\

Yesl materials MBPI|
e w 7
Article

Investigation of Ramped Compression Effect on the Dielectric
Properties of Silicone Rubber Composites for the Coating of
High-Voltage Insulation

M. Hassan Raza 1, Safi Ullah Butt !, Abraiz Khattak 1-*

check for
updates

Citation: Raza, M.H.; Butt, S.U.;
Khattak, A.; Alahmadi, A.A.
Investigation of Ramped
Compression Effect on the Dielectric
Properties of Silicone Rubber
Composites for the Coating of
High-Voltage Insulation. Materials
2022, 15, 2343. https://doi.org/
10.3390/ma15072343

Academic Editors: Michal Sedla¢ik

and Junwei Zha

Received: 3 February 2022
Accepted: 15 March 2022
Published: 22 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ahmad Aziz Alahmadi 2

High Voltage Laboratory, Department of Electrical Power Engineering, U.S.-Pakistan Center for Advanced
Studies in Energy, National University of Sciences and Technology (NUST), Islamabad 44000, Pakistan;
mhassanraza423@gmail.com (M.H.R.); safibutt541@gmail.com (S.U.B.)

Department of Electrical Engineering, College of Engineering, Taif University KSA, P.O. Box 11099,

Taif 21944, Saudi Arabia; aziz@tu.edu.sa

Correspondence: abraiz@uspcase.nust.edu.pk

Abstract: The incorporation of inorganic oxide fillers imparts superior dielectric properties in silicone
rubber for high-voltage insulation. However, the dielectric characteristics are influenced by the
mechanical stress. The effects of ramped compression on the dielectric properties of neat silicone
rubber (NSiR), 15% SiO, microcomposite (SSMC), 15% alumina trihydrate (ATH) microcomposite
(SAMC) and 10% ATH + 2% SiO, hybrid composite (SMNC) are presented in this study. The dielectric
constant and dissipation factor were measured before and after each compression especially in the
frequency range of 50 kHz to 2MHz. Before the compression, SSMC expressed the highest dielectric
constant of 4.44 followed by SMNC and SAMC. After the compression cycle, SAMC expressed a
better dielectric behavior exhibiting dielectric constant of 7.19 and a dissipation factor of 0.01164.
Overall, SAMC expressed better dielectric response before and after compression cycle with dielectric
constant and dissipation factor in admissible ranges.

Keywords: silicone rubber; dielectric properties; compression; insulators; high voltage

1. Introduction

Polymeric insulators offered numerous compensations as compared to the traditional
insulation [1-4]. The advantages of polymeric insulation include higher resistance to
flashovers, resistance to contaminations, better dielectric properties, higher tensile strength,
ease of installation, less maintenance and lower cost [4-6]. Due to their superior proper-
ties, polymers find their usage as high voltage insulation and dielectric applications [7,8].
Dielectric properties are important as they act as stress relievers for the insulation sys-
tem [9]. However, during service, the dielectric properties are influenced by the mechanical
compression [10,11]. The recent developments in nanotechnology are assisting improve-
ments in dielectric properties and mechanical endurance of polymeric insulation via the
incorporation of inorganic oxide fillers into the polymer matrix [12,13].

The micro and nanocomposites of silicone rubber prepared with different inorganic
oxide fillers such as titania (TiO;) and silica (SiO,) are reported to have improved dielectric
properties as compared to neat silicone rubber [14,15]. In a study by Wang et al., it was
found that with the increase in ZnO content in silicone rubber from 1% to 4%, the dielectric
constant was increased [16]. Carpi et al. reported a dielectric constant of 8, accompanied
by a dielectric loss of 0.9 in a titanium dioxide (TiO,)/silicone composite [17]. In another
study, the effects of mechanical stresses on HTV silicone rubber were discussed and it
was analyzed that all internal (residual) and external stresses had a great impact on the
polymer material’s dielectric strength, electrical tree growth, space charge accumulation,
and accumulated damage [18]. Zeng et al. discovered that with the inclusion of 50 wt.%
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nano TiO; in silicone rubber, the dielectric constant was increased from 2.78 to 5.06 and the
composites were thermally stable up to 400 °C [19].

