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Abstract

Degradation in the polymeric insulators is caused due to the environmental stresses. The

main aim of this paper is to explore the improved aging characteristics of hybrid samples by

adding nano/micro silica in High Temperature Vulcanized Silicone Rubber (HTV-SiR) under

long term accelerated aging conditions for 9000 hours. As HTV-SiR is unable to sustain

environmental stresses for a long time, thus a long term accelerated aging behavior is an

important phenomenon to be considered for field application. The aging characteristics of

nano/micro filled HTV-SiR are analyzed by using techniques such as Scanning Electron

Microscopy (SEM), Leakage Current (LC), Fourier Transform Infrared Microscopy (FTIR),

Hydrophobicity Classification (HC), and breakdown strength for the aging time of 9000

hours. FTIR and leakage currents are measured after every cycle. All the co-filled samples

revealed escalated aging characteristics as compared to the neat sample except the SN8

sample (8% nano-silica+20% micro-silica) after 9000 hours of aging. The highest loading of

6% and 8% nano-silica with 20% micro-silica do not contribute to the improved performance

when compared with the neat and hybrid samples. However, from the critical experimental

analysis, it is deduced that SN2 sample (2% nano-silica+20% micro-silica) is highly resistant

to the long term accelerated aging conditions. SN2 has no cracks, lower loss percentages in

the important FTIR absorption peaks, higher breakdown strength and superior HC after

aging as compared to the unfilled and hybrid samples.

1 Introduction

Recently, the polymer insulators have gain more popularity over the ceramic insulators [1].

Among polymer insulators, High Temperature Vulcanized Silicone Rubber (HTV-SiR) is

more acceptable due to the various improved characteristics like hydrophobicity recovery,
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lightweight, ease of handling, improved performance in polluted environment, and handling

[2–4]. Due to improved characteristics, it is applicable for the overhead transmission line insu-

lators for extra-high voltage and ultra-high voltage applications. HTV-SiR is an organic mate-

rial having Si-O-Si as main chain with two methyl group (-CH3), that makes it a hydrophobic

material with improved hydrophobicity characteristics. Despite the superior characteristics,

the HTV-SiR is still under research due to degradation phenomenon when it is subjected to

harsh weather/environmental conditions [5, 6]. Degradation phenomenon in the polymers

exists due to the different stresses present in the environment, which is the main cause of aging

in polymer insulators [7]. Aging phenomenon also effects the HTV-SiR. Some of the environ-

mental stresses that cause the aging in polymer insulators are: rain, fog, temperature, ultra-vio-

let (UV) rays and humidity [8, 9]. The multiple stresses must be taken into account along with

the long term aging to evaluate the insulator [10]. The aging phenomenon usually causes the

loss of hydrophobicity, increase in leakage current, lowers the electrical characteristic,

mechanical, thermal, and reduced flashover voltage [2, 11, 12]. For the enhancement in the

characteristics of HTV-SiR, usually a small portion of filler is added. These fillers are added

according to the requirement for improved electrical, thermal, mechanical, and erosion/track-

ing characteristics. Some of the most commonly used inorganic filler for the improvement of

characteristics are silica, alumina trihydrate, alumina, magnesium hydroxide, carbon black,

and calcium carbonate [13–19]. Among all these fillers, silica is one of the widely used option.

In [13], the micro and nano-silica is added in RTV-SiR. The results indicate that the sample

with micro-sized silica was found to have improved tracking/erosion resistance as compared

to the non-filled and nano-filled insulator. In [20, 21], alumina trihydrate and aluminum

oxide has been used as filler and enhanced electrical, mechanical, thermal, and tracking/ero-

sion was observed. A new concept of simultaneous addition of micro and nanoparticles

emerges and requires further investigation. In [22], the authors added nano-silica and micro-

alumina with varying percentage of nanoparticles which resulted in the improvement of the

characteristics. However, the aging phenomenon effects different hybrid insulators differently

and needs further investigation for the selection of insulator with improved aging

characteristics.

This research work contributes towards the first time long-term aging characteristics of

hybrids having high temperature vulcanized silicone rubber as base material for 9000 hours.

The uniqueness of research lies in the preparation of hybrid samples and its long term acceler-

ated aging analysis of 9000 hours in specific environmental conditions. This long term acceler-

ated aging analysis of 9000 hours will ensure the reliability and authenticity of the hybrid

samples, so they can be implemented in the power system. In this article, aging characteristics

of hybrid sample are investigated and compared with the neat sample. The samples are pre-

pared with the simultaneous addition of nano and micro filler in HTV-SiR. Following samples

are prepared:

• 2% nano SiO2+20% micro SiO2 (SN2)

• 4% nano SiO2+20% micro SiO2 (SN4)

• 6% nano SiO2+20% micro SiO2 (SN6)

• 8% nano SiO2+20% micro SiO2 (SN8)

• Neat Sample (S0)

For evaluating the aging characteristics, a special plexiglass aging chamber is constructed.

The samples are placed in this chamber for 9000 hours for further investigation. For analyzing

the aging effects on these samples Hydrophobicity Classification (HC), Leakage Current (LC),
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breakdown strength and Fourier Transformed Infrared Spectroscopy (FTIR) is performed

during the aging time of 9000 hours. Scanning Electron Microscopy (SEM) is performed

before and after aging. The results are evaluated and then compared with the neat sample.

After aging analysis, a superior sample is selected from all the samples that has improved aging

characteristics.

