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The effect of SiO, microparticle concentration on the electrical and thermal properties of
silicone rubber for electrical insulation applications

Introduction. Polymeric insulators, first developed in the 1950s, have since seen substantial advancements in both design and
manufacturing, making them increasingly appealing to users and manufacturers in the electrical industry. Extensive testing in both
laboratory and outdoor environments has consistently demonstrated that polymeric insulators outperform traditional porcelain and glass
counterparts. Among the various polymeric materials, silicone rubber (SiR) has emerged as one of the most promising candidates for high-
voltage insulators. Its superiority is attributed to a unique combination of properties, including a non-conductive chemical structure, high
dielectric strength, and excellent resistance to scaling. To further enhance these properties, SiR is often combined with fillers to form
composite materials. These SiR composites are at the forefront of advanced high-voltage insulation systems, offering improved
mechanical, thermal, and electrical performance. As a result, they not only meet the rigorous demands of high-voltage applications but
also provide a significantly extended service life. Goal. This study aims to enhance the dielectric and thermal properties of SiR by
incorporating micron-sized silicon dioxide (SiO,) filler. Methodology. SiR-based composite samples were prepared by incorporating
micron-sized SiO, at weight fractions of 10 %, 20 %, 30 %, and 40 % of the total composition. Initially, the samples were heated to
specific temperatures (25°C, 60°C, 80°C, and 100°C) before undergoing dielectric strength testing to evaluate their performance under
varying thermal conditions. Additionally, the samples were subjected to thermal aging for durations of 10, 20, and 30 minutes at the same
temperatures before dielectric strength assessment. The results indicated that increasing the filler concentration enhanced the dielectric
strength of the SiR/SiO, composites. The highest breakdown voltage was observed at a filler concentration of 30 %. Practical value.
Incorporating micron-sized SiO, filler into the SiR matrix enhanced the composite's resistance to thermal stress. Compared to SiR-based
composites with varying SiO, concentrations, pure SiR exhibited the lowest dielectric strength. References 48, tables 5, figures 8.
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Bcemyn. Honivepni izonamopu 3 momennty pospobku 6 1950-x pokax 3nauHo yOOCKOHATUIUCS K ) NPOEKMYSANH, MAK i Y 6UpOOHUYMEI, U0
pobumsb ix 6ce Oinbw NpUBAOIUGUMU ONsL KOPUCIYBAYI8 MA GUPOOHUKIE eneKkmpomexuiunoi npodykyii. Bemuxi eunpobysamus sk y
J1a6OpamopHux, max i nPOMUCTIOBUX YMOBAX OeMOHCIPYIOMb, WO NOTIMEPHI I30J5IMOPU NEPEGANCAIOMb MPAOUYILIHI NOPYETSHOGI T CKISIHI
ananozu. Cepeo pi3HuX NoliMepHUx mamepianie CUniKonosull kayyyk (SiR) cmas HaunepcneKmueHiuuM Mamepianom Ons BUCOKOBOTLINHUX
isonamopie. Hozo nepesaca noscmioemocs yHikambHumM NOEOHAHHAM GIACMUBOCIIEH, GKTIOUAIOUL HENPOSIOHY XIMIUHY CIDYKIYDY, GUCOKY
OleNleKmpuyHy MIYHICMb Ma GIOMIHHY CMIUKICIb 00 YmeoperHs Hakuny. J[is nodanwuioco nokpawjenHs yux eiacmueocmeti, SiR wacmo
NOEOHYIOMb 3 HANOBHIOBAUAMU OJIAL (YOPMYBAHHS KOMNOSUMHUX Mamepianis. Li komnosumu SiR 3Haxo0smcs Ha nepedHboMy Kpai CyuacHux
cucmem 8UCOKOBOILIMHOI [3011AYil, NPONOHYIOUU NOKPAWEHI MeXaHiuHi, Meniosi ma elekmpudHi xapaxmepucmuku. B pezynomami 6onu ne
MibKU BIONOBIOAIONb HCOPCMKUM BUMOAM BUCOKOBOTLIMHUX 3ACMOCYBAHb, d Ui 3a0e3neyyiomyb 3HAUHO Oitbuiul mepmin cysxcou. Memoro
docnioxcenHs € NOKpaujeH s OieeKMpUYHUX ma meniosux enacmugocmeli SiR wiaxom ekiOUeHHs HanoeHIeaya diokcudy Kkpemiro (Si0O,)
MIKpOHHO20 po3mipy. Memodonozia. 3pazku komnozumy SiR 0yau npueomoeneHi wisaxom KIOYeHHs PISHUX 8A208UX GIOCOMKI8 MIKPOHHO20
poamipy SiO; eionogiono 10 %, 20 %, 30 % ma 40 % 6i0 3acanehoi eacu. Tlomim Oienexmpuuna miyHicmb yux 3paskie 6yna oyiHeHa 3a
uomupwox memnepamyp: 25 °C, 60 °C, 80 °C i 100 °C ons oyinku eghexmugnocmi egpekmu 6 pisnux ymosax. Kpim moeo, 3pasku cmapin
npomsizom 10, 20 i 30 xeunun npu mux sce memnepamypax nepeo sunpodysanusm. Pesynomamu 00cnioxcysanu 6niue mepmiuHoi nogedinku
HA Xapakmepucmuxy Hanpyau npoooio komnosumis SiR, sicmapenux y pisnutl uac i 3a pisnux memnepamyp. Pesynomamu noxasyroms, ujo
30i1bUIeHHs KOHYeHmpayii Hanoenioeaua 30invuiye dienekmpuuny miynicmo SiR komnosumie. Hatikpawa npobusna nanpyea 00cnioxceHux
3paskie Oyna ompumana npu konyenmpayii nanosuiosaua 30 %. Ilpakmuuna yinnicme. /looasanns nanosuiosaua SiO; MikponHozo posmipy
6 mampuyro SiR niosuwjye onip noriMepHUX KOMROIUMIE MEPMIUHUM MeXaHiunum nanpyeam. Y nopienamnni 3 SiR, 3aeanmadicenum SiO, y
PI3HUX KOHYenmpayisix, yucmutl SiR mae Hainuicyy Oierexmpuyny miynicms. biomn. 48, tadm. 5, puc. 8.