Khattak et al. investigated the influence of silica addition and mechanical compression
on the dielectric properties of epoxy and deduced that the composite with 5 wt.% addition
of nano silica into epoxy had the best dielectric properties of all the composites, with an
average dissipation factor (DF) of 0.09 and a dielectric constant of 6.23 [20]. For epoxy
resin, mechanical stress altered the dielectric properties due to a change in tetragonal
orthorhombic structures of epoxy into cubic structures [21].

Among the polymeric insulators, Room Temperature Vulcanized (RTV) silicone rubber
is the best choice for the coating of high-voltage ceramic insulators [22,23]. The dielectric
properties of silicone rubber are also influenced due to mechanical stresses. Therefore, it is
important to study the effects of mechanical compression on the dielectric properties of
RTV silicone composites.

In order to address the above-described significant gap, silica and alumina trihydrate
filled micro, nano and hybrid composites are prepared. The effects of ramped compression
with a ramp window of 3 MPa up to 12 MPa on the dielectric constant and dissipation factor
are reported. The results of the dielectric constant and dissipation factor are compared
before compression and after compression for the detailed analysis of the effects of ramped
compression.

2. Procurement of Materials and Sample Fabrication
2.1. Procurement of the Materials

Room Temperature Vulcanized Silicone Rubber (RTV 615-A and 615-B), where RTV
615-A is the base and RTV-B is the curator, micro-silica (5 pm), micro-alumina tri-hydrate
ATH (5 pm) and nano-silica (12 nm) were used in order to prepare the samples. Room Tem-
perature Vulcanized silicone rubber was purchased from the German company Lanxess AG
Chemicals. Silica-based fillers and ATH were procured from Degussa (Evonik) Chemical
Co., Los Angeles, CA, USA Wuhan Newreach Chemical Co., Wuhan, China, respectively.

2.2. Preparation of Samples

The preparation of samples was conducted according to % weight of the filler and base
polymer. Four different compositions, i.e., neat silicone rubber, 15% microsilica composite,
15% micro ATH composite and 10% ATH + 2% nanosilica composites were prepared.
Table 1 shows the formulation summary and codes of the prepared composites. The base
polymer and the curator were added with a ratio of 10:1 in all the samples. A high shear
mixer and a sonicator were used for the preparation of samples. Prior to preparation, the
fillers were placed in a vacuum oven for 16 h at 160 °C while RTV silicone rubber was
vacuumed at 460 mm-Hg for a few hours. To obtain proper soaking of the dry fillers, R-TV
615-A and dry fillers were mixed at a low speed of 3000 rpm in the first step. Following the
soaking of the fillers, the mixture was mixed at a speed of 5000 rpm until no visible lumps
remained in the mixture. To attain the maximum uniform dispersion, the addition of RTV
615-B in the mixture was carried out at low speed using the sonicator in the second step.
For the purpose of degassing and de-bubbling, the mixture was vacuumed at 27 mm-Hg
for few hours. The prepared slurry was then discharged in the molds having a diameter
of 80 mm and a thickness of 3 mm in the third step. The post curing of the samples was
performed at 90 °C for few hours in the last step. The images of the prepared samples are
given in Figure 1.
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Table 1. Sample formulations and codes.

SiO, Content ATH Content

Sr. Sample Name (%wt) (%wt.) Sample Code
1 Neat Silicone Rubber 0% 0% NSiR
2 Micro composite 1 15% p SiO, 0% SSMC
3 Micro composite 2 0% 15% u ATH SAMC
4 Nanocomposite 2% nano-SiO; 10% p ATH SMNC
MSIR SSMC SAMC SMINC

\ )
L/ :

c) (d)
Figure 1. Images of the prepared samples (a) NSiR (b) SSMC (c) SAMC (d) SMNC.

