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Abstract— Polymer nanocomposites have become one of the
main research studies in investigating the potential use of new
dielectric materials especially in high voltage insulation. Many
promising results, especially on the use of polyethylene
nanocomposites as dielectric materials, have been reported in
the literature. Significantly, the main factor that affects the
dielectric performance of the materials was attributed to the
interface between the host matrix and the nanofiller. This paper
reports on an investigation into the AC and DC breakdown
performance of unfilled and polyethylene nanocomposites
containing silicon dioxide (SiO2) nanofillers at different loading
levels (1 wt%, 4 wt%, and 8wt%). By using the Fourier
transform infrared (FTIR) spectroscopy, the chemical
structures of the materials were characterized. The dielectric
permittivity of the samples was analyzed using dielectric
spectroscopy. From the breakdown results, it showed that AC
breakdown testing did not result in significant changes on the
breakdown strength between wuncalcined and calcined
nanofillers. Meanwhile, for DC breakdown testing, introducing
a small number of nanofillers could have a major impact on the
DC breakdown strength. These results were correlated with the
calcination process of nanofiller; the DC breakdown strength
improved for calcined nanofiller compared to uncalcined
nanofiller.

Keywords—nanocomposites; polyethylene; silica; breakdown;
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I. INTRODUCTION

Recently, researchers from various field are working on
the hybrid approach on micro and nanofiller. Research on the
hybrid fillers can be as a new alternative filler in the materials
technologies. For instance, rubber composite-filled hybrid
fillers showed that the improvements on tensile strength and
modulus [1]. Filler and additive agents are currently used in
electrical insulating materials in order to improve the
mechanical and electrical performance of the materials [2].
Lately, the use of nanodielectrics or nanocomposites has
become an interesting topic for researchers to develop an
innovative class of diclectric materials for high voltage
engineering applications. Polymer nanocomposites can be

defined as polymers with nanometre-sized (just few weight
percentage, wt %) fillers homogeneously distributed and
dispersed within the polymer matrices [3]. Normally, less
than 10 wt% of nanofiller is used in nanocomposites in order
to demonstrate its unique properties, in contrast to the
conventional or microscale fillers [4].

There have been many previous studies reporting on the
enhancements of the dielectric breakdown strength of polymer
nanocomposites, such as polyethylene/silica nanocomposites
[5]-[7]. The studies showed positive results on the breakdown
strength of the nanocomposites. Therefore, the promise to
develop a new class of electrical insulation technology for
dielectric applications based on nanocomposite materials
could be achieved. The presence of low dielectric constant
surfactants may result in better electric potential distribution,
which then improves the breakdown strength and electrical
stress distribution [8].

With nanotechnology, beneficial discovery on the
interfacial technology governing the nanofillers and the base
polymers is expected. The role of the interface has been
expected to be an important reason for the improved
breakdown strength of many nanodielectrics [9]. Therefore, in
an attempt to improve the interaction between the host matrix
and nanofiller, various heat treatment processes, including
calcining nanofillers at different temperatures, have been used
[10], [11]. This paper investigates the AC and DC breakdown
characteristics, dielectric permittivity and chemical structures
of polyethylene nanocomposites containing uncalcined and
calcined silicon dioxide (SiO;) nanofillers, in determining
potential interfacial factors that affect the breakdown
behaviors of the materials.

II. EXPERIMENTAL

A. Material

A blend of polyethylene (PE) with 80% of low density
polyethylene (LDPE) grade TITANLENE LDF200YZ and
20%
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TABLE L Test samples and their designatins
Polvmer Filler Designation
LDPE  HDPE  (wt%)
Test Sample (%) (%)
Unfilled:

LDPE+HDPE 80 20 0 u/0/0

LDPE+HDPE+ 80 20 1 S/1/0

SiO, 80 20 4 S/4/0

(uncalcined: 0 °C) 30 20 8 S/8/0
LDPE+HDPE+ 80 20 1 S/1/600
SiO, 80 20 4 S/4/600
(calcined: 600 °C) 30 20 8 S/8/600
LDPE+HDPE+ 80 20 1 S/1/900
SiO, 80 20 4 S/4/900
(calcined: 900 °C) 80 20 8 S/8/900

of high density polyethylene (HDPE) grade TITANZEX
HI2000 (LOTTE Chemical) was used. Nanosilica with a
quoted particle size of 20 nm was obtained from NanoAmor.
The amounts of nanoparticles added to the polyethylene were
chosen to be 1 wt%, 4 wt%, and 8 wt%.

Three different conditions of calcination were applied, i.e.,
0 °C (uncalcined), 600 °C, and 900 °C. The nanofiller was
subjected to calcination in a furnace at a dwell time of 4 hours
and the cooling process was about 10~12 hours.

The Brabender mixer was used to produce the compound
of the polyethylene (PE) with the nanoparticles. This was
prepared at a temperature, rotational speed, and duration of
160 °C, 55 rpm, and 10 min, respectively. To produce a disc-
like sample, each sample was then melt pressed at a
temperature and load of 160 °C and 2.5 ton, respectively. An
approximately 100 um thick sample was produced.

