilled RTV-SiR
samples. Moreover, the polarity effect on degradation is evaluated through the relative performance of each
composite under the positive and negative polarity of the voltage. Findings revealed that samples filled with a
mixture of additives bring enhanced improvement into the base matrix of RTV-SiR. Amongst unfilled and microsilica filled specimens aged under positive DC, the samples S-3 with combined silica-ATH fillers offered superior
hydrophobic behavior showing hydrophobicity class HC3 and demonstrated a minimum final leakage current of
6.13 μA. Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) results showed
relatively lower variations in the chemical and morphological structure of cross-filed specimens (S-3). Further
more, results of mechanical properties (tensile strength, elasticity, and weight) show a significant loss, whereas
the hardness of composite increased with aging. Hybrid samples (S-3) exhibited the minimum deviation of
29.77% and 43.12% in tensile strength and elongation-at-break (EAB), respectively under positive DC voltage.
Similarly, it shows enhanced resistance against weight loss and change in hardness due to aging. Moreover,
thermogravimetric analysis (TGA) confirmed that filled composite gets enabled to offers the least alteration in
thermal properties. In the context of the polarity, positive DC voltage incurred more devaluation of desirable
properties as compared to negative polarity.

1. Introduction
The occurrence of flashover on high voltage insulators has a great
bearing on the system reliability as it brings catastrophic effects to the

entire electrical network. Having been used extensively for decades,
ceramic insulators have a major role in the global transmission system.
Polymeric insulators offer the best alternative to conventional insulators
owing to their inherent excellent features. However, from a technical
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and economic standpoint, the substitution of existing ceramic insulators
in the current power system structure is a challenging task. In this re
gard, a relatively new approach of insulator coating with polymeric
materials has been suggested worldwide to overcome the pollution
flashover issues [1]. Room temperature vulcanized silicone rubber
(RTV-SiR) is widely used for coatings on ceramic insulators to enhance
their pollution performance due to its outstanding adhesive property
and better performance in a contaminated environment. However, the
desired mechanical, thermal, and electrical properties of RTV-SiR
coating may degrade with aging induced by multiple stresses. These
stresses when continuously applied for a longer duration initiate various
chemical reactions in coating material which may result in insulation
failure [2].
Various studies have been conducted so far to investigate the per
formance of RTV-SiR coatings and their response to a variety of envi
ronments [3–6]. To enhance the performance of coating material against
degradation and to improve their durability, the incorporation of
various inorganic fillers have been suggested by researchers [7–10].
However, the selection of a proper filler with an optimal concentration
in the base matrix and its response to ecological stresses needs more
effort to achieve the best performance of composite coatings. Authors in
Ref. [11] studied the effects of fillers on leakage current suppression and
dielectric properties of various room temperature vulcanized silicone
composites after aging. It was reported that both alumina trihydrate
(ATH) and silica (SiO2) filled samples exhibit reduced leakage current,
while samples with ATH filler offer better dielectric strength. Addi
tionally, the authors proclaimed the highest volume and surface re
sistivity for samples filled with ATH fillers followed by silica-filled
samples. Amin et al. [12] studied the long-term aging performance of
various silicone rubber composites under the AC voltage and reported
enhanced resistance against aging of hybrid (micro/nano) filled
composite.
In another long-term study, it was reported that silicone rubber filled
with 5% micro silica performed relatively better as compared with other
samples [13]. Authors in Ref. [14] used Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM) to better
understand the effect of filler-reinforced RTV coatings and proclaimed
through analysis of SEM images that by increasing filler percentage
surface roughness becomes non-uniform thus surface morphology
changes. The increased surface roughness due to severe material
degradation may further increase the surface hydrophilicity which en
hances the leakage current over the surface thereby intensifying the
electrical activity. Moreover, Alexander et al. [15] investigated the hy
drophobicity transfer characteristics of various silicone insulating ma
terials to the pollution particles and described that medium molecular
weight species play a major role in rendering pollution contents hy
drophobic. Similarly, the performance of silicone with alumina trihy
drate (ATH) content was studied under electrical and thermal treatment
and was concluded that hydrophobicity recovery gets improved while
loss of alumina content caused by heating affects the insulator perfor
mance [16]. In addition, authors in Ref. [17] analyzed the impact of
corona discharge on silicone surface hydrophobicity of silicone surface
and noticed significant loss of hydrophobic layer. Monire et al. [18]
performed coating assessment against pollution severity and found that
RTV-SiR filled with nanofillers as well as unfilled RTV-SiR coating per
formed well in artificial pollution tests as compared to conventional
coatings and non-coated insulators. Ghunem et al. [19] investigated the
effect of ATH/SiO2 to restrict the dry-band-arcing on silicone rubber
using wavelet-based multi-resolution leakage-current analysis and
noticed that thermal conductivity of silicone rubber increased by adding
ATH or silica.
Furthermore, keeping in view the emerging trend of high voltage
direct current for transmitting power over a long distance, it has become
imperative to investigate the aging performance of these coating com
posites under direct current (DC) voltage. Several studies have been
conducted by researchers to understand the aging performance of