3. Measurements and Methods
3.1. Measurement of Dielectric Properties

The dielectric properties were measured using the 7600 Plus LCR Meter of IET Labs
USA. The samples were placed inside the inelastic dielectric cell LD-3 for the measurements.
The diameter was 75 mm for all the samples so that they could fit in perfectly in the dielectric
cell. The measurement range of frequency was set between 10 Hz—2 MHz. The range of
50 kHz- 2 MHz was chosen for the comparative analysis.

The fraction between the permittivity of material (em1) and that of free space (o) is
known as the dielectric constant (x) as given in Equation (1):

em
K=&, = —
l €0

@
The parallel capacitor capacitance is calculated by the formula given in Equation (2):

_ e

=7

@)
where A is the area of the plates, d is the distance between the plates and ¢ is the permittivity
of the material.

The percentage of uncertainty in measurement was 3%.

3.2. Conditions of Compression

A steel mold of 75 mm diameter was used to avoid the expansion of silicone rubber
from the sides and ensure the uniform application of compression on the sample. The
samples were placed inside the mold in order to avoid the expansion from the sides
and to keep them contained, then the steel molds were placed in the hydraulic press.
Spacing inside the steel mold was of the exact same diameter of the sample. The steel
mold was designed in such a way to stop the expansion of the sample from the sides
and allow compression in vertical form. The stress was increased from 0 MPa to the final
value and the sample was subjected to the final value of compression value for 5 min.
The compression stress was removed after 5 min and the samples were then taken out
of the molds for dielectric properties testing in the dielectric analyzer. A China CY-600
compression setup was used for ramped compression. The schematic diagram and actual
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picture of the compression setup are shown in Figure 2. The samples were placed in the
mold and heated at 35 °C. Ramped compression was applied with a ramp of 3 MPa up to
12 MPa. The dielectric properties were measured after each compression ramp.

Mounting Press Machine Test Sample

Diameter : 80 mm
/Thlckhness: 3-4" mm

Thermostate (To provide
temperature
to both plates)

Applied
Mechanical
Pressure

Mowveable
Plate

Test
Sample

Fixed
Plate

(b)

Figure 2. Compression setup (a) photo (b) schematic diagram.

4. Results and Discussions
4.1. Results at Low Frequencies

A practical capacitive system can be represented as an ideal capacitor with the incor-
poration of internal Equivalent Series Resistance (ESR) with the capacitor. In a dielectric
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medium, the existence of ESR indicates electrical conduction and dipole relaxation. The
power loss in the capacitor is represented by dissipation factor (DF) and is given by the

ratio of ESR and capacitive reactance.

ESR
DF = ——
| Xel

For an AC source having frequency f, X, is given as:

1
Xo|=—n
Xl 21 fCp

Thus,
DF = ESR-(27tfCyy,)

Using the Equations (3) and (4) we can deduce that

DF = (2nfESRCo)-K

®)

4)

©)

(6)

where k is the dielectric constant and is given by k = C;;,/C,. The variation in dissipation
factor is dependent on dielectric constant (k) if ESR of the material is known as given in
Equation (6). According to Equation (6), the dissipation factor (DF) changes directly with
the dielectric constant (k) if the ESR of the material is known. The higher the dielectric
constant, the greater will be the ability of a material to store electric charge but for insulation
purposes, low values of DF and dielectric constant (k) are desired. The measurement of ESR
is quite tough due to high impedance and high displacement current at low frequencies and
high frequencies, respectively. The impedance was between 100 () to 100 k(}, and therefore,
accurate measurements were expected at higher frequencies. At lower frequencies, the
obtained results were misleading, as shown in Figure 3 where ESR# is the normalized value
of ESR at a particular frequency. An abrupt increase in the values of ESRn was observed

below 20 kHz frequency.
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Figure 3. ESR values of samples against the frequency range.
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The increase in impedance beyond 100 k() may be the reason for this sudden increase.
Due to the limitation of LCR meter in determining the accurate phase angle at such high
impedance, the values of both ESR and X, are not reliable, consequently making the
measurements of DF faulty too. Due to the mentioned reasons, the measurements of DF
should be considered in a frequency range where readings are reliable. Therefore, the range
of 50 kHz to 2 MHz was considered for the accurate measurements.