Table I shows the produced test samples of polyethylene
with uncalcined and calcined nanofiller and their designations.

B. Characterization

To characterize the chemical structures of the
nanoparticles and nanocomposites, the Perkin Elmer
Spectrum One Fourier transform infrared (FTIR) spectroscope
was used. The data for each spectrum was collected from 400
cm! to 4000 cm.

To determine the real relative permittivity, ¢ of the
samples, the dielectric spectroscopy measurement was
conducted using the Gamry Instruments Interface 1000™ with
Tettex’s 2914 Test Cell for Solid Insulants (with 25 mm radius
inner guarded electrode). A 1 Vims AC signal was applied with
a frequency range of 10 Hz to 100 kHz, averaged over 20
cycles.

AC and DC breakdown tests were conducted based on the
guidelines set out in the ASTM D149 standard solid test
method. The nanocomposite sample was placed between two
6.3 mm diameter ball bearing electrodes, immersed in mineral
oil to avoid surface flashover. For an AC test breakdown, a
step voltage of 1 kV every 20 s was applied. The DC
breakdown testing was conducted in a similar way to the AC
breakdown testing, but with 2 kV every 20 s was applied.
Fifteen points of breakdown measurements were recorded for
each type of samples. By using the two-parameter Weibull

distribution analysis [12], all collected data from the
breakdown measurements were then analyzed.

111 RESULTS AND DISCUSSION
A. FTIR analysis

Fig. 1 shows the FTIR spectra for the investigated
polyethylene nanocomposite samples. The characteristic
absorption bands for the U/0/0 were 2800-3000 cm,
1460 cm™, and 720 cm, representing C-H bonds of the
polyethylene. Three additional characteristic absorption bands
can be observed with the addition of SiO; to the host matrix;
1100 cm, 800 cm™, and 470 cm™'. These spectral bands
indicate the Si-O-Si bonds. These FTIR spectra results were
consistent with the previous findings [12]-[15].

Of note, at 3400 cm! wavenumber, the broad absorption
band could be ascribed to the surface hydroxyl groups of the
nanofiller and it is related to water molecules on the surface of
the nanofiller [16]. In this regard, the surface hydroxyl groups
and related water molecules on the surface of SiO, became
more apparent with an increasing amount of SiO,. Upon
nanofiller calcination, the intensity at 3400 cm™' OH was
reduced, indicating that the surface hydroxyls groups were
reduced.

B. Dielectric spectroscopy

Fig. 2 shows the real relative permittivity € for the
unfilled polyethylene and silica-based polyethylene
containing
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Fig. 1. FTIR spectra comparing unfilled polyethylene with nanocomposites
containing uncalcined and calcined nanosilica

Authorized licensed use limited to: UNIVERSITY TEKNOLOGI MALAYSIA. Downl%ged on December 20,2020 at 06:05:37 UTC from IEEE Xplore. Restrictions apply.



2018 IEEE 7th International Conference on Power and Energy (PECon)

3 < U7070
] +8/1/0
29 3S/4/0
2.8 3 4 S/8/0
) ©S/1/600
274 {35/4/600
- 4 S/8/600
5226 7 0/1/900
B £1S/4/900
525 ] A 'S/8/900
E 2.4
[=W}
223§
522 ¥
=~
S 2.1 1
o
2 ; r
100 1000 10000 100000
Frequency / Hz

Fig. 2. Real relative permittivity data obtained for uncalcined and calcined
samples

uncalcined and calcined nanosilica. For U/0/0 sample, it has
2.3 real relative permittivity. Meanwhile, for the
nanocomposites containing uncalcined nanosilica, the & is
dependent on the amount of nanofiller loading level. As the
amount of uncalcined nanosilica increases, some seeming
increases in real relative permittivity can be observed. For
example, at the highest amount of nanosilica loading level (8
wt%), S/8/0 shows an increase in real relative permittivity
over S/1/0 (see Fig. 2).

Upon calcination of nanosilica at 600 °C and 900 °C, it
shows that the ¢ of calcined nanosilica decreased compared
to uncalcined nanosilica. Since Fig. 2 shows the reduction of
real relative permittivity for both calcined nanosilica
compared to uncalcined nanosilica, it can be deduced that, for
nanocomposites containing calcined nanosilica at 600 °C and
900 °C, the surface hydroxyl content has reduced
considerably [17].

C. AC Breakdown

Fig. 3 compares the AC breakdown strength of
polyethylene nanocomposites containing 0 wt%, 1 wt%, 4
wt%, and 8 wt % of uncalcined and calcined nanosilica. The
addition of uncalcined nanofiller up to 1 wt% did not show a
significant effect on AC breakdown strength when compared
with the unfilled polyethylene (see Table I). Therefore, it
shows that a low amount of nanofiller does not alter the AC
breakdown strength of the system compared to unfilled
polyethylene. The addition of nanofiller up to 4 wt % of
uncalcined nanosilica into polyethylene showed a slightly
reduced AC breakdown strength. At 8 wt % of nanosilica
loading level, the AC breakdown strength slightly decreased
but the value still commensurate with 4 wt% of nanosilica
loading level when taking into account the uncertainties in
Weibull analysis.