polymeric composites both under alternating current (AC) and DC
stresses [20–22]. Findings reveal that materials experienced signifi
cantly more loss of properties under DC electric stress as compared to
AC. In addition, it has been reported that positive DC somehow attracts
more contaminants and hence causes higher degradation of insulating
materials compared to negative DC [23,24]. The effect of thermal con
ductivity and dielectric properties of silicone rubber in an inclined plane
erosion and tracking test under DC voltage was studied in Ref. [25]. It
was reported that filler incorporation improved overall performance.
Through literature review, it was apparent that many efforts have
been made around the globe to investigate the aging performance of
composite coatings with different concentrations. In high voltage direct
current (HVDC) transmission the insulation becomes more important,
which necessitates the insulator investigation from all aspects. However,
very limited information is available in the literature about the influence
of dual-direction DC voltage on insulators. The impact of DC voltage on
aging requires further work to give insight into the polarity effect. In the
present research, the influence of positive and negative polarities on
material degradation under DC voltage is studied for a longer duration
in multi-stress conditions for the first time. Furthermore, most of the
commercially available coatings utilized a single filler with concentra
tions ranging from 40% to 60%. In this study, the cross-filled/hybrid
(silica + ATH) compositions with a lower weight percentage ratio of
20% are analyzed in aging performance. Following the literature, RTV
silicone rubber test specimens were prepared which contained, 10%
micro silica and cross-filled (10% μ ATH +10% μ SiO2) along with un
filled RTV-SiR. The test samples were subjected to multi-stress aging
inside a test chamber for 10,000 h in simulated environmental condi
tions deployed in accelerated mode. Specimens were kept continuously
stressed with the DC voltage of both polarities. Changes in several
properties of the test specimens were then evaluated through SEM im
ages, FTIR, and hydrophobic analysis. Also, the alteration in weight and
hardness of samples were measured along with thermogravimetric
analysis and measurement of tensile strength.
2. Experimental work
2.1. Fabrication of test samples
Room temperature vulcanized silicone rubber (RTV-SiR), the core
material of this study having immaculate vinyl polydimethylsiloxane of
low viscosity was procured from WiLKON distributors (China). This type
of silicone rubber consists of two parts, RTV-615A (base) and RTV-615B
(curator). Silica (SiO2) fillers of particle size 15 μm were purchased from
Wuhan Newreach Chemicals, China. The alumina trihydrate (ATH) with
particle sizes of 15 μm and 20 μm were procured from Huber Engi
neering Materials, China. Fabrication of samples was performed ac
cording to ASTM D1418-10a standards as adopted in an early study
[26]. Other supplementary materials, like tetramethyl thiuram disulfide
accelerator, mercaptobenzothiazole (vulcanizing agent), stearic acid
(emulsifier), and zinc oxide (curing agent and activator) were also uti
lized to complement the fabrication process. The base silicone polymer
(RTV-615A) and silicone curator (RTV-615B) were mixed in a 10:1 ratio
based on weight percentage. Later on, the fillers (ATH/silica) were
swirled for 15 min in an ethanol solution of 100 ml before being ultra
sonicated for 30 min. The fillers were then dried in an electric oven at
160 ◦ C for 24 h. A high shear mixer was utilized to achieve uniform
dispersion of filler particles in the base silicone matrix. The mixture was
then blended at 50 rpm while keeping the temperature at 150 ◦ C until
the lumps were fully removed. Thereafter, the mixture was vacuum
degasified to eliminate any remaining bubbles. Finally, the degassed
compound was put into a chrome-plated frame. The proposed compo
sitions for coating of insulators are prepared in solid form of a given
shape (length: 80 mm, width: 50 mm, and thickness: 3 mm) and sub
jected to an aging test in a weather chamber to determine their relative
merit. Table Ishows the filler wt% ratio in the composition of each
2
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Table 1
Sample code with filler contents.

Table 2
Designed weather cycles.