4.2. Dielectric Constant

The dielectric constant of all the samples were measured before compression and after
each compression. The results for the dielectric constant of all the samples at 0 MPa, 3 MPa,
6 MPa, 9 MPa and 12 MPa are depicted in Figure 4. First, the samples were put one by
one in LCR meter to find the results of dielectric constant and dissipation factor without
compression. After that the samples were put in molds to heat them up to 35 °C then
applied the compression for 3MPa. After that, when the molds containing samples were
cooled down at room temperature, the samples were taken out. Successively used the LCR
meter to find the dielectric constant and dissipation factor of each sample. The process was
repeated for 0 MPa, 3 MPa, 6 MPa, 9 MPa and 12 MPa.

For all the samples, frequency dependency of the dielectric constant was observed.
At lower frequencies, higher values of the dielectric constant were observed. However,
at higher frequencies more stable values were recorded. This was due to the fact that at
higher frequencies, dipoles are unable to align themselves against the applied field. Among
the uncompressed samples, SSMC expressed the highest dielectric constant followed by
SMNC and SAMC. Neat silicone rubber expressed the lowest dielectric constant at 0MPa.
The higher dielectric constant of SSMC justifies the fact that the addition of silica can be
more beneficial than ATH for the improvement of dielectric properties [24].

There was no significant change observed in the dielectric constant of all the samples
at 3 MPa of compression. The dielectric constant of all the samples expressed a pronounced
change in the values at 6 MPa of compression. For neat silicone rubber, the average value
of the dielectric constant increased up to 21.24 from 3.7. Similarly, for SSMC, SAMC and
SMNC, the average dielectric constant increased from 4.44 to 19.17, 4.2 to 12.3 and 3.95 to
15.84, respectively. This increase in dielectric constant can be attributed to the removal of
voids and increased compactness after compression where the affect was more pronounced
in neat silicone rubber [20,25]. A decrease in dielectric constant was seen for all the samples
at 9 MPa. For neat silicone rubber, the average dielectric constant decreased from 21.24 to
12.03. Similarly, for SSMC, SAMC and SMNC, the average dielectric constant decreased
from 19.17 t0 9.67, 12.3 to 8.78 and 15.84 to 9.57, respectively. A further decrease in dielectric
constant was seen at a compression of 12 MPa. Neat silicone rubber, SSMC, SAMC and
SMNC expressed average dielectric constant of 5.73, 7.08, 7.19 and 5.93, respectively.

The reduction in dielectric constant at 9 MPa and 12 MPa can be attributed to the
destruction of the internal structure of the samples due to excessive compression [26,27].
The average values of dielectric constants of all the samples against the ramped compression
are plotted in Figure 5.
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Figure 4. Results for dielectric constant of samples at different compressions.
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Figure 5. Average dielectric constant of samples at ramped compression.

4.3. Dissipation Factor

The dissipation factor of all the samples was measured before compression at 0 MPa
and after applying compressions of 3 MPa, 6 MPa, 9 MPa and 12 MPa against the frequency
range depicted in Figure 6. While Average dissipation factors are given in Figure 7. For all
the samples, frequency dependency of dissipation factor was observed. The dissipation
factor followed the similar trend as of the dielectric constant. The higher values of dissi-
pation factor were recorded at lower frequencies; however, at higher frequencies, more
stable values were recorded. The dissipation factor was least for NSiR before compression
with an average value of 0.0018 which increased 2.9 times after 5 compressions expressing
final value of 0.00521. SAMC expressed an average value of 0.01143 for dissipation factor
before compression. The final value of dissipation factor for SAMC was 0.01164 which is
1.02 times of 0.01143. The average value of dissipation factor for SSMC before compression
was 0.01487 which increased up to 0.01615 after 5 compressions. The value of dissipation
factor for SSMC was increased by 1.085 times.
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Figure 7. Average dissipation factor of samples (a) NSiR (b) SSMC (c) SAMC (d) SMNC.