Knrouoei cnosa: nieneKTpuYHa MilHICTb, CHJIIKOHOBA I'yMa, TIOKCU/ KPeMHil0 MiKpopo3Mipy, TepMiuHa noBeIiHKa, HePOHHA Mepeka.

Introduction. Electrical insulators are critical that are added to SiR have gotten a lot of attention [20-22].

components in power systems, ensuring the safe and
efficient transmission and distribution of electricity. As
power systems evolve to meet increasing demands and
integrate renewable energy sources [1-5], the role of
insulators becomes even more vital [6-8]. Polymeric
materials come in several forms, including high-density
polyethylene, silicone rubber (SiR), ethylene propylene
diene monomer, and ethylene rubber [9, 10].

Because SiR has several advantages, including high
dielectric strength (DS) and scale resistance, it is widely
used in electrical applications. However, it is expensive
and has poor mechanical strength and tracking resistance
[11-14]. Therefore, pure silicone is grafted with some
fillers to enhance its mechanical, thermal, and electrical
properties and increase its service life; this combination is
named SiR composites [15-18]. A composite is a material
composed of two or more distinct constituent materials.
These constituents exhibit significant differences in their
physical and chemical properties compared to the
individual components before combination [19].

Fillers like alumina trihydrate, aluminum oxide, zinc
oxide, titanium oxide, calcium carbonate, and barium titanate

A lot of research has been done on how mixtures of micro-
and nanosized fillers affect the mechanical, electrical, and
thermal properties of SiR-based composites [23-25].
Developing micro- and nanocomposite materials can
enhance the thermal and electrical characteristics [26-31].
The DS of polymers in HV applications is a crucial factor in
assessing their dielectric performance [32-35].

Neural networks (NN) are a class of artificial
intelligence models that draw inspiration from the design
and operation of biological NNs, like those found in the
human brain [36]. Because of their effectiveness, speed,
and ability to handle complex nonlinear functions, they are
frequently used to solve complicated and challenging real-
world problems. This technique has been applied in several
complicated engineering applications in various fields,
including classification, prediction, intricate practical
transformation models, and many other domains [37, 38].

