VOL. 23, NO. 3, 2024, 138-143
elektrika.utm.my
ISSN 0128-4428

ELEKTRIKA

Journal of Electrical Engineering

Breakdown Properties of Polyethylene
Nanocomposites Containing Calcined Zirconia

. . * . .
Khalida Razalie'>", Kwan Yiew Lau"" and Noor Syazwani Mansor'

Faculty of Electrical Engineering, Universiti Teknologi Malaysia, 81310 UTM Skudai, Johor, Malaysia.
2Department of TVET Electrical, Sarawak Skills, Kuching, Sarawak.

*Corresponding author: khalida@sarawakskills.edu, kwanyiew(@utm.my

Abstract: Electrical insulation is vital in high voltage apparatuses. The most common materials used in commercial high
voltage power cable insulation are polymers such as low-density polyethylene (LDPE) and cross-linked polyethylene (XLPE).
Nevertheless, these insulation materials have their own advantages and disadvantages. The use of LDPE alone, for example,
could not sustain high operating temperatures. Meanwhile, XLPE insulation has crosslinking byproducts that cause degradation
of the material especially in the long run. Therefore, PE blends such as LDPE and HDPE blends have been proposed to exhibit
material characteristics having good comprises. The composition of 80% LDPE and 20% HDPE often gives desirable results
in the flexibility and dielectric properties of the material. Consequently, polymer nanocomposites have been proposed to
enhance the performance of LDPE/HDPE blend power cable insulation materials. Although the addition of nanofillers to
polymers can enhance the dielectric properties of nanocomposites, it can also otherwise degrade the dielectric properties of
nanocomposites, especially the breakdown strength. The current work was conducted to investigate the effects of calcined
zirconia (Zr0O,) on the breakdown properties of polyethylene (PE) nanocomposites. The ZrO, nanopowder used was
uncalcined, calcined at 900 °C, and calcined at 1100 °C, to determine these effects on the breakdown strength of
PE/Zr0, nanocomposites. The results showed that PE/Zr0O, nanocomposites possessed similar breakdown strength to unfilled
PE when ZrO, was uncalcined and calcined at 900 °C. Nevertheless, calcining ZrO, at 1100 °C led to a slight reduction in the
breakdown strength of PE/ZrO, nanocomposites compared to unfilled PE. This was ascribed to the agglomeration of ZrO,
upon calcining at 1100 °C. Therefore, nanofiller calcination temperatures had effects toward the breakdown strength of the
final nanocomposites.
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1. INTRODUCTION for power cable insulation, but also for plastic containers,
bottles, bags, and plastic toys [5].

Power cable insulation materials could consist of
rubbers, dry papers and polymers. Currently, the most
common materials used for commercial high voltage direct
current (HVDC) [6] and high voltage alternating current

no exception to the electrical power industry involving the (HVA_C) power cables are polymers such. as LDPE’ a
use of low voltage (LV), medium voltage (MV), high comblne'lt}on of HDPE and LDPE with different
voltage (HV), and extra high voltage (EHV) electricity. comp(?s1t10n§:, and XI,‘PE [7-13]. Nevertheless, each of
Hence, the fire safety of high voltage (HV) outdoor these insulation materials have their own advantages and
insulator is to maintenance the reliable operation of the disadvantages. .
electrical grid. Generally, higher voltage levels require Recently, polymer ~nanocomposites have b een
better insulation systems over lower voltage levels [1-3]. proposed to enhance .the perfomance O,f cgnventlonal
Polyethylene (PE) and cross-linked polyethylene power cable insulation materials. This is because
(XLPE) are widely utilized as insulating materials in high na.nocomposll'ges exhibit unique electru.:al properties, even
voltage insulation apparatuses especially because both of with the addition of low nanofiller 1(.)z?d1ng levels (not more
these materials have low dielectric losses [4]. PE is a than 10 wt%). Although the addition of nanofillers to

thermosplastic polymer with variable crystalline structure. polymers can enhance the dielectric properties of
There are varieties of PE, which consists high-density ngnocomposnes, ,lt can  also other.w1se degr.ade the
polyethylene (HDPE), low-density polyethylene (LDPE), dielectric properties of nanocomposites, especially the

and linear low density polyethylene (LLDPE). These breakdown strength [14, 15]. For example, Du et al. [16]
o : .
commodity plastics are produced by addition or radical reported 5% reduction of DC breakdown strength in

polymerization. These materials are widely used not only polypropylene added with 2 wt% of ZnO. The reduction