Upon calcination process at 600 °C and 900 °C, there are
no significant changes for both uncalcined and calcined
nanosilica. Overall, the breakdown strength of the samples
containing SiO, was somehow similar for all different
amounts and calcination conditions. Therefore, for AC
breakdown strength, uncalcined and calcined conditions of the

nanofillers do not significantly affect the value of breakdown
strength. This is in line with the previous studies [12], [18].

D. DC Breakdown

Fig. 4 shows the comparison of the DC breakdown
strength for polyethylene nanocomposites containing
uncalcined and calcined nanosilica. The highest DC
breakdown strength was recorded for U/0/0 with 332 kV/mm
(see Table II). The DC breakdown strength for uncalcined
nanosilica was 183 kV/mm, 101 kV/mm and 75 kV/mm at 1
wt%, 4 wt%, and 8 wt% respectively. From the trend, it shows
a dramatically reduced DC breakdown strength with
increasing amounts of uncalcined nanosilica. Hence, the
addition of even a small amount of SiO; to polyethylene can
give a major negative impact on the DC breakdown strength
of the polyethylene nanocomposites [6].

For nanocomposites containing nanosilica calcined at 600
°C and 900 °C, their DC breakdown strength improved over
nanocomposites containing equivalent amounts of uncalcined
nanosilica (see Fig. 5 and Table III). Clearly, upon calcination
of the nanosilica, the DC breakdown strength significantly
increased; the value increased around 40 kV/mm and 60
kV/mm for nanocomposites containing calcined SiO at 600
°C  and 900 °C respectively over their uncalcined
counterparts.

At low nanofiller loading level (1 wt %), the breakdown
strength has increased after increasing the calcination
temperature. By comparing between nanocomposites
containing 1 wt % of wuncalcined nanosilica and
nanocomposites containing 1 wt% of calcined nanosilica at
900 °C, the breakdown strength showed an increment up to
35 %. Meanwhile, at 8 wt %, it shows a substantial rise of the
DC breakdown strength up to 96 %. Consequently,
calcination of nanosilica at high temperature up to 900 °C
resulted in a major effect on the DC breakdown strength.
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Fig. 3. Comparison of AC breakdown strength for
nanocomposites containing uncalcined and calcined nanosilica

polyethylene
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TABLE IL AC BREAKDOWN RESULTS
Blend Scale Parameter, o Shape Parameter, 3
(kV/mm)
u/0/0 155+9 8+3
S/1/0 148 +£4 19+7
S/4/0 137+8 8+3
S/8/0 124+5 13+4
S/1/600 147+38 9+3
S/4/600 134+7 9+4
S/8/600 134+38 8+3
S/1/900 143+6 11+4
S/4/900 137+4 15+5
S/8/900 134+7 9+4
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Fig. 4. Comparison of DC breakdown strength for polyethylene

nanocomposites containing uncalcined and calcined nanosilica

TABLE IIL DC BREAKDOWN RESULTS
Blend Scale Parameter, o Shape Parameter, 8
(kV/mm)

u/0/0 332425 6+3

S/1/0 183+7 12£5

S/4/0 101 £6 8+2

S/8/0 75+7 5+£2
S/1/600 223 +18 6+2
S/4/600 159 +13 6£2
S/8/600 128+5 11+4
S/1/900 247+ 16 7+3
S/4/900 183+ 10 8§+4
S/8/900 147+ 10 7+2

IV. CONCLUSIONS

The AC breakdown strength currently did not have a
significant effect when nanosilica was introduced in the based
polyethylene. These results occurred for both uncalcined and
calcined nanosilica. Conversely, with the the addition of 1
wt%, 4 wt% and 8 wt% nanosilica, surprisingly the DC
breakdown strength was reduced. However, compared with
uncalcined and calcined nanosilica, the value of the DC
breakdown strength for calcined nanosilica was increased.
Although the addition of nanosilica reduces the value of the
DC breakdown strength, upon calcination process the value

of calcined nanocomposites could be higher compared to
uncalcined nanocomposites. Therefore, this research works
could underline the potential of further investigation on
dielectric materials. From the research, it is predicted that the
presence of surface hydroxyl groups within the
nanocomposites (as shown through the FTIR spectra) gave a
dominant role too. This is because the presence of water
would negatively affect the breakdown strength of any
dielectrics. While these effects could be associated with the
real relative permittivity (as shown through the dielectric
spectroscopy). Consequently, the considerations of the
mechanisms in nanocomposite water absorption or nanofiller
water adsorption are critical in dielectric materials
technology. Calcination can be one of the technique to
eliminates the water content in nanofiller itself.
Consequently, a positive attempt to eliminate water
molecules from nanocomposites can promisingly improve
the DC breakdown strength of the polyethylene
nanocomposites.
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