The goal of the paper is to improve the SiR’s
dielectric  strength under varying environmental
conditions by adding an appropriate weight percentage of
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inorganic filler. This work investigates, evaluates, and
records the impact of micron-sized silica filler on the
electrical and thermal properties of SiR insulators.

The NNs technique has been adopted to define the
DS of the unmanufactured samples that have filler ratios
in between the filler ratios of the manufactured samples.
The goal is to define the DS of the unmanufactured
samples, which have filler ratios in between those of the
manufactured samples. Samples define the DS of the
unmanufactured samples that have filler ratios in between
the filler ratios of the manufactured samples.

Materials. In this study, the following chemical
components were used:

1. The high-temperature vulcanized solid SiR was
supplied by the German Company Sonax. Solid SiR
contains high-molecular-weight polymers and relatively
long polymer chains.

2. The filler used in this study is silicon dioxide (SiO,)
in micron-sized powder form. Supplied by Nanotech
Egypt, it has a particle size of 20 um £+ 5 nm.

Sample preparation. The samples were fabricated in
the form of discs with a diameter of 5 cm and a thickness of
2 mm for the DS test. Five different concentrations of
SiR/Si0, composites were prepared, as specified in Table 1.

Table 1
Formulations of the prepared SiR/SiO, composite samples
Composite symbol Mixtures of specimens
B 100 wt. % SiR

S10 90 wt. % SiR + 10 wt. % micron-sized SiO,
S20 80 wt. % SiR + 20 wt. % micron-sized SiO,
S30 70 wt. % SiR + 30 wt. % micron-sized SiO,
S40 60 wt. % SiR + 40 wt. % micron-sized SiO,

Micron-sized silica filler was added to the SiR base
polymer to create the SiR composite samples. Filler
concentrations are expressed as a percentage of the base
polymer’s total weight. The mixture is placed in a two-
cylinder mill in the lab, which has a 470 mm diameter,
300 mm of operating distance, and a 1 mm gap between
the cylinders. A day was given to the specimens prior to
vulcanization. Figure 1 shows the rolling machine that is
used for SiR processing. The samples were cut to the
dimensions that were most appropriate for each testing
procedure. It can be noted that the samples’ color changes
when SiO; filler is added (Fig. 2).

Dielectric strength test, which is a fundamental
examination of an insulating material’s electrical
properties, is measured in voltage per unit length
(kV/mm) [6, 39]. It illustrates how the insulating material
withstands the intensity of an electric field without
changing or losing its insulating properties. The shape of
the used samples in the test should be a disc with a 1 mm
thickness and a 5 cm diameter. Figure 3 shows the
dielectric breakdown strength testing circuit. HV AC is
applied to evaluate the breakdown voltage of the tested
samples in various situations. To reduce surges on the
transformer’s HV side and more accurately determine the
specimen’s breakdown voltage, it is important to
remember that the voltage applied to the specimen should
be changed gradually and slowly. Because of the
importance of the results, the test of each set was repeated
many times, the data was gathered with high precision
each time, and then the average value of the tested sample
for each set was calculated and recorded.

Rolls
Frame

~ %
Fig. 1. Rolling machine used for processing SiR samples

Fig. 2. Images of prepared SiR/SiO, composite samples
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Fig. 3. The dielectric breakdown strength test laboratory circuit

Dielectric strength test procedure. In the testing
circuit (Fig. 3), the test cells were energized using a test
transformer (220 V / 100 kV) to determine the breakdown
strength. The test cells were filled with transformer oil [40].
The DS of composite samples aged under multiple thermal-
electrical stresses for different aging durations was
evaluated at four temperature levels ranging from 25 °C to
100 °C, categorized as follows.

1) In the first scenario, the studied composite samples
were heated until they reached different temperatures
(25 °C, 60 °C, 80 °C, and 100 °C) with an initial exposure
time of 0 min to these temperatures and then subjected to
the DS tests. The first temperature (25 °C) represents
normal ambient operating conditions. To simulate short-
circuit conditions the temperature was set to 60 °C. The
third temperature (80 °C) was selected to represent high-
fault conditions under operating voltages exceeding 30 kV.
Finally, the fourth temperature (100 °C) was chosen to
simulate operation under heavy loading conditions and in
environments with elevated temperatures.