The organization of the paper is as follow: Section 2 discusses the sample preparation, code

and aging chamber details. Section 3 discusses the SEM analysis, HC, LC experimentation and

analysis, breakdown strength, and FTIR analysis for the 9000 hours of aging respectively. Sec-

tion 4 presents a detailed comparison of our research with the state-of-art research, and section

5 concludes the aging analysis of the hybrid samples.

2 Sample preparation, sample codes and aging chamber

Nano (size: 12 nm, density: 2.1 g/m3) and micro (size: 5 μm, density: 2.52 g/m3) silica are

acquired from Sigma Aldrich. All other chemicals used for the preparation process are of

industrial grade. Methyl vinyl silicone rubber (colorless, molecular weight: 5800000, vinyl

%:0.09, density: 2.54 g/cm3)is procured from DOW Corning, USA. Mixing and compounding

method is used for the preparation of the sample. First of all, the fillers are suspended in 0.1

liter of ethanol. The mixture is stirred for 20 minutes. For preparation of the homogeneous

mixture of filler in ethanol, ultrasonification is applied on the sample for 30 minutes. Silicone

rubber is added in this solution under the process of sonication. For the removal of ethanol,

the mixture is heated for an hour at 100˚C. Later, it is placed in the mixture at 150 revolutions

per minute (rpm) for 20 minutes at 150˚C. This mixture is placed in pre-heated molds to get

the required shape and size. The samples are cured at 170˚C for 30 minutes. SiO2 nanoparticles

with varying percentages of 2%, 4%, 6%, 8% are added in the HTV-SiR base material, keeping

the percentage of micro silica constant (20%). A neat sample (S0) is also prepared along with

the hybrid samples. The composition of all the samples is shown in Table 1. Fig 1 presents the

photographs of all the samples.

Depending upon the stresses applied on the sample, a chamber is fabricated to stimulate the

aging environment. A 5ft × 3ft × 2ft plexiglass chamber is prepared as shown in Fig 2. The

original picture of the aging chamber placed in the laboratory is shown in Fig 3. The samples

are placed and stresses are applied simultaneously. A step up variac transformer of 220V/5kV
is used to apply the electric stress. For the environmental stresses, UV radiations, heat, acid

rain, fog, and humidity are applied. For UV radiation, three 20 watt UV lamps are installed in

the chamber. 1000 Watt heater along with a controller is used to provide the desired amount

of heat to the samples. For humidity, a humidity measuring element is used. The samples are

placed in a chamber for 9000 hours. Summer and winter cycles are created and aged according

to the conditions as shown in Table 2.

Table 1. Sample code and their description.

Sample Code Sample Composition

SN2 2% nano SiO2+20% micro SiO2 in HTV-SiR

SN4 4% nano SiO2+20% micro SiO2 in HTV-SiR

SN6 6% nano SiO2+20% micro SiO2 in HTV-SiR

SN8 8% nano SiO2+20% micro SiO2 in HTV-SiR

S0 Only HTV-SiR (neat)

https://doi.org/10.1371/journal.pone.0253372.t001
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3 Aging analysis techniques

3.1 Scanning Electron Microscopy (SEM) analysis

Scanning electron microscopy is performed to study the morphology of neat as well as hybrid

samples. SEM analysis is conducted using field emission scanning electron microscope

(FESEM, Hitachi U-5000, Japan). Fig 4 presents the SEM images for unaged and aged samples.

After aging, S0 has small cracks on the surface of the sample as compared to the hybrid

samples. All the hybrid samples appeared to be less rough with less/no cracks on the surface.

However, among all the hybrids, SN2 had higher surface intactness and less surface roughness

as compared to the other hybrids. Therefore SN2 sample is less affected by the aging condi-

tions. The main reason for better intactness of the surface in case of hybrid after 9000 hours of

aging is due to the large surface area of nano-silica and the excessive presence of silonal group

in case of the hybrids. So, the S0 sample without any nano-silica showed the highest degree of

degradation when compared with the filled samples.

Fig 1. Original Samples, a- SN2, b-SN4, c-SN6, d-SN8 and e-S0.

https://doi.org/10.1371/journal.pone.0253372.g001

Fig 2. Aging chamber.

https://doi.org/10.1371/journal.pone.0253372.g002
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3.2 Hydrophobicity Classification (HC) analysis

HC is performed by the method proposed by STRI (Sweden Transmission Research Institute)

for outdoor insulators. Six hydrophobic class from HC1-HC6 are used, according to the pat-

tern of the droplets sprayed on the surface of the insulators. HC4-HC6 represents the hydro-

philic materials, indicating the warning sign. High pixel camera is used for taking the

photographs and then compared with STRI guide photographs. Fig 5 shows the HC levels for

all the samples after every cycle.

Before aging, the HC level by the SN2, SN4, and SN6 is HC1 whereas, SN8 obtained HC2

and S0 got the HC3. As the aging started, all the samples showed an increase in HC levels.

Around 6000 hours, the samples started to have lower HC levels, thus indicating an improve-

ment in the HC. SN2, SN4, and SN6 samples demonstrated the HC1 and HC2 level variation

till 8736 hours. At the end of the aging, the highest HC level indicated by these three samples is

HC3. SN8 showed HC3 around 8064 hours and ends with the same HC level. However, S0

sample started with HC3 level and at the end of 9000 hours of aging, it reaches to HC5 level,

thus indicating the hydrophilic behavior of the sample. S0 also has the highest leakage current

among all the samples. Hybrids i.e., SN2, SN4, and SN6 are the ones with improved HC levels

as compared to the S0. The application of high voltage and harsh weather conditions (ultra vio-

let radiations) on S0 causes the depolarization by producing ozone and ionic particles. The

stresses in the environment affect the insulation chemically by changing the macromolecular

Fig 3. Real photograph of the aging chamber.

https://doi.org/10.1371/journal.pone.0253372.g003

Table 2. Winter and summer cycle details.