S.
No

Composition

Sample
Code

Composition

Applied Test Conditions

Summer

Winter

1
2

Unfilled RTV-SiR
10% micro-SiO2

S-1
S-2

3

10% micro-ATH
+10% micro- SiO2

S-3

100% RTV silicone rubber
10% micro silica +90% RTV silicone
rubber
10% micro alumina trihydrate +10%
micro silica +80% RTV silicone
rubber

Applied Volatge
Creepage Distance
Cycle Duration (hours)
Temprature
UV-A with intensity of 1.1 mW/cm2
Acid Raina (4.5 pH)
Percent Relative Humidity (RH)
Salt Fog of 6000 μS/cm conductivityb

±2.4 kV DC
25 mm/kV
264
47.2 ◦ C
10 h/day
6 times per cycle
65%
–

±2.4 kV DC
25 mm/kV
408
35.3 ◦ C
8 h/day
2 times per cycle
56%
4 times per cycle

a

sample along with the specimen code.

b

2.2. Test chamber

1.5 L for 30 min.
one-time for30 min.

performance and is, therefore, considered the most essential property in
the aging analysis as it has a direct bearing on surface leakage current.
Severe environmental conditions may alter the surface chemistry and
wettability of test samples which ultimately results in the loss of their
hydrophobic properties. In the present study hydrophobicity of each
sample was carefully examined according to a classification method
developed by Swedish Transmission Research Institute (STRI), Sweden
[30]. Using the STRI standard procedure, the photograph of each sample
was taken with a high-resolution digital camera after spraying tap water
for 20 s. Pictures of each sample were then compared with STRI standard
images and were duly allocated a hydrophobicity class falling between
HC1 to HC6 designated in the STRI classification guide.

To simulate the requisite stress conditions, a weathering chamber
specially designed with acrylic sheets was employed [27]. Fig. 1 depicts
the schematic diagram of the aging chamber. Test samples with soft edge
copper electrodes were mounted between the conducting bars inside the
chamber. A bipolar DC supply (2.4 kV) was connected with the bars
through positive, negative, and ground terminals to appropriately
energize the test samples. The creepage distance of each specimen was
maintained at 25 mm/kV according to IEC61109 and IEC60815 [28,29].
Three heating elements each rated 1000 W were placed with a thermal
sensor to maintain the specified temperature. Required ultraviolet ra
diation was provided by ultraviolet (UV) fluorescent lamps (UVA- 340)
with Lutron light measurement meter (UV-340A) and auto-timer switch.
Furthermore, the environmental chamber was equipped with a salt-fog
nozzle, humidifier, and humidity sensor to simulate the environmental
conditions. Using ecological data of the past 30 years obtained from the
Pakistan metrological department, climatic cycles were designed and
repetitively simulated in the test chamber. Detailed weathering condi
tions deployed for each cycle of long-term aging study is given in
Table 2.

3.2. Leakage current
Leakage current is an important parameter to assess the aging per
formance of RTV-SiR. It was measured through voltage drop across a
resistance connected in series with the ground end of each terminal.
Measurements were recorded after each weathering cycle using a digital
multimeter.

3. Parametric measurements and characterizations

3.3. Scanning electron microscopy (SEM)

Characterization and measurements were performed on each sample
by using a small piece measuring 2 × 2 mm after every cycle. All tests
and measurements performed are given below.

Morphological surface changes at the micro-level of all specimens
were investigated through Scanning Electron Microscopy analysis
(SEM). Microscopy of each sample was performed after completion of
the full aging test. Each sample was coated with gold sputtering of 2.5
nm which is necessary for insulating materials before the microscopic
study.

3.1. Hydrophobicity
The hydrophobicity of a polymer plays a vital role in its electrical

3.4. FTIR spectroscopy
Variation of important chemical bonds of each sample was analyzed
using Fourier transform infrared (FTIR) spectroscopy. Powder of po
tassium bromide was used as a transparent material for spectroscopy
performance. Spectrographs of absorbance peak with wavenumbers
were obtained for all aged and un-aged specimens using Perkin–Elmer
Spectrum 2000 FTIR spectrometer. The spectrographs of infrared
absorbance were then compared to obtain the molecular changes that
occurred in the chemical structures of the test samples.
3.5. Mechanical properties
The hardness of polymer is considered as a measure of plastic
deformation which may alter with the collegial impact of multi stresses
in the outdoor environment. Furthermore, higher temperature along
with UV and continuous electric stress may also cause weight loss. To
evaluate these changes, the hardness and weight of specimens were
measured after each weathering cycle encompassed in the entire aging.
The weight of each sample was measured with a compact electronic
scale (GT-500) while hardness was checked using a durometer Shore-A
with a 0–100 HA range according to a standard, GB/T 531–2008 (similar

Fig. 1. Schematic diagram of weathering chamber setup for experimentations.
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to the ASTM D2240).
Additionally, tensile strength and elongation-at-break were
measured for each sample are in both aged and un-aged conditions to
further analyze the influence of multi-stresses on mechanical properties
like rupture and elasticity, etc. Samples were cut in dumb-bell shapes
before placement in a universal testing machine (UTM) with 24 mm and
5 mm gauge length and width, respectively. Instron 5567 UTM machine
was used with a strain rate of 10 mm/min and a cell load of 30 kN. Test
results of un-aged and aged specimens were obtained for analysis ac
cording to ASTM D1708-06a.