2) In the second scenario, the composite samples
subjected to thermal stress were analyzed as a function of
aging time. They underwent thermal aging for 10, 20, and
30 minutes at the same test temperatures specified in the
previous first scenario.

Experimental results and discussion. Dielectric
strength results under the first scenario. Figure 4
presents the relationship between DS and the concentration
of micro-sized SiO, under varying temperatures, evaluated
according to the conditions of the first scenario.

At 25 °C, the breakdown voltages of S10, S20, S30,
and S40 were 29.93, 34.8, 36.58, and 33.1 kV/mm,
respectively. These values were higher than the DS of the
pure sample (B), which measured 28.06 kV/mm.
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A similar trend was observed at 60 °C, where the DS
values of S10, S20, S30, and S40 increased to 27.01, 31.9,
33.02, and 30.47 kV/mm, respectively, surpassing the DS
of B (26.21 kV/mm).

At 80 °C, the DS values of S10, S20, S30, and S40
were 24, 28.13, 29.64, and 27.44 kV/mm, respectively,
again exceeding the DS of B (22.51 kV/mm).

Finally, at 100 °C, the DS values of S10, S20, S30,
and S40 were 18.69, 19.87, 21.3, and 19.42 kV/mm,

respectively,  demonstrating  improved  performance
compared to the DS of B (16.01 kV/mm).
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Fig. 4. Dielectric strength of the studied samples evaluated

under the conditions of the first scenario

Dielectric strength results under the second
scenario. According to the second scenario, additional
sets of B, S10, S20, S30, and S40 were subjected to
thermal aging at 25 °C, 60 °C, 80 °C, and 100 °C for 10,
20, and 30 minutes before undergoing the DS test.

Effect of 10-minute thermal aging. As shown in
Fig. 5, incorporating different concentrations of SiO, into
the composite samples (S10, S20, S30, and S40) and
aging them for 10 minutes at 25 °C resulted in AC DS
enhancements of 4 %, 22 %, 28 %, and 16 %,
respectively. The corresponding DS values were 27.23,
32.01, 33.65, and 30.59 kV/mm, compared to the pure
SiR (B) sample, which exhibited a DS of 26.32 kV/mm.

At 60 °C, the DS values of S10, S20, S30, and S40
increased to 25.27, 29.67, 31.28, and 28.09 kV/mm,
respectively, surpassing the DS of B (24.03 kV/mm).

At 80 °C, the DS values of S10, S20, S30, and S40
were 23.84, 24.88, 27.09, and 24.02 kV/mm, respectively,
all higher than the DS of B (20.01 kV/mm).

At 100 °C, the DS values of S10, S20, S30, and S40
reached 16.23, 17.00, 19.06, and 15.88 kV/mm, respectively,

significantly exceeding the DS of B (12.54 kV/mm).
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Fig. 5. Effect of 10-minute thermal aging on the dielectric
strength of the studied samples

Effect of 20-minute thermal aging. At 25 °C, the DS
of the studied samples S10, S20, S30, and S40 improved by

approximately 5 %, 22 %, 30 %, and 18 %, respectively,
reaching 26.1, 30.5, 32.39, and 29.37 kV/mm, compared to
the DS of the pure SiR (B) sample, which was 25 kV/mm, as
illustrated in Fig. 6.

At 60 °C, the DS values of S10, S20, S30, and S40
increased to 21.19, 2547, 27.77, and 24.78 kV/mm,
respectively, compared to sample B (20.44 kV/mm).

At 80 °C, the DS values were further enhanced to
18.89, 19.78, 21.66, and 18.27 kV/mm for S10, S20, S30,
and S40, respectively, compared to 15 kV/mm for the B
sample.

At 100 °C, the DS values of S10, S20, S30, and S40
were enhanced to 14.02, 15.49, 17.62, and 14.36 kV/mm,
respectively, compared to sample B (10 kV/mm).
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Fig. 6. Effect of 20-minute thermal aging on the dielectric

strength of the studied samples
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Effect of 30-minute thermal aging. At 25 °C, the
DS values of S10, S20, S30, and S40 increased to 22.44,
26.59, 29.00, and 25.09 kV/mm, respectively, compared
to the DS of sample B (21.52 kV/mm).