Stresses Summer Cycle Winter Cycle

Applied Voltage 2.5 kV 2.5kV

Days 11 17

Temperature 47.3˚C 35.2˚C

UV radiation 10 hours per day 8 hours per day

Salt Fog(6000 μS/cm) 0 times 4 times

Acid Rain (4.5 pH) 6 times 3 times

Humidity 77% 63%

https://doi.org/10.1371/journal.pone.0253372.t002
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Fig 4. SEM a) Before aging, b) After aging of 9000 hours.

https://doi.org/10.1371/journal.pone.0253372.g004

Fig 5. HC of samples for 9000 hours.

https://doi.org/10.1371/journal.pone.0253372.g005
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chain to low weight molecules (LWMs). The deterioration of the insulation is caused by initia-

tion of chain reaction forming stronger polar bonds, such as –OH, –C = O and C-O. These

bonds start the molecular structure’s cross linking, tree and pore formation. The reaction of

the mechanism is given in Fig 6. The high HC level is due to the microscopic conductive paths.

In [23, 24], the loss of hydrophobicity is due to the algae contamination. However, the recovery

in the HC level is because of the movement of lower molecular chains to the surface. Figs 7

and 8 show HC before and after aging results.

The recovery phenomenon is observed by all samples and it is the characteristic of a base

material [23]. This recovery phenomenon is more pronounced in the hybrid samples as com-

pared to S0. The main reason for the improved performance of hybrids (SN2, SN4, and SN6)

Fig 6. Silicone reaction mechanism with ozone.

https://doi.org/10.1371/journal.pone.0253372.g006

Fig 7. HC before aging.

https://doi.org/10.1371/journal.pone.0253372.g007
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is due to the better interface of micro and nano-silica with the base material. In case of SN8,

the higher loading of the nano-particle gives the saturation effects and instead of increasing

the filler and base material interaction, it simply decreases the filler and base interaction.

Therefore, increasing the hydrophobicity level.

3.3 Leakage Current (LC)

LC is a promising parameter for accessing the condition of an insulator when placed in the

field [25]. Closed chamber is utilized for measuring the LC. The enclosed chamber and setup

is shown in Fig 9. A 10 kO resistor is placed in series with the polymer and a 2kV source volt-

age is applied. Voltage is measured across the sample with the help of a multimeter. Consecu-

tive five values are measured to calculate an average value. LC value is obtained by using the

Ohm’s law. The LC is measured for every winter and summer cycle for 9000 hours of artificial

aging.

Fig 8. HC after 9000 hours of aging.

https://doi.org/10.1371/journal.pone.0253372.g008

Fig 9. Leakage current setup.

https://doi.org/10.1371/journal.pone.0253372.g009
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The values are recorded at 40% humidity and 25˚C as LC values are greatly affected by the

variation in temperature and humidity [20]. The LC is presented in Fig 10 for every summer

and winter cycle for the entire 9000 hours of aging.

Without stress application, the highest LC value of 5.54 μA is calculated for S0 sample,

whereas the lowest LC of 1.77 μA is for the SN2 sample. As the aging started, an increase in the

value of LC was observed for all the samples. The reason for this increase in LC is the reloca-

tion of the methyl group [16]. The highest value for the entire aging time of 9000 hours is mea-

sured at 264 hours of 6.6 μA by the sample SN6. However, after the increase in LC, all the

samples initiated to recover themselves. Our hybrid samples SN2, SN4, and SN6 have the low-

est LC value as compared to the S0 sample throughout the artificial aging.

However, SN8 exhibited higher values as compared to the S0 sample. After 2000 hours of

aging, again rise in LC is observed and then again recovery pattern is observed. Around 5500

hours, the rise in LC and after that recovery in the LC is measured. The recovery after 5500

hours is not as significant as it is after 2000 hours of aging. At the end of the aging, all the sam-

ples showed a trend in the increased values of LC values.

After aging, the highest LC of 3.27 μA is exhibited by the S0 sample and the lowest LC of

1.77 μA is exhibited by SN2 sample. Three hybrids SN2, SN4, and SN6 showed exclusively

improved performance as compared to the S0 sample.

Overall, SN2 sample is the one with lowest LC values and thus less affected by the aging

stresses. The main reason for increase in LC and less recovery is because of degradation in the

polymer due to its exposure to the UV radiation. This phenomenon of the polymer degrada-

tion is also observed by other authors [26].

3.4 Breakdown strength

The breakdown strength is evaluated according to the standard ASTM D-149. The voltage rise

of 200 V/s with a frequency of 50 Hz is used for this test. Dimensions are selected according to

the section II and type II electrodes are used. Electrodes and sample are dipped in oil during

the breakdown test.