according to the STRI standard procedure. The hydrophobicity class of
test samples under positive and negative voltages are shown along with
error bar/standard deviation in Fig. 2 (a) and Fig. 2. (b), respectively.
Apart from fillers type, size, and concentration, a continuous trend of
loss and recovery can be observed in all samples during the aging time.
Room temperature vulcanized silicone rubber (RTV-SiR) samples in
unfilled condition (S-1) perceived the lowest hydrophobicity over entire
aging and exhibited the final stage to class HC-6 under both polarities.
This was attributed to the higher loss of cyclics and the formation of a
permanent hydrophilic layer on the surface due to the damaging impact
of collegial stresses [31]. Furthermore, an apparent loss of hydropho
bicity after the 8th aging cycle (representing 2688 h of aging) was
observed for all samples. Comparing unfilled RTV-SiR (S-1), other filled
samples (S-2 and S-3) depicted better performance reflecting the posi
tive effect of filler reinforcement. For instance, hybrid composite S-3
showed outstanding hydrophobic recovery to HC3 after falling to HC5 at
the 22nd aging cycle under positive DC voltage. In addition, it also
offered the highest resistance to hydrophobicity loss overall aging cycles
which is obvious from Fig. 2 (a). In the case of sample S-2 having 10%
micro silica, the performance was slightly inferior to the hybrid samples
S-3. However, it recovered to hydrophobic class HC4 showing relatively
better performance in comparison to unfilled sample S-1under positive
voltage. The possible reason may be the inherent thermal properties of
alumina trihydrate (ATH) which in combination with silica facilitated
the recovery process by lowering the surface temperature, chain scis
sion, and enhancing low molecular weight silicone (LMWs) diffusion
[32]. Similarly, under the influence of negative DC voltage, the final
hydrophobicity class retained by S-3 and S-2 was HC2 and HC3,
respectively. From Fig. 2 (a) and Fig. 2 (b), it is evident that hydro
phobicity loss after various aging cycles under negative DC is lower than
that under positive DC. S-3, for example, fell to hydrophobicity class
HC3 while for negative polarity it retained class HC2. A similar trend for
remaining specimens at various cycles was observed. Enhancement in
surface temperature due to higher leakage current under positive DC
voltage could be the possible cause of more hydrophobicity loss [33].

3.6. Thermogravimetric analysis (TGA)
Thermal stability is one of the essential parameters in the perfor
mance analysis of polymeric RTV coatings. The TGA provides the
quantum of weight loss that may have occurred in a material due to
various chemical reactions initiated with temperature rise. Using the
formula of energy activation, the rate of reaction was calculated using
Eq. (1) given below.
k = Ae−

Ea/RT

(1)

Where k is the constant rate, A represents the pre-exponential factor, Ea
for the energy of activation, R universal gas constant, and T is the ab
solute temperature (◦ K).
Variations in organic constituents of a coating material due to mul
tiple stress were measured using a Simultaneous Thermal Analyzer
(STA) 8000. All tests were conducted in a 0–1000 ◦ C temperature range
with a constant heating rate of 20 ◦ C/min. Furthermore, to avoid spare
oxidative degradation, nitrogen gas was used in experimentations.
4. Results and discussion
4.1. Hydrophobicity
The hydrophobicity of each sample was measured 3 to 5 times

Fig. 2. Variation in hydrophobicity classes with aging cycles: (a) samples energized under positive DC, (b) samples energized under negative DC.
4

I. Ullah et al.

Materials Chemistry and Physics 282 (2022) 125972

4.2. Leakage current

4.3. Scanning electron microscopy (SEM)

Leakage current flowing on the insulator surface is closely linked
with the hydrophobicity of coating material. Measurement of leakage
current was performed 3 times after every cycle (summer & winter).
Fig. 3 (a) and (b) show the average current under positive and negative
voltage, respectively.
The highest growth in surface current was recorded for the pure RTVSiR sample (S-1) which indicates the higher loss of hydrophobicity
reflecting more polymer degradation. Perhaps this could be due to the
high loss of LMWs components, lower mobility of backbone PDMS
chain, and severe thermal degradation. Another reason for increased
current may be the main chain scission and UV-induced photo
degradation of silicone [26]. For instance, the leakage current of 14.74
μA was measured on S-1 as the final value, while sample (S-2) filled with
micro additives was found with a relatively lower leakage current
(10.96 μA) under positive DC. Interestingly, specimens with 10%
micro-ATH + 10% micro- SiO2 fillers (S-3) showed extremely lower
growth from 3.64 μA to 6.13 μA under positive voltage over the entire
aging time. High surface resistivity and ease of diffusion of low molec
ular weight silicone (LMWs) from the bulk to the surface in filled sam
ples result to lower leakage current. Almost comparable observations are
explicated in the hydrophobicity-leakage current relation reported
earlier [34]. Furthermore, better performance of hybrid-filled samples
may be due to the evaporation of dehydrated water in ATH-filled blends
leaving behind alumina elements that offered increased shielding thus
reducing surface heat [35]. Results are almost in alignment with the
surface hydrophobicity of specimens. The filled samples offered better
recovery during to entire aging process.
Moreover, findings elucidate that blends under positive DC exhibited
the highest leakage current thereby confirming more aging in compar
ison to negative DC. Identical to the process of electrolysis elucidated in
Ref. [35], conductive ions from the pollutant are more likely to get
attracted towards specimens surface in case of positive polarity which
results in higher conductivity and thus increases the leakage current and
thereby more surface heating.