An electrical insulation system is a vital element in every
electrical and electronic device. The main purpose of the
insulation is to cover an electrical conductor and to prevent
electricity from leaking out. All electrical devices, either
small or big, must have proper insulation systems. There is
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was caused by lower crystallization temperature and
crystallinity of nanocomposites containing ZnO [16].

The existence of the interface area in nanocomposites
generally affects the dielectric properties of the materials.
Of note, the interface area could also become an attraction
place for water to accumulate, especially when polymers
are added with oxide-based nanofillers. According to
Hosier et al. [15], the existence of oxide groups on the
surface of nanofillers added to polymers caused water to
reside within the interphase of nanocomposites. For single
metal oxide nanoparticles, water is generally present in the
form of concentric circle. This phenomenon is regarded as
water shell [17]. Hui et al. [17] claimed that higher loading
levels of nanofillers led to higher specific surface area
affecting the hydration level in nanocomposites.
Therefore, the water shell thickness was highly subject to
the hydration level [17]. Lau et al. [18] claimed that PE
with silica (Si0,) generally absorbed more water compared
to unfilled PE. This consequently increased the
permittivity and loss tangent of PE added with SiO,. From
the conducted experiment, PE with 2 wt% of SiO,
absorbed more water (about 0.3%) after being immersed in
water for 30 days as compared to unfilled PE, which only
absorbed 0.02% of water [18].

To reduce the water content in nanoparticles,
calcination of nanoparticles can be applied. Calcination is
a high temperature heating process, where the physical and
chemical changes in nanoparticles can happen after the
calcination process [19]. According to Mayabadi et al.
[20], the calcination process brought a positive impact to
tin oxide (Sn0,)/titanium oxide (TiO,) nanocomposites
for optical and photo electrochemical research
applications. The calcination process was done in air for 2
h at 200 °C and the results showed that TiO, nanofiller
with different properties could be tailored by controlling
the morphology of TiO, through calcination.

In the current work, we report on the effect of zirconia
(Zr0O,) calcination on the breakdown properties of PE
nanocomposites. ZrO, was chosen as it is a common type
of nanofiller shown to be encouraging in enhancing
electrical properties of nanocomposites, if adequately
engineered [21]. Three types of ZrO, were investigated,
i.e., uncalcined ZrO,, ZrO, calcined at 900 °C, and ZrO,
calcined at 1100 °C, at 0.5 wt%, 1 wt%, and 3 wt%
addition to PE. The breakdown properties of PE/ZrO,
nanocomposites with respect to the calcination
temperatures and nanofiller amounts are discussed.

2. EXPERIMENTAL

2.1 Materials and Blending

PE consisted of 80% LDPE (Titanlene LDF200YZ) and
20% HDPE (Titanlene HI2000) was used as the base PE in
this research. Both the LDPE and HDPE were
manufactured by Lotte Chemical Titan. Meanwhile, ZrO,
was obtained from Sigma Aldrich and used as a nanofiller.
The nanofiller was from the oxide-based category, with
particle size of 20 nm.

2.2 Filler Calcination

Zr0, nanopowder was calcined in a Carbolite Gero CWF
13/5 chamber furnace. Several calcination temperatures
were chosen to determine the effects of ZrO, nanopowder
on PE after calcination. This resulted in three types of

139

Zr0,, i.e., uncalcined Zr0,, Zr0, calcined at 900 °C, and
Zr0, calcined at 1100 °C.

Zr0, nanopowder was first weighed using the Ohaus
Pioner laboratory balance to measure the mass of the
nanopowder. The nanopowder was then placed in a
crucible for calcination in the chamber furnace. The
furnace’s setpoint ramp rate was specified at 25 °C min~!
to reach the intended calcination temperature. The
nanopowder sample was then calcined for 6 h before it
experienced a natural cool down for about 12 h.