Fig 10. Leakage current aged from 0 hours-9000 hours.

https://doi.org/10.1371/journal.pone.0253372.g010
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From Fig 11, it can be deduced that the highest breakdown value is measured for the SN6

sample whereas the lowest value is observed for S0 sample. S0 samples have the lowest break-

down strength for the entire 9000 hours of artificial aging. Breakdown strength is reduced

after aging for all the hybrids. Between 2000 hours to 4000 hours, a similar trend in the values

are observed for all the samples. After that, loss and gain recovery pattern is noticed for all the

samples. SN6 sample started recovering itself after 6000 hours, whereas SN2, SN4, and SN8

again loss breakdown value around 6000 hours of aging. The lowest breakdown strength is

exhibited by S0, thus making it the worst option among all the samples after aging. All the

hybrid samples responded significantly to the multi stresses, whereas S0 sample is highly

affected by the applied stresses. Among all the hybrid samples, SN8 is the one with the lowest

breakdown strength value of 23.06 kV/mm. Still this value is higher as compared to the virgin

sample. Overall, the hybrids have superior performance in breakdown strength after 9000

hours of aging.

The improved result in case of hybrid is due to the better cross-linking between the nano

and micro filler with the base material. This addition of nano and micro filler provides the

higher bond energy, homogenous structure, and less surface energy, which results in improved

breakdown strength. It was observed that the addition of nano and micro filler improves the

breakdown strength [27]. Similar behavior in the case of hybrid is noticed in our research.

3.5 FTIR analysis

FTIR is performed for the entire 9000 hours of aging after every weather cycle for analyzing

the condition of important peaks. Perkin-Elmer Spectrum 2000 FTIR spectrometer is used for

FTIR. FTIR is performed immediately at the end of each weather cycle. All the important

chemical groups along with their wavenumbers are illustrated in Table 3.

Figs 12–16 show before and after spectrographs for SN2, SN4, SN6, SN8, and S0. All the

important intensities of the specific wavenumbers for all the samples are presented in the S1

File.

Fig 11. Breakdown strength.

https://doi.org/10.1371/journal.pone.0253372.g011
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In Fig 12, the wavenumber and their respective absorbance peaks are shown for SN2. The

certain absorbance peaks indicates the presence of important wavenumber numbers. The

absorbance peaks are compared with the un-aged sample peaks throughout the aging time.

Variation in the magnitude of the peaks show the degradation in the samples caused by the

applied environmental stresses. From Fig 12, it can be observed that the wavenumber at 1440–

1400 (cm-1) with bond CH3 in Si-CH3, is the only one that loses itself completely at the end of

the aging. The wavenumbers at 2963–2850, 1280–1240, 1130–1000, 840–790, and 870–850

(cm-1) with bonds C-H in CH3, Si-CH3, Si-O-Si, Si(CH3)2, Si-O in O-Si(CH3)3, and Si- of Si-

(CH3)3 lose 16.8%, 13.2%, 10.2%, 7.5%, and 5.14% at the end of 9000 hours of accelerated

Fig 12. Spectrograph for SN2 a) Before aging, b) After aging.

https://doi.org/10.1371/journal.pone.0253372.g012

Table 3. Informations about wavelength and the basic functional groups.

Band Number Wavenumber (cm-1) Functional Group

1 2963–2850 C-H in CH3

2 1440–1400 CH3 in Si-CH3

3 1280–1240 Si-CH3

4 1130–1000 Si-O-Si

5 840–790 Si(CH3)2

6 870–850 Si-O in O-Si(CH3)3

7 700 Si- of Si-(CH3)3

https://doi.org/10.1371/journal.pone.0253372.t003
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aging. A gain and loss pattern is found in all the samples. The loss pattern is found till 6000

hours, however the gain pattern is found around 7000 hours of aging. Then again a loss pattern

is observed for all the samples. Wavenumber at 1440–1400 (cm-1) is the only wave which does

not exhibit gain pattern at 7000 hours of aging.

In Fig 13, the spectrograph for SN4 with important wavenumber before and after aging can

be observed. As the aging started, the sample started losing the intensity of certain peaks. At

936 hours, the percentage loss for wavenumbers 1258, 1008, 864, 786, and 700 (cm-1) for bond

Si-CH3, Si-O-Si, Si(CH3)2, Si-O in O-Si(CH3)3, and Si- of Si-(CH3)3 is 1.62%, 3.15%, 11.37%,

0.8%, and 3.125%. Thus the aging started to show its effect on the structures of the important

wavenumbers. Overall, loss and recovery pattern is found in this sample. Later, a gain pattern

is found after 8000 hours of aging till the end. After 9000 hours of aging, the bonds C-H in

CH3, Si-O-Si, Si(CH3)2, Si-O in O-Si(CH3)3, and Si- of Si-(CH3)3 have the percentage loss of

9%, 25%, 19%, 8, and 14%.

Fig 14 presents the variation pattern in wavenumber in spectrograph for SN6 before and

after aging. Around 936 hours, the percentage loss by the bonds C-H in CH3, Si-CH3, Si-O-Si,

Si(CH3)2, and Si-O in O-Si(CH3)3 are 13%, 19%, 16%, 21%, and 9.5%. The sample shows an

increasing tendency in the loss till 6000 hours of aging. After 6000 hours of aging recovery pat-

tern is observed. The highest loss observed for the bonds are 34%, 36%, 22.8%, 22.1, and 28%.

At 9000 hours of aging, the percentage loss is 31%, 37.55, 20.1%, 21%, and 26% for the wave-

numbers C-H in CH3, Si-(CH3)2, Si-O-Si, Si(CH3)2, and Si-O in O-Si(CH3)3.