The scanning electron microscopy analysis technique is deployed to
understand the surface morphology of RTV SiR based coating and
related changes due to aging. In the present study, the surface topog
raphy of each sample was investigated using scanning electron micro
scopy. SEM micrographs 10,000 x magnification at 1 μm depict
significant degradation of all blends as shown in Fig. 4. Perceptible
degradation of various blends can be observed at the micro-level. Under
positive voltage, the surface of the unfilled sample S-1 showed relatively
more cracks. The counterpart stressed under negative DC, on the other
hand, has a distinct surface behavior, with component aggregation,
uneven surface, and dents rather than deep profound cracks. Such cracks
and dents may occur as a result of increased polymer chain scission and
oxidative degradation caused by UV, thermal, and electrical stresses.
Comparable observations are discussed in literature [12,36]. Similarly,
S-2 under positive voltage is affected fairly high as compared to the
similar composition under negative polarity DC but unlike S-1, no major
cracks are perceived for both direction voltages. For instance, it shows
slightly high particles agglomeration and surface roughness after aging
under positive DC voltage. For the same composition under negative
voltage, these changes were observed comparably lower. In both po
larity voltages, the specimens S-2 portray better surface conditions than
unfilled samples (S-1) as shown in Fig. 4. Analyzing the hybrid com
posites S-3, it can be elucidated that the hybrid-filled samples under
both polarities depict relatively lower changes amongst other blends.
Moreover, the specimen (S-3) aged under positive voltage observed
some accumulation with minor pits and surface irregularities but in the
case of similar composition aged under negative DC, these changes are
found significantly lower. From the SEM micrographs, it can be
concluded that samples (S-3) present better overall performance against
the combination of severe stresses followed by S-2 under DC voltage. In
addition, comparing the effect of voltage on the morphology of the test
samples, the SEM analysis clarified that all the blends exhibit relatively
more surface roughness after aging with positive voltage. The reason
may be the interaction of more conductive ions and their flow in positive
DC voltage [35]. These findings are almost in conformity with previous

Fig. 3. Leakage current as a function of aging cycles: (a) samples energized under positive DC voltage, (b) samples energized under negative DC voltage.
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Fig. 4. SEM images of aged specimens at 1 μm and 10,000 x magnification.

Fig. 5. IR spectra for samples: (a) S-1, (b) S-2 and (c) S-3.
6
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findings.

Other hydrocarbon groups like Si–O also experienced a decline in
peaks with aging. For instance, S-3 shows a minimum decrement of
24.29% in peak height and is followed by S-2 and S-1 with 25.38% and
84.50%, respectively. FTIR spectroscopy elucidates that filled compos
ites show better performance which can be attributed to the reinforce
ment of inorganic fillers which impart excellent insulating properties to
the base PDMS structure [41]. Furthermore, akin to the previous results,
the loss in peak heights at various group regions are found relatively
higher for samples stressed under positive polarity than for negative
polarity which may be again ascribed to the higher impact of positive DC
towards deterioration as noticed earlier [35].