As shown in Fig. 7, comparable improvements were
observed at 60°C, where the DS values of S10, S20, S30,
and S40 increased to 20.11, 21.13, 23.09, and 20.45 kV/mm,
respectively, while the DS of sample B was 16 kV/mm.

At 80°C, the DS values of S10, S20, S30, and S40
increased to 17.77, 18.59, 20.59, and 17.30 kV/mm,
respectively, compared to 14 kV/mm for sample B.

At 100°C, the DS values for S10, S20, S30, and S40
improved by 43 %, 60 %, 83 %, and 47 %, respectively,
compared to the DS of sample B.

35

0 25°C 60 °C 80 °C 100 °C

Fig. 7. Effect of 30-minute thermal aging on the dielectric
strength of the studied samples
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These results confirmed the overall trend observed in
AC DS testing: the DS increased with higher SiO, filler
concentration, peaking at 30wt %. Beyond this
concentration, a decline in DS was observed, likely due to
agglomeration or conduction path formation between filler
particles. The initial improvement is attributed to the
formation of interaction zones within the SiR matrix [41-43].
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These zones enhanced the interfacial area, thereby
increasing the probability of charge trapping (e.g.,
electrons) at filler-matrix interfaces, which suppresses
carrier mobility and improves breakdown strength [44—46].

Neural network (NN) modeling. An artificial neural
network (NN) typically comprises an input layer, one or
more hidden layers, and an output layer. Its performance
depends on factors such as the number of neurons in each
layer [47, 48]. Figure 8 presents the general architecture of
the NN used in this study.

Input Layer Hidden Layers Qutput Layer
I'd N

Fig. 8. General structure of a multilayer NN

NN validation in the first scenario application.
Table 2 presents the experimental and NN-predicted DS
values of SiR-based composite samples according to the
first scenario. Four samples were used for model training,
while the fifth sample served as a test case. The NN
model demonstrated high prediction accuracy, with error
percentages ranging from 0.0033 % (5S40 at 80 °C) to
0.0977 % (S20 at 25 °C).

Table 2
Experimental and NN results for the dielectric strength
of SiR-based composite samples (first scenario)

Dielectric strength, kV/mm
Sample| T, °C |Experimental .NN. Error, %
results estimations
B 28.06 28.036 0.0855
S10 29.93 29.9271 0.0097
S20 | 25°C 34.8 34.766 0.0977
S30° 36.58 36.6004 0.0558
S40 33.1 33.1013 0.0039
B 26.21 26.2113 0.0050
S10 27.01 27.0064 0.0133
S20 60 °C 31.9 31.8902 0.0307
S30° 33.02 33.0178 0.0067
S40 30.47 30.459 0.0361
B 22.51 22.4921 0.0795
S10 24 24.0152 0.0633
S20 80 °C 28.13 28.1262 0.0135
S30° 29.64 29.6365 0.0118
S40 27.44 27.4409 0.0033
B 16.01 16.0142 0.0262
S10 18.69 18.6777 0.0658
S20 | 100 °C 19.87 19.8523 0.0891
S30° 213 21.303 0.0141
S40 19.42 19.4027 0.0891

Note. * Indicates samples used for model testing.

NN validation (effect of 10-minute thermal
aging). Table 3 summarizes the DS results for the studied
samples. Again, the NN model was trained on four
samples and tested on the fifth. The prediction error
ranged from 0.0015 % (S10 at 25 °C) to 0.1448 % (S40 at
100 °C), validating the model's reliability.

Table 3
Experimental and NN results for the dielectric strength of
SiR-based composite samples (effect of 10-minute thermal aging)

Dielectric strength, kV/mm
Sample| T, °C |Experimental .NN. Error, %
results estimations
B 26.32 26.3148 0.0198
S10 27.23 27.2296 0.0015
S20 | 25°C 32.01 32.0112 0.0037
S30° 33.65 33.6472 0.0083
S40 30.59 30.5911 0.0036
B 24.03 24.018 0.0499
S10 25.27 25.2658 0.0166
S20 | 60°C 29.67 29.7121 0.1419
S30°7 31.28 31.2765 0.0112
S40 28.09 28.0675 0.0801
B 20.01 20.0075 0.0125
S10 19.84 19.8314 0.0433
S20 | 80°C 24.88 24.8847 0.0189
S30°7 27.09 27.0826 0.0273
S40 24.02 24.0321 0.0504
B 12.54 12.5411 0.0088
S10 16.23 16.2272 0.0173
S20 | 100 °C 17 17.012 0.0706
S30°7 19.06 19.0562 0.0199
S40 15.88 15.857 0.1448

Note: * Indicates samples used for model testing.