Similarly, for SMINC, the dissipation factor increased by 1.09 times expressing an
average value of 0.0075 and 0.00817 before and after 5 compressions, respectively. The trend
in the average values of dissipation factor was the same as that of the dielectric constant.
The highest dissipation factors were observed at 6 MPa compression for all the samples
except SSMC which expressed the lowest dissipation factor at 6 MPa compression. The
results of dielectric constant and dissipation factor of all the samples are compiled in Table 2.

Table 2. Comparison of dielectric constant and dissipation factor before and after compression.

Before Compression

After Compression

S # Sample Name - - — - - — Effect of Ramped
r. p Dielectric Dissipation Dielectric Dissipation Compression
Constant Factor Constant Factor
1 Neat Silicone Rubber 3.86 0.0018 10.6 0.00566 Most affected
2 Silicone Rubber Microcomposite 1~ 4.44 0.01487 10.9 0.01635 More affected
3 Silicone Rubber Microcomposite 2 4 0.01143 8.1 0.01277 Least affected
4 Silicone Rubber Hybrid 42 0.0075 8.82 0.00899 Less affected

Composite
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4.4. Scientific Discussion

By resistance to the compression with respect to the dielectric properties four RTV
based composite samples analyzed in this work can be arranged in the descending order as
SAMC > SMNC > SSMC > NSiR.

The first and foremost thing found was the effect of compression on all samples
i.e., Increase in dielectric constant was recorded up to 6 MPa and then decrease was
recorded. This was due the facts all polymer exhibit reduction in voids and increase in
compactness, extraction of trapped air that promoted solidified structure [28,29]. Secondly,
the stress relaxation behavior of RTV silicone may have led to the enhancement due its high
viscoelastic and stress relieving nature [30-32]. However, after the certain compression
value (6 Mpa at 35 °C in this case), the effect was reversed which may be due to the
elastic modulus limit [33]. The second important finding of this study was that for each
composition dielectric behavior was not only different before compression but also after the
compression neat silicone performed worst while ATH based composites performed best
followed by silica-based composites. Improvement in dielectric properties of silica-based
composites was due to the specific binding of silanol groups with the polymer network
present on the surface of silica particles that significantly contributed to the overall structure
stability against stresses [34,35]. The more pronounced effect in case of nano-silica-based
composites was recorded due to the face that nano-silica has much larger specific area
and holds almost 7.5 folds more silanol group on its surface than micro silica [36,37]. On
the other hand, ATH-based micro composite having highest ATH loading performed best
among all the samples (at 35 °C and 6 MPa). This can be due to the facts that ATH exhibit
high temperature and pressure endurance properties and release its water content in high
stressed application resulting in formation of aluminium oxide (Al;O3), high binding
energy that lead to increase in heat [38] and mechanical stress [39] resistance of overall
composite network.

5. Conclusions

Silicone rubber microcomposites and hybrid samples were prepared by adding fillers
such Alumina tri-hydrate (ATH) and silica (S5iO;). The mechanical compressions were
performed on silicone rubber and its composites. The dielectric constant and average
dissipation factors result were used to analyze the performance of samples under mechani-
cal pressure. The results at initial frequencies were discarded due to machine limitations.
Therefore, the results were compiled above 50 KHz. SSMC has shown the highest dielectric
constant of 4.5 and dissipation factor 0.1487 before compression due to 15% percent of
micro-silica loading. After compression at 3 MPa, there was an almost negligible effect on
all the samples. However, after applying 6 MPa, the NSiR dielectric constant increased the
most about 5.5 times. SAMC exhibited the least change in dielectric constant at 6 MPa and
NSiR has showed the most change in its dielectric constant. For average dissipation factor,
a similar trend was observed for NSiR and SAMC. Thus, in general electrical and high-
voltage insulation as well as in the case of mechanically stressed application, ATH-based
microcomposite with high concentration is performance is superior in order to have least
effect on dielectric constant and dissipation factor. Keeping in view this finding further
comparison with nano ATH-based composite at different concentration is recommended.
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