4.4. FTIR spectroscopy
Variations in important chemical bonds of polymer structure as a
consequence of both polarities, thermal, UV, and other stresses are
assessed via Fourier transform infrared (FTIR) spectroscopy. The spec
troscopy was repeated 3 times for each composition and average data
was selected. The IR spectrographs of each sample before and after aging
are presented in Fig. 5 (a), (b), and (c). Furthermore, changes in
important hydrocarbon groups are analyzed by enumerating the loss in
absorbance peak at a relevant wavenumber of each group. The essential
functional group in PDMS structure, their specific wavenumber, and
corresponding percentage loss relative to the pristine sample are sum
marized in Table 3. In ATH-filled samples, the OH group peaks to some
extent are expected even before aging which indicates the presence of
alumina trihydrate constituents. However, a further rise in these peaks
revealed an ultimate loss in hydrophobicity. The highest percentage
increase of hydrophilic content ~285.2% and ~221.10% in heights is
found for unfilled samples (S-1) under positive and negative DC,
respectively. A relatively higher degree of materialization of Si–OH in
pure RTV-SiR and UV-triggered photodecomposition in the base matrix
may result in high hydrophilic (O–H) contents [37]. Other samples also
incurred a rise in absorbance peaks at the same wavenumbers but to a
varying degree. Sample S-2 for instance shows an increase of 78%
whilst, S-3 appeared with a lowermost water content of 44.40% in this
region. For negative voltage, this rise in percent peak heights is found
35.80% & 21.40% for S-2 and S-3, respectively. Reinforcement of micro
silica fillers improves the mobility of siloxane chains and offered large
diffusion of cyclics from high concentrations to lower ones, which may
lead to the better performance of S-2 in comparison with S-1. Addi
tionally, the outstanding performance of hybrid specimens (S-3) amid
the remaining blends can be attributed to the hybrid (ATH-silica) filling.
The alumina trihydrate (ATH) fillers impart increased shielding and
better thermal performance jointly with silica and thereby give
extraordinary performance [38,39].
Furthermore, in the remaining functional groups, a noticeable per
centage loss is observed for each sample pointing to varying degradation
of specimens due to the synergetic effect of multiple stresses. Si–O–Si,
the main backbone chain bond breakage is found higher in unfilled
samples which is 70.30% and 82.50% for negative and positive DC,
respectively. The high degree of depolymerization due to the synergetic
impact of aging may be the reason for such loss in pure silicone speci
mens [40]. On the other hand, filled specimens give enhanced resistance
against such breaking of main chains. Similarly, in sidechains Si–CH3
~1260 cm− 1 and C–H~2962 cm− 1, the respective percentage loss in
peak intensities is 90.40% and 79.39% for unfilled S-1 sample under
positive voltage. However, specimen S-3 shows improved intactness
with minimum loss of A and B at ~1260 cm− 1 and ~2962 cm− 1,
respectively. A similar trend is observed for specimens aged with
negative DC but with a lower percentage loss in these groups. The C–H
bond stretching may lead to polymer chain shrinkage and thus increase
surface hardness. Variants in the hardness of the specimens are dis
cussed in detail in the next section.

4.5. Mechanical properties
Oxidative degradation of the polymers in the presence of UV and
thermal stress may also affect their mechanical properties such as
hardness, weight, tensile strength, and elasticity. Hardness, weight
tensile strength, and elongation-at-break of the samples were measured
in a repeated way to record the average values for comparative analysis.
Fig. 6 (a) and (b) give the hardness Shore-A variation and percentage
loss in tensile strength values, respectively. The hardness of each sample
is measured in a repeated manner after every aging cycle utilizing
hardness Shore-A durometer. From Fig. 6 (a), it is obvious that the
impact of stresses causes embrittlement of all samples to a varying de
gree thus raising their hardness. Pure RTV-SiR appeared to be affected
more by the collegial impact of stresses and exhibited the maximum
increase in hardness. For positive DC, S-1 shows an increment from
50.33 HA to 55 HA, and for negative polarity, the total increase of 3.54
HA is observed over the entire aging duration. This may be due to bond
breakage of C–C in the presence of UV radiations and elimination due to
thermal stresses [42]. Multiple stresses may also cause leaching of
plasticizers from the composite samples thus resulting in increased
hardness. Additionally, the striving between the decomposition of
macromolecules and crosslinking may result in the hardening of the
composite samples. Somewhat identical observations were reported in
Ref. [43].
Other composites also incurred a rise in hardness but to a lower
extent. An augmentation in hardness may be attributable to enlarged
cross-linking in polymers chain under the influence of UV radiation,
thermal stresses, and variation of pH on the surface which results in the
commencement of such mechanism [44]. Sample S-2 exhibits the rise of
3.93 HA points in Shore-A values under positive voltage followed by the
negative counterpart which exhibits 3.18 HA. While S-3 shows
outstanding performance amongst other composites with a growth of
3.43 HA only concerning unaged specimens. The fairly high intactness of
hybrid composites may be attributed to the enhanced shielding and
lower temperature offered by ATH filler [34].
Moreover, tensile strength measuring tests are performed on all test
samples both in aged and unaged conditions to further evaluate the
complete mechanical performance of composites. Fig. 6 (b), explicate
the percentage loss in ultimate tensile strength concerning unaged
samples. Alike previous results neat samples show a maximum per
centage loss in tensile strength after aging. For instance, specimen S-1 is
noticed with a loss of 42.18% for positive and 33.9% for negative DC

Table 3
Percent variation in absorbance peak heights.
Functional Group

Wavenumber (cm− 1)

Si–O
Si–O–Si
Si–CH3
CH3
C–H
O–H

(840–790)
(1130–1000)
(1280–1255)
(1440–1410)
(2963–2960)
(3700–3200)

Positive DC Stressed

Negative DC Stressed

S-1

S-2

S-3

S-1

S-2

S-3

− 84.50%
− 82.50%
− 90.40%
− 89.10%
− 79.39%
+285.20%

− 25.38%
− 27.30%
− 31.15%
− 39.10%
− 36.57%
+78.00%

− 24.29%
− 27.20%
− 28.50%
− 34.00%
− 53.90%
+44.40%

− 77.90%
− 70.30%
− 72.50%
− 43.40%
− 52.50%
+121.10%

− 17.40%
− 25.80%
− 22.40%
− 39.30%
− 31.80%
+35.80%

− 15.20%
− 25.30%
− 21.90%
− 22.70%
− 46.20%
+21.40%
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Fig. 6. (a) Hardness Shore-A variation of composites with aging, (b) Percent loss in tensile strength.