Fig 13. Spectrograph for SN4 a) Before aging, b) After aging.

https://doi.org/10.1371/journal.pone.0253372.g013
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For SN8, Fig 15 represents the FTIR analysis graph. As the aging starts, the percentage loss

around 936 hours is highest among all the hybrid samples. The bonds C-H in CH3, Si-CH3, Si-

O-Si, Si(CH3)2, Si-O in O-Si(CH3)3, and Si-Si(CH3)3 have the percentage loss of 16.66%,

25.6%, 48.16%, 33.33%, 32.66%, and 100%. The highest loss is observed around 6000 hours of

aging for the same above bond number as 33%, 51.2%, 47.12%, 23.33%, and 100%. However,

after 6100 hours of aging, the sample starts to recover itself and the percentage loss increases.

Before 6000 hours of aging, the loss recovery pattern is observed but with small variation.

However, the rise around 6000 hours of aging is significant. At the end of the aging, the sam-

ples have lower percentage loss for the bonds C-H in CH3, SiCH3, Si-O-Si, Si(CH3)2, Si-O in

O-Si(CH3)3, and Si-Si(CH3)3 of 26.66%, 46.1%, 46%, 33%, 14%, and 33.33%.

Before and after aging spectrograph for S0 sample is presented in Fig 16. For S0 sample, the

loss recovery pattern is observed by all the absorbance peaks. However, the percentage loss for

some of the peaks mentioned in Table 4 is highest as compared to the hybrid samples. CH3

bond in Si-CH3 at the wavenumber 1440–1400 (cm-1), loses itself 100% and is unable to

recover. Wavenumbers 1130–1000 (cm-1) for Si-O-Si bond, 840–790 (cm-1) for Si-(CH3)2,

and 870–850 (cm-1) for Si-O bond in O-Si(CH3)3 are the ones with percentage loss of 25% at

the end of the experiment. Loss recovery pattern is observed for all the wavenumbers except

1440–1400 (cm-1). However, as compared to the other samples, this sample does not recover

itself as much as the other hybrid samples do. It means this sample is highly affected by the

weathering stresses applied on the samples. From The FTIR analysis for all the samples, we can

conclude that the hybrid samples specially SN2 and SN4 are the ones with the lowest

Fig 14. Spectrograph for SN6 a) Before aging, b) After aging.

https://doi.org/10.1371/journal.pone.0253372.g014
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percentage loss as compared to the other hybrid and S0 sample. However, SN6 and SN8

recover themselves after having the highest loss percentage. In case of the S0 sample, loss

recovery pattern exists but the recovery is not significant as compared to the hybrid samples.

The groups Si-CH3, Si-O-Si, and C-H groups of silicone base material with a decrease in the

absorbance peaks at significant wavenumber was also reported by other authors after aging

[28, 29]. Loss and recovery is also observed by other authors for silicone rubber as base mate-

rial [16]. The addition of the filler in the base material simply keeps it intact due to the addition

of silanol group present on the nano filler, thus making it resistant to the aging conditions

[30]. In our case, the addition of nano and micro particle enhances the recovery pattern of the

hybrid samples when compared with the unfilled sample after weathering effects.

4 Comparative analysis and discussion with the state-of-art works

In Table 4, our research work is critically compared with the recently published state-of-art

research in terms of long term aging characteristics of insulator materials. In [31], the authors

investigated the long term aging of silicon rubber with 10% micro silica and 5% micro silica

for 9000 hours. The overlapping wavenumbers show comparable loss percentages when com-

pared with our SN2 sample, however HC levels were same as our SN2. In [32], the insulators

are aged for 5000 hours after that the breakdown strength and leakage current are measured.

The results indicate more loss in breakdown strength when compared to our SN2 sample.

However, in case of the leakage current, our sample had higher loss. The reason is due to the

Fig 15. Spectrograph for SN8 a) Before aging, b) After aging.

https://doi.org/10.1371/journal.pone.0253372.g015
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extended aging time period that makes the surface more rough, thus having high leakage cur-

rent value. In [33], the researchers investigated the real time aging characteristics for 22 years

in terms of FTIR analysis. As the samples were aged for a longer period, the results indicated

higher deterioration for the specific wavenumbers. In research presented in [34], the hybrid

samples were prepared and placed in a chamber for extreme corona for seven days. For aging

characteristics analysis FTIR was performed. The results indicated that their sample MSR1

(39% micro ATH+1% nano alumina) exhibited the minimum loss percentage for specific

wavenumber. Comparing the work in [34] with this research, our SN2 sample presents the

lowest percentage loss after 9000 aging hours. Therefore concluding that our sample SN2 has

the improved aging characteristics when compared with other state-of-art research work done

so far, making it a good option for selection. The reason for an improved characteristics in

case of SN2 is the unique nano and micro-silica percentages and superior interaction of these

particles with the base material. Thus, SN2 possessed improved LC, HC, breakdown strength

and aging characteristics.

5 Conclusion

This research paper represents the aging phenomenon of the nano-silica and micro-silica in

HTV-SiR hybrids composite insulators. Neat and hybrid samples are prepared and then sub-

jected to long term accelerated aging of 9000 hours for further investigation. Hybrid samples

SN2, SN4, and SN6 shows improved aging characteristics whereas SN8 sample shows adverse

Fig 16. Spectrograph for S0 a) Before aging, b) After aging.

https://doi.org/10.1371/journal.pone.0253372.g016
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Table 4. Comparison with state-of-art work, here 0-0 indicates the gain.