2.3 Preparation of Nanocomposites

The formulation of PE nanocomposites with ZrO,
nanofillers (uncalcined ZrO,, Zr0O, calcined at 900 °C, and
Zr0, calcined at 1100 °C) was prepared using a Brabender
mixer. The duration, speed, and temperature were set at 10
min, 55 rpm, and 170 °C. Three nanofiller levels were
chosen to be added to the base polymer, i.e., 0.5 wt%, 1
wt%, and 3 wt%.

A Carver hydraulic laboratory hot press was used to
produce thin film samples. First, the temperature of the hot
press was set at 170 °C. Then, the blended materials were
cut into small pieces. Next, the materials were placed in
between two Melinex films and sandwiched between two
metal plates before being inserted into the hydraulic
laboratory hot press. A load of 2.5 ton was then applied to
produce an approximately 100 um thickness of each melt-
pressed sample with a diameter approximately 80 mm. To
avoid all samples from absorbing environmental water, the
samples were kept in a desiccator until use.

The F/A/C notation was used to indicate each sample
type. In this, F defines the type of filler, A denotes the
amount of the filler, and C represents the calcination
temperature of the filler. Table 1 shows the produced test
samples and their designations.

Table 1. Sample Designation

Sample Nanofiller Amount of Calcination
Designation  (F) Nanofiller Temperature
(F/A/C) (A) ©)

U/0/0 No nanofiller 0 wt% Untreated
Z7/0.5/0 Zr0, 0.5 wt% Untreated
7/1/0 7r0, 1 wt% Untreated
7/3/0 7r0, 3 wt% Untreated
C/0.5/900 7r0, 0.5 wt% 900 °C
C/1/900 7r0, 1 wt% 900 °C
C/3/900 7r0, 3 wt% 900 °C
C/0.5/1100 7r0, 0.5 wt% 1100 °C
C/1/1100 Zr0, 1 wt% 1100 °C
C/3/1100 7r0, 3 wt% 1100 °C

2.4 Differential Scanning Calorimetry

To characterize the melting behavior of all samples, Perkin
Elmer differential scanning calorimeter (DSC) 7 that came
with Pyris software was used. A sample of about 5 mg in
mass was placed in a sealed aluminum pan for
measurement purposes. Under a nitrogen atmosphere with
a scan rate 10 °C min~!, the sample was heated from
temperature 30 °C to 160 °C temperature. For calibration
purposes, high purity indium, with a known melting
temperature of 156.6 °C and melting enthalpy of
28.45 Jg~! was used. The reproducibility of measurements
was estimated based on the repeated measurements
conducted from the same batch of test samples.
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2.5 Electrical Breakdown

An alternating current (AC) breakdown test was conducted
to determine the electrical properties of the prepared
samples. The standard referred to conduct the AC
breakdown test was American Society for Testing and
Materials (ASTM) D149. The test was conducted to
determine the dielectric breakdown strength through the
thickness of the test sample (puncture). A Baur PGK
110HB AC high voltage test set, with a rated voltage of 80
kV, was used. For every testing, a 100 um thick sample
was placed in between two 6.3 mm diameter spherical ball
electrodes immersed in silicone oil to prevent surface
flashover. A step voltage of 1 kV every 20 s was applied
under room temperature for AC breakdown test. 15
breakdown tests were conducted on each material system,
and the breakdown strength was calculated using equation
(1). All the measurement data were analyzed using the
two-parameter Weibull distribution method. The
schematic diagram for the AC breakdown test is shown in
Figure 1.

Breakdown voltage (kV)
Thickness of sample (mm)

Breakdown strength (kVmm™1) = (1)

Voltage
regulator

]
| Test sample
| N T | C +
3 a5 T
o Supply o Al | ,,—.—* P
( :0—_240\ : < a HV clectrode 4
Y som 9 ) ¢ l
I Minerél oil |

Ball bearing

I'ransformer

Figure 1. Schematic diagram for AC breakdown test [22]

3. RESULTS AND DISCUSSION

3.1 Differential Scanning Calorimetry

Figure 2 shows the DSC melting behaviours of unfilled PE
and PE nanocomposites that contained 0.5 wt%, 1 wt%,
and 3 wt% of uncalcined ZrO, (Z/0.5/0, Z/1/0, and Z/3/0).
From the result obtained, the melting behaviours of all
nanocomposites and unfilled PE were comparable. The
melting peaks could be categorized to three types, namely,
the lower melting peak, the intermediate melting peak, and
the upper melting peak. Notably, the melting trace of
LDPE at 106 °C could be observed from the lower melting
peak while the melting trace for HDPE could be observed
from the upper melting peak at 125 °C. This is in line with
the used of PE blend with ratio 80:20 (LDPE:HDPE). The
upper melting peak corresponds to the fusion peak of the
o-crystal form of HDPE while the lower melting peak
corresponds to the melting trace of LDPE [23].
Meanwhile, the intermediate melting peak lied between
119 °C and 120 °C, which represented the co-
crystallisation of LDPE and HDPE within the PE blend
system [23, 24]. These DSC melting behaviors were
similar to previously investigated work [24].

Meanwhile the samples of DSC cooling traces are
shown in Figure 3. All samples are characterized by a
crystallization Temperature (7¢) close to 112 °C. This is in
line with the previous finding [25]. It is noteworthy that the
underlying lamellar structure of materials was not affected
by the addition of ZrO,.
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Figure 2. DSC melting traces of U/0/0, Z/0.5/0, Z/1/0,

and Z/3/0
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Figure 3. DSC cooling traces of U/0/0, Z/0.5/0, Z/1/0,
and Z/3/0

3.2 AC Breakdown Strength

Figure 4 shows the Weibull plots of AC breakdown
strength for unfilled PE (U/0/0) and nanocomposites that
contained uncalcined ZrO, of 0.5 wt% (Z/0.5/0), 1 wt%
(Z/1/0), and 3 wt% (Z/3/0). The breakdown value for U/0/0
was 153 kV mm™! (see Table 2 for details). Meanwhile,
the AC breakdown value for Z/0.5/0 was 162 kV mm™1.
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For Z/1/0, its AC breakdown value was 153 kV mm™1.
Finally for Z/3/0, its AC breakdown value was 146 kV
mm~!. Considering Weibull uncertainties, the AC
breakdown strength of Z/0.5/0, Z/1/0, and Z/3/0 was
comparable to U/0/0, albeit that it appeared that the
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Figure 4. Comparison of AC breakdown strength of
U/0/0, Z/0.5/0, Z/1/0, and Z/3/0 based on Weibull plots

Table 2. AC Breakdown Parameter

Shape parameter,

Sample Scale parameter, a
Designation (kV mm™1) B
(F/AIC)
U/0/0 153+7 11+4
Z/0.5/0 162+ 8 16+4
Z/1/0 153+6 11+3
Z/3/0 146 £ 6 12+4
Z/0.5/900 150+3 17+£5
Z/1/900 153+5 12+4
Z/3/900 139+£3 16+5
Z/0.5/1100 143+7 8+2
Z/1/1100 142+ 6 10+£3
Z/3/1100 140£3 8+2

breakdown strength of the nanocomposites reduced with
increasing amounts of Zr0,.

The Weibull plots of AC breakdown strength for
nanocomposites that contained 0.5 wt% (Z/0.5/900), 1
wt% (Z/1/900), and 3 wt% (Z/3/900) of ZrO, calcined at
900 °C are shown in Figure 5. The breakdown strength of
Z/0/0, Z7/0.5/900, and Z/1/900 were not significantly
different from each other when taking Weibull
uncertainties into account. At 3 wt% of ZrO, loading,
however, the breadown strength of Z/3/900 appeared
slightly lowered than U/0/0. Nevertheless, when
comparing the breakdown strength of the nanocomposites
that contained uncalcined ZrO, and ZrO, calcined at 900

°C at equivalent ZrO, loading levels, the breakdown
values appeared indistinguishable.