NN validation (effect of 20-minute thermal
aging). Table 4 presents the NN prediction results for the
DS of the studied samples subjected to 20-minute thermal
aging at various temperatures.

Table 4
Experimental and NN results for the dielectric strength of
SiR-based composite samples (effect of 20-minute thermal aging)

Dielectric strength, kV/mm
Sample| T, °C |Experimental .NN. Error, %
results estimations
B 25.01 25.012 0.0080
S10 26.1 26.1014 0.0054
S20 | 25°C 30.5 30.521 0.0689
S30° 32.39 32.387 0.0093
S40 29.37 29.371 0.0034
B 20.44 20.438 0.0098
S10 21.19 21.1903 0.0014
S20 | 60°C 25.47 254712 0.0047
S30" 27.77 27.772 0.0072
S40 24.78 24.7835 0.0141
B 15.01 15.013 0.0200
S10 18.89 18.8874 0.0138
S20 | 80°C 19.78 19.7801 0.0005
S30° 21.66 21.6622 0.0102
S40 18.27 18.266 0.0219
B 10 10.0034 0.0340
S10 14.02 14.0201 0.0007
S20 | 100 °C 15.49 15.4912 0.0077
S30°7 17.62 17.622 0.0114
S40 14.36 14.3613 0.0091

Note: * Indicates samples used for model testing.

The trained NN model effectively estimated the DS
values, with prediction errors ranging from 0.0005 % (S20 at
80 °C) t0 0.0689 % (S20 at 25 °C).

NN validation (effect of 30-minute thermal
aging). Finally, Table 5 summarizes the performance of the
NN model in predicting the DS of samples subjected to 30-
minute thermal aging. The model demonstrated high
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predictive accuracy, with errors ranging from 0.0015 % for
sample S20 at 25 °C to 1.0988 % for sample B at 100 °C.
Table 5
Experimental and NN results for the dielectric strength of
SiR-based composite samples (effect of 30-minute thermal aging)

Dielectric strength, kV/mm
Sample| T, °C |Experimental .NN‘ Error, %
results estimations

B 21.52 21.5204 0.0019
S10 22.44 22.4411 0.0049
S20 | 25°C 26.59 26.5904 0.0015
S30° 29 29.0031 0.0107
S40 25.09 25.085 0.0199

B 16 16.0012 0.0075
S10 20.11 20.101 0.0448
S20 | 60°C 21.13 21.1364 0.0303
S30° 23.09 23.0881 0.0082
S40 20.45 20.285 0.8068

B 14 14.152 1.0857
S10 17.77 17.7864 0.0923
S20 | 80°C 18.59 18.48 0.5917
S307 20.59 20.5865 0.0170
S40 17.3 17.3021 0.0121

B 9.11 9.2101 1.0988
S10 13 13.001 0.0077
S20 | 100 °C 14.61 14.6082 0.0123
S30° 16.64 16.5723 0.4069
S40 13.43 13.425 0.0372

Note: * Indicates samples used for model testing.
Conclusions.

1. Experimental studies conducted at four temperature
levels (25 °C, 60 °C, 80 °C, and 100 °C) revealed an
enhancement in the dielectric strength of the silicone
rubber (SiR)-based composites filled with micron-sized
silicon dioxide (SiO,) particles, in comparison to the
unfilled (pure) SiR sample.

2. The optimal dielectric strength was observed at a
filler concentration of 30 wt %. Beyond this
concentration, the dielectric strength declined, possibly
due to the formation of conduction channels between
filler particles within the SiR matrix.

3. The neural network technique accurately predicted
the dielectric strength of SiR insulation filled with
micron-sized silicon dioxide. This approach significantly
reduced the costs associated with extensive testing and
material procurement.
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