References No. Of

Samples

Time

Period/Type

for Aging

Composition Of

Samples

Wavenumbers

(cm-1)

Absorbance, peak

percentage loss at the

end of aging

Breakdown

strength in

percentage loss

after aging

Hydrophobicity Leakage current in

percentage loss

after aging (μA)

Our

Research

Work

SN2 2% nano

SiO2+20% micro

SiO2% in HTV-SiR

%

2963–2850 16.82 2.9 HC1-HC3 36

1440–1400 100

1280–1240 13.24

1130–1000 10.23

840–790 7.5

870–850 5.14

700 3.34

SN4 9000

hours/

Artificial

4% nano

SiO2+20% micro

SiO2 in HTV-SiR

2963–2850 8.75 6.7 HC1-HC3 54

1440–1400 100

1280–1240 24.19

1130–1000 18.9

840–790 19.54

870–850 7.69

700 14.06

SN6 6% nano

SiO2+20% micro

SiO2 in HTV-SiR

2963-2850 34.78 5.5 HC1-HC3 36

1440–1400 100

1280–1240 36.11

1130–1000 21.84

840–790 22.84

870–850 7.53

700 0

SN8 8% nano

SiO2+20% micro

SiO2 in HTV-SiR

2963-2850 26.66 17.5 HC1-HC3 53

1440–1400 100

1280–1240 46.15

1130–1000 46.07

840–790 33.33

870–850 14.66

700 33.33

S0 Only HTV-SiR

(neat)

2963–2850 31.57 23 HC3-HC5 40.9

1440–1400 100

1280–1240 32.43

1130–1000 25

840–790 25

870–850 25

700 0

[31] SiR-2 9000 hours 10% micro silica

and 5% Nano silica

2963–2960 -20 − HC1-HC2 100

1280–1225 3.1

1110–1050 11

1130–1000 22

870–850 21

840–790 28

700 24

[32] one

Sample

5000 hours Silicone rubber

with a filler

5000 hours − 23.8 − 23.7

(Continued)
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behavior when compared with S0. The SEM analysis shows the formation of cracks for S0 sam-

ples but the simultaneous addition of nano and micro-silica prevented the formation of the

cracks. SN2, SN4, and SN6 has the varying hydrophobicity classification of HC1-HC2, whereas

SN8 and neat samples have higher HC levels. SN2 does not lose significant breakdown strength

even after aging of 9000 hours. Leakage current variation throughout the 9000 hours is found

to be lowest for SN2. In case of FTIR analysis, the percentage loss for SN2 is lowest among all

the hybrid samples and neat sample. Overall, all the hybrids performed well except SN8. Addi-

tion of nano-silica more than 4% does not contribute to the improved aging characteristics.

Therefore, SN2 and SN4 are the ones with superior aging characteristics for the application of

high voltage insulators. In future, the influence of varying loadings of nano-silica with different

filler sizes and percentages in micro range needs to be further investigated for different envi-

ronmental conditions.
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Table 4. (Continued)

References No. Of

Samples

Time

Period/Type

for Aging

Composition Of

Samples

Wavenumbers

(cm-1)

Absorbance, peak

percentage loss at the

end of aging

Breakdown

strength in

percentage loss

after aging

Hydrophobicity Leakage current in

percentage loss

after aging (μA)

[33] 391

Samples

3–22 years Silicone Rubber

+ATH

3400 3600 40.9 − − −
1280 1255 97.8

1100 1050 88

1130 1000 95.89

840 890 85

[34] SR 7 Days Unfilled HTV

Silicone Rubber

786 68.6 − − −
1010 41.9

1258 52

2962 32

2962 32

MSR Only 40% micro

ATH

786 67.7

1010 43

1258 44.89

2962 14

MSR1 1% nano Alumina

and 39% micro

ATH

786 55.9

1010 28

1258 47

2962 31.2

MSR2 2% Nano Alumina

and 38% micro

ATH

786 58.9

1010 32

1258 46

2962 25

https://doi.org/10.1371/journal.pone.0253372.t004

PLOS ONE Investigation of 9000 hours multi-stress aging effects on High-Temperature Vulcanized Silicone Rubber

PLOS ONE | https://doi.org/10.1371/journal.pone.0253372 July 28, 2021 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253372.s001
https://doi.org/10.1371/journal.pone.0253372.t004
https://doi.org/10.1371/journal.pone.0253372


Data curation: Arooj Rashid.

Formal analysis: Muhammad Amin, Sahibzada Muhammad Ali.

Funding acquisition: Raheel Nawaz.

Project administration: Sahibzada Muhammad Ali, Raheel Nawaz.

Resources: Jawad Saleem.

Supervision: Jawad Saleem, Muhammad Amin.

Visualization: Muhammad Bilal Qureshi.

Writing – original draft: Darren Dancey.

Writing – review & editing: Aftab Ahmad Khan, Muhammad Bilal Qureshi, Sara Ali, Darren

Dancey.

References
1. Mavrikakis NC, Mikropoulos PN, Siderakis K. Evaluation of Field-ageing Effects on Insulating Materials

of Composite Suspension Insulators. IEEE Trans Dielectr Electr Insul. 2017; 24: 490–498. https://doi.

org/10.1109/TDEI.2016.006077

2. Verma AR, Reddy SB, Chakraborty R. Multistress aging studies on polymeric insulators. IEEE Trans

Dielectr Electr Insul. 2018; 25; 524–532. https://doi.org/10.1109/TDEI.2018.006910

3. Li S, Liang X, Gao Y, Liu Y, Yin Y, Li Z. A Modified 5000 h Test Procedure for Silicone Rubber Insulator

Based on Contamination and Hydrophobicity Change Simulation. IEEE Trans Dielectr Electr Insul.