voltage. Comparing the positively stressed composites, the hybrid blend
S-3 perceived a minimum percentage loss of 29.77%. Similarly, amongst
negatively aged samples, it shows the lowest drop of 22.09%. Strong
hydrogen bonding between silanol group of silica and poly
dimethylsiloxane O–H, and stronger filler interaction of ATH-silica filler
may be held liable for superior performance of filled composites. Rela
tively identical observations were discussed earlier in Refs. [45,46].
Furthermore, the percentage weight loss of each specimen is calcu
lated for both polarities voltage with reference to un-aged counterpart as
shown in Table 4. A maximum weight loss of 7.7% occurred in unfiled
RTV-SiR (S-1) under positive voltage due to the stresses whereas filled
composite S-3 yet again appears with the lowest loss of 0.48% followed
by S-2. Additional scission of polymer main chain, loss of LMWs after
diffusion from the bulk, and chemical disintegration may have caused
maximum variation in pure RTV-SiR. While reinforcement of silica and
alumina trihydrate (ATH) fillers provide enhanced resistance against
such reactions [47].
Additionally reduction in elongation-at-break (EAB) of all samples is
recorded before and after aging to evaluate the changes in elasticity of
each specimen. Percentage loss in tensile strength, elongation, and
weight loss as a result of aging is summed up in Table 4.
It is obvious that besides deprivation of other properties, multi-stress
aging also affects the polymer elasticity up to a greater extent. For
example, loss in EAB of S-1 is recorded 76.82% for positive voltage,
which is maximum percentages loss amongst other specimens followed
by S-2 in that case whereas hybrid sample appeared with a minor change
of 43.12% only. High degree main chain degradation in polymer due to
ionizing radiation caused by UV, heat, and lower mobility of silicone
backbone in pure PDMS be accounted for such reduction. The same may
be reduced by the addition of fillers which bring superior properties to
the main structure [48]. Similarly, under negative voltage, this loss is
recorded at 66.67%, 51.84%, and 30.93% for S-1, S-2, and S-3,
respectively.
The net outcome suggests that hybrid composites show improved

performance in mechanical properties against aging caused by multi
stresses. Furthermore, changes in mechanical properties are observed
fairly lower in negative dc polarity thus pointing to lower deterioration
as compared to positive DC voltage.
4.6. Thermogravimetric analysis (TGA)
The incorporation of fillers into the polymer matrix improves the
thermal stability of coatings to a significant extent. However, degrada
tion as a consequence of several electrical & environmental stresses may
alter their thermal properties. Polymers and their composites incurred
weight loss due to a steady increase in their temperature which initiates
processes like thermal oxidation, chain scission, crosslinking, and loss of
cyclics chains. These chemical reactions eliminate moisture and gasses
from blends and thus only nonvolatile residual weight remains. Thermal
stability performance of all blends is evaluated by assessing thermo
grams (weight loss to temperature) obtained from TGA repeated tests.
Each specimen curve of weight loss concerning increasing temperature
is shown in Fig. 7, both for un-aged and aged 10,000 h (positive and
negative DC). It is clear from the figure that before aging the residual
mass left around 900 ◦ C is substantially higher in filled composites
which elucidates the enhancement in thermal performance with the
addition of fillers. Moreover, a diverse noticeable decline in perfor
mance is perceived by all blends with aging under different polarity DC
voltage. For instance, S-1 suffered the maximum loss of weight 40.9%
under positive DC case, while hybrid S-3 performed exclusively well
showing a weight loss of 3.98% in residue at ~850 ◦ C. The reason
behind enhanced performance could be the good inherent thermal
characteristics of alumina trihydrate (ATH) and better interaction of
ATH/SiO2 filler with the main PDMS chain [49,50].
Also, it may be noticed that a major decrease in weight occurred for
all blends in the range of 350 ◦ C–550 ◦ C. This may be attributable to
bond breaking between the main PDMS and hydrophobic methyl group,
lower bond energy, and decomposition of siloxane. Filled composites,
appeared with a delayed temperature trend in remaining points which is
attributed to the strong interaction of additives with the base matrix.
Similar results to some extent have also been reported earlier [46]. In
addition, variants at 10% mass loss with relevant temperatures and final
residue mass (%) are shown in Table 5. At 10% weight loss, the tem
perature values of specimens aged under positive DC are recorded as
402.61 ◦ C, 492.36 ◦ C, and 512.52 ◦ C for S-1, S-2, and S-3 respectively.
While in the case of negative aged samples temperatures shown at 10%
loss are 425.44 ◦ C (S-1), 491.9 ◦ C (S-2), and 507.13 ◦ C (S-3). Cross-filled
composites S-3, show improved performance under both polarities with
a final residual mass value of 74.61% at ~900 ◦ C for the negative
voltage and 74.61% for positive DC followed by the micro-silica sample
S-2. It may be caused due to the hygroscopic nature of mixed particles