Therefore, under AC field, the addition of uncalcined
Zr0, to PE did not significantly affect the breakdown
strength of the nanocomposites compared to unfilled PE.
Similarly, adding ZrO, calcined at 900 °C to PE did not

significantly affect the breakdown strength of the final
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Figure 5. Comparison of AC breakdown strength of
U/0/0, Z/0.5/900, Z/1/900, and Z/3/900 based on Weibull
plots

nanocomposites. Similar results were reported by Rahim
et al. [26], where the effects of nanofiller and nanofiller
calcination at 900 °C were less influential on the
breakdown strength under AC fields [17].

Figure 6 shows the Weibull plots of AC breakdown
strength for nanocomposites that contained 0.5 wt%
(Z/0.5/1100), 1 wt% (Z/1/1100), and 3 wt% (Z/3/1100) of
Zr0, calcined at 1100 °C. The value of AC breakdown
strength for Z/0.5/1100 decreased by 12% to 143 kV
mm~! compared to its uncalcined counterpart (162 kV
mm™1). The value for Z/1/1100 was also decreased, by 7%
to 142 kV mm™1, compared to its uncalcined counterpart
(153 kV mm™1). Lastly, the breakdown value for Z/3/1100
was slightly decreased by 4% to 140 kV mm™! compared
to its uncalcined counterpart (146 kV mm™1). These show
that calcining ZrO, at a higher temperature, i.e., 1100 °C,
appeared to lead to unfavorable breakdown performance of
the final materials.

Zamani et al. [27] suggested that, when increasing the
nanofiller calcination temperature from 900 °C to 1100 °C,
Zr0, nanoparticles tended to agglomerate, thus decreasing
the surface area of the nanoparticles. The findings by
Zamani et. al [27] are consistent with the work reported
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here. It is therefore believed that calcining ZrO, at 1100
°C in the current work led to the agglomeration of ZrO,,
which slightly reduced the breakdown value of PE that
contained ZrO, calcined at 1100 °C, albeit that such effect
is less apparent under AC field. To further understand the
effect of ZrO, calcination, more work is currently being
carried out, especially in determining the structure of the
materials and the effect of ZrO, calcination on the direct

current (DC) breakdown strength of the final
nanocomposites.
99
95 4 | ®Unfilled PE
90 T | mPE/Zr0:/0.5/1100
75 4+ A PE/ZrO/1/1100
X
= * PE/Zr0O>/3/1100
2 50 1
el
2
=9
g 25
o
B
=
=
g
S
= 10 1
=
2
o
=
5 4
il
1 ' e ' -4
20 40 60 80 100 200 300 400 500

Breakdown Strength (kV/mm)

Figure 6. Comparison of AC breakdown strength of
U/0/0, 72/0.5/1100, Z/1/1100, and Z/3/1100 based on
Weibull plots

4. CONCLUSION

In the work reported here, PE nanocomposites that
contained 0.5 wt%, 1 wt%, and 3 wt% of uncalcined ZrO,
and ZrO, calcined at 900 °C showed insignificant
difference in their AC breakdown strength compared to the
unfilled PE. However, increasing the ZrO, calcination
temperature to 1100 °C appeared to slightly decrease the
AC breakdown strength of the final nanocomposites.
When nanopowder was calcined at 1100 °C, ZrO,
nanoparticles tended to agglomerate, thus decreasing the
surface area of the nanoparticle. Calcining ZrO,
nanopowder at 1100 °C therefore led to the agglomeration
of Zr0,. Subsequently, the AC breakdown strength of PE
that contained ZrO, calcined at 1100 °C reduced by 7%
compared to equivalent PE nanocomposites that contained
Zr0, calcined at 900 °C. Therefore, nanofiller calcination
temperatures somehow have effects toward the AC
breakdown strength of the final nanocomposites. Overall,
the current work demonstrates that the breakdown
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properties of PE nanocomposites are dependent not only
on the weight percentage of nanofiller loadings, but also
on the type of nanofiller, i.e., the calcination temperature
of nanofiller.
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