2017; 24: 1818–1828. https://doi.org/10.1109/TDEI.2017.006348

4. T. Paul, R. Nawaz, I. Korkontzelos, W. Black, J. McNaught and S. Ananiadou, “News search using dis-

course analytics,” In 2013 Digital Heritage International Congress (DigitalHeritage), vol. 1, pp. 597–604,

2013.

5. Matthew S., Batista-Navarro R., Thompson P., Nawaz R., McNaught J. and Ananiadou S., “Identifica-

tion of research hypotheses and new knowledge from scientific literature,” BMC medical informatics

and decision making 18, vol. 18, pp. 46, 2018.

6. Chakraborty R, Reddy BS. Studies on High Temperature Vulcanized Silicone Rubber Insulators under

Arid Climatic Aging. IEEE Trans Dielectr Electr Insul. 2017; 24: 1750–1760. https://doi.org/10.1109/

TDEI.2017.006247

7. Goudie JL, Owen M.J., Orbeck T. A Review of Possible Degradation Mechanisms of Silicone Elasto-

mers in High Voltage Insulation Applications. IEEE Trans Dielectr Electr Insul. 1998; 1: 120–127.

8. A. Sophia, P. Thompson and R. Nawaz, “Enhancing search: Events and their discourse context,” Inter-

national Conference on Intelligent Text Processing and Computational Linguistics, pp. 318–334, 2013.

9. Kashi S, Varley R, Souza MD, Al-Assafi S, Pietro AD, Lavigne CD, et al. Mechanical, ‘Thermal, and

Morphological Behavior of Silicone Rubber during Accelerated Aging. Polymer-Plastics Technology

and Engineering. 2018. https://doi.org/10.1080/03602559.2017.1419487

10. Qadir H., Khalid O., Khan M. U. S., Khan A. U. R., and Nawaz R., “An Optimal Ride Sharing Recom-

mendation Framework for Carpooling Services,” IEEE Access, vol. 6, pp. 62296–62313, 2018.

11. Khan H., Amin M., Ahmad A. Characteristics of silicone composites for high voltage insulations. Rev

Adv Mater Sci. 2018; 56: 91–123. https://doi.org/10.1515/rams-2018-0040

12. Jamaludin FA, Ab-Kadir MZA, Izadi M, Azis N. Jasni J, Abd-Rahman MS. Effects of RTV coating on the

electrical performance of polymer insulator under lightning impulse voltage condition. PLOS one. 2017.

https://doi.org/10.1371/journal.pone.0187892 PMID: 29136025

13. Ghunem A, Jayaram SH, Cherney EA. Suppression of silicone rubber erosion by alumina trihydrate

and silica fillers from dry-band arcing under DC. IEEE Trans Dielectr Electr Insul. 2015; 22: 14–20.

https://doi.org/10.1109/TDEI.2014.004484

14. Wang Z, Jia ZD, Fang MH, Li YS, Guan ZC. Moisture Absorption, Desorption, and Moisture-induced

Electrical Performances of High-temperature Vulcanized Silicone Rubber. IEEE Trans Dielectr Electr

Insul. 2016; 23: 410–417. https://doi.org/10.1109/TDEI.2015.005452

PLOS ONE Investigation of 9000 hours multi-stress aging effects on High-Temperature Vulcanized Silicone Rubber

PLOS ONE | https://doi.org/10.1371/journal.pone.0253372 July 28, 2021 18 / 19

https://doi.org/10.1109/TDEI.2016.006077
https://doi.org/10.1109/TDEI.2016.006077
https://doi.org/10.1109/TDEI.2018.006910
https://doi.org/10.1109/TDEI.2017.006348
https://doi.org/10.1109/TDEI.2017.006247
https://doi.org/10.1109/TDEI.2017.006247
https://doi.org/10.1080/03602559.2017.1419487
https://doi.org/10.1515/rams-2018-0040
https://doi.org/10.1371/journal.pone.0187892
http://www.ncbi.nlm.nih.gov/pubmed/29136025
https://doi.org/10.1109/TDEI.2014.004484
https://doi.org/10.1109/TDEI.2015.005452
https://doi.org/10.1371/journal.pone.0253372


15. Ramirez I, Jarayam S, Cherney EA. Performance of silicone rubber nanocomposites in salt-fog, inclined

plane, and laser ablation tests. IEEE Trans Dielectr Electr Insul. 2010; 17: 206–213. https://doi.org/10.

1109/TDEI.2010.5412019

16. Venkatesulu B, Thomas MJ. Erosion resistance of alumina-filled silicone rubber nanocomposites. IEEE

Trans Dielectr Electr Insul. 2010; 17: 615–624. https://doi.org/10.1109/TDEI.2010.5448119

17. Khan H, Amin M, Ahmad A, Yasin M. Erosion/Tracking Resistance Investigation of Micro/nano-Si02

filled RTV-SiR Composites for Outdoor High Voltage Insulations. 14th International Bhurban Confer-

ence on Applied Sciences and Technology (IBCAST). 2017.

18. R. A. Ghunem, H. Ayman, E. L. Hag, Y. Hadjadi, E. A. Cherney, “study on the effect of inorganic fillers

on the dry-band arcing erosion of silicone rubber composites,” in Electrical Insulation and Dielectric

Phenomenon (CEIDP), 2017.

19. Yu ZQ, You SL, Yang ZG, Baier H. Effect of Surface Functional Modification of Nano-Alumina Particles

on Thermal and Mechanical Properties of Epoxy Nanocomposites. Advanced Composite Materials.