Table 4
Percent variations in EAB, weight and hardness.
Properties percentage
change
Elongation-at-break (%
loss)
Weight with aging (%
loss)
Hardness Shore-A (%
increase)

Specimens stressed under
positive DC

Specimens stressed under
negative DC

S-1

S-2

S-3

S-1

S-2

S-3

76.82

63.12

43.12

66.67

51.84

30.93

7.7

1.98

0.48

3.78

1.73

0.45

9.3

6.69

5.40

7.03

5.41

5.31
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Fig. 7. TGA curves for positive and negative DC: (a) S-1, (b) S-2 and (c) S-3.
Table 5
Final residue mass and temperatures at 10% weight loss.
Specimens stressed under
positive DC

Temperature ◦ C at 10% weight
loss

Residual mass
(%)

Specimens stressed under
negative DC

Temperature ◦ C at 10% weight
loss

Residual mass
(%)

S-1
S-2
S-3

402.61
492.36
512.52

16.77
25.1
73.13

S-1
S-2
S-3

425.44
491.9
507.13

21.09
26.04
74.61

and the immobility of silica filler in the neighboring area [51].
Furthermore, manifesting polarity effect, it is found that positive DC
shows apparent degradation of specimens as compared to negative DC
voltage indicating lessened thermal performance. This may be attributed
to high surface temperature during stressed conditions under positive
polarity [35].

inspections show high surface coarseness for neat silicon under positive
voltage followed by counterpart under negative DC. Both silica and
hybrid filled samples offered improved resistance to cracking and sur
face aberrations. FTIR results of samples depict maximum hydrophilic
content rise (~285.20%) in wavenumber range (~3200 cm− 1) for S-1
indicating hydrophilicity whereas sample S-3 exhibited a minimum
increment of (~44.40%) in the O–H functional group. Likewise, in the
remaining important groups, a noticeable reduction is obtained for all
composites except S-3, which illustrated the minimum reduction of
absorbance peaks. Mechanical characterization results elucidate the
highest deviation of 42.18% in tensile strength for unfilled S-1, while S-3
observed a minimum of 29.77% change under positive DC. Similarly,
hybrid composite is noticed with the lowest change of ~43.12% in EAB
while neat RTV-SiR observed ~76.82%. Also, a significant enhancement
of thermal properties is recorded for the sample with inorganic fillers.
Specimen aged under positive voltage with micro silica and hybrid
(silica + ATH) filler shows enhanced performance by leaving the final
residual mass of ~25.1% and ~73.13% respectively for a given tem
perature range (from 0 ◦ C to 900 ◦ C). Overall investigation elucidates
that the addition of hybrid fillers in RTV-SiR coatings improved the
performance to a wide degree resulting in postponed degradation as a
consequence of several stresses. Furthermore summarizing the results of
various characterization it is found that the properties deprivation in the
case of samples aged under negative polarity DC is relatively lower
compared to the similar compositions which are aged under positive DC
voltage. Fairly lower changes explicate that the performance of coatings
is affected highly under positive voltages.

5. Conclusion
The present experimental study addresses the aging performance of
room temperature vulcanized silicone rubber (RTV-SiR) coating com
posites and discusses the improvement with filler reinforcement in
various chemical, mechanical and electrical properties against syner
getic effects of long-term aging under multi-stresses. Moreover, the
study also highlights the polarity effect of DC voltage on the degradation
of different coating composites in long-term endurance. Degradation in
insulating properties is examined under both polarities DC stress for
pure and filled silicone rubber. The comparative examination includes
leakage current analysis, hydrophobicity classification, SEM, FTIR me
chanical, and thermal analysis. The test is conducted for 10000 h with
continuous accelerated weathering conditions applied cyclically. Char
acterization results of samples aged under positive polarity DC depict
that specimens (S-3) with combined silica-ATH filler exhibited
outstanding hydrophobic recovery properties with final reclamation to
HC3 class over aging. Likewise, the lowest final current value of 6.13 μA
is observed for S-3 showing better leakage current suppression among all
test samples. Specimens with 10% micro silica filler (S-2) also exhibited
better hydrophobicity and leakage current suppression concerning
unfiled specimens S-1. However, comparing hybrid sample S-3 the
performance of S-2 is found marginally inferior. For instance, S-2
appeared with final hydrophobicity of HC4 and a leakage current of
10.96 μA for positive DC. Scanning electron microscopy (SEM)
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