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Abstract: Low-density polyethylene (LDPE) has excellent dielectric properties and is extensively used
in electrical equipment. Hexagonal boron nitride (h-BN) is similar to a graphite-layered structure,
and alumina fiber (Al2O3) has high-temperature resistance and a strong performance. Herein, we
prepared Al2O3-h-BN/LDPE nanocomposites by using LDPE as the matrix material and h-BN and
Al2O3 as the fillers. The influence of different doping contents and the mass ratio of Al2O3 and
h-BN (1:1) to LDPE on the electrical properties and thermal conductivity of the nanocomposites was
examined. The results showed that the suppression effect on space charge was the most obvious
and average. The charge density was the lowest and had the minimum decay rate when the doping
content was 2%. The breakdown strength of the film reached the maximum value of 340.1 kV/mm,
which was 12.3% higher than that of the pure LDPE (302.8 kV/mm). The thermal diffusivity of the
composite sample was also higher than that of the single h-BN-doped sample when the content of
h-BN and Al2O3 was 7%. The thermal conductivity was 59.3% higher than that of