2011; 20: 487–502. https://doi.org/10.1163/092430411X579104

20. Arabli V, Aghili A. The effect of silica nanoparticles, thermal stability, and modeling of the curing kinetics

of epoxy/silica nanocomposite. Advanced Composite Materials. 2014; 24: 561–577. https://doi.org/10.

1080/09243046.2014.944254

21. Liu C, Chen M, Zhou D, Wu D, Yu W. Effect of Filler Shape on the Thermal Conductivity of Thermal

Functional Composites. J Nanomater. 2017. https://doi.org/10.1155/2017/6375135

22. Yang S, Jia Z, Ouyang X, Bai H, Liu R. Hydrophobicity characteristics of algae-fouled HVDC insulators

in subtropical climates. Electric Power Systems Research. 2018; 163: 626–637. https://doi.org/10.

1016/j.epsr.2017.11.009

23. Jia Z, Wang Y, Ouyang XG, Zhang X. The influence of green algae on the hydrophobic property of HTV

silicone rubber. High Voltage Engineering. 2017; 3: 885–890.

24. Rashid A, Amin M, Ali M, Khattak A. Aging exploration of long term multistressed HTV-silicone rubber/

silica/alumina composites for high voltage insulation. MATER RES EXPRESS. 2018; 5, https://doi.org/

10.1088/2053-1591/aad448

25. Joneidi IA, Akmal AAS, Mohseni H. Leakage current analysis of polymeric insulators under uniform and

non-uniform pollution conditions. IET GENER TRANSM DIS. 2017; 11: 2947–2957. https://doi.org/10.

1049/iet-gtd.2016.2101

26. Lutz B, Kindersberger J. Influence of relative humidity on surface charge decay on epoxy resin insula-

tors. IEEE 9th Int’l. Conf. Properties and Applications of Dielectr. Materials (ICPADM). 2009; 883–886.

27. Syakur A, Hermawan, Sutanto H. Study on Tracking Time of Epoxy Resin Insulating Material under Arti-

ficial Accelerated Aging.” International Conference on High Voltage Engineering and Power System.

2017.

28. Nazir MT, Phung BT, Yu S, Zhang Y, Li S. Thermal Analysis and Tracking Process in Hybrid Compos-

ites of Silicone Rubber. 12th IEEE International Conference on the Properties and Applications of

Dielectric Materials. 2018.

29. Khattak A, Amin A. Influence of stresses and fillers on the aging behavior of polymeric insulators. Rev

Adv Mater Sci. 2016; 44:194–205.

30. Nazir MT, Phung BT, Hoffman M. Performance of silicone rubber composites with SiO2 micro/nano-

filler under AC corona discharge. IEEE Trans Dielectr Electr Insul. 2016; 23: 2804–2815. https://doi.

org/10.1109/TDEI.2016.7736840

31. Amin M, Khattak A, Ali M. Accelerated aging investigation of silicone rubber/silica composites for coat-

ing of high-voltage insulators. Electr Eng. 2018; 100: 217–230. https://doi.org/10.1007/s00202-016-

0498-7

32. Yuan Z, Tu Y, Wang C, Liang D, Jiang Y. Study on artificial multi-stress ageing characteristics of com-

posite insulators. IET GENER TRANSM DIS. 2018. https://doi.org/10.1049/iet-gtd.2018.5270

33. Cheng L, Wang L, Guan Z, Zhang F. Aging Characterization and Lifespan Prediction of Silicone Rubber

Material Utilized for Composite Insulators in Areas of Atypical Warmth and Humidity. IEEE Trans Die-

lectr Electr Insul. 2016; 23: 3547–3555. https://doi.org/10.1109/TDEI.2016.005784

34. Nazir MT, Phung BT. Resistance against AC corona discharge of Micro-ATH/Nano-Al2O3 Co-filled Sili-

cone Rubber Composites. IEEE Trans Dielectr Electr Insul. 2018; 25: 657–667. https://doi.org/10.

1109/TDEI.2018.006914

PLOS ONE Investigation of 9000 hours multi-stress aging effects on High-Temperature Vulcanized Silicone Rubber

PLOS ONE | https://doi.org/10.1371/journal.pone.0253372 July 28, 2021 19 / 19

https://doi.org/10.1109/TDEI.2010.5412019
https://doi.org/10.1109/TDEI.2010.5412019
https://doi.org/10.1109/TDEI.2010.5448119
https://doi.org/10.1163/092430411X579104
https://doi.org/10.1080/09243046.2014.944254
https://doi.org/10.1080/09243046.2014.944254
https://doi.org/10.1155/2017/6375135
https://doi.org/10.1016/j.epsr.2017.11.009
https://doi.org/10.1016/j.epsr.2017.11.009
https://doi.org/10.1088/2053-1591/aad448
https://doi.org/10.1088/2053-1591/aad448
https://doi.org/10.1049/iet-gtd.2016.2101
https://doi.org/10.1049/iet-gtd.2016.2101
https://doi.org/10.1109/TDEI.2016.7736840
https://doi.org/10.1109/TDEI.2016.7736840
https://doi.org/10.1007/s00202-016-0498-7
https://doi.org/10.1007/s00202-016-0498-7
https://doi.org/10.1049/iet-gtd.2018.5270
https://doi.org/10.1109/TDEI.2016.005784
https://doi.org/10.1109/TDEI.2018.006914
https://doi.org/10.1109/TDEI.2018.006914
https://doi.org/10.1371/journal.pone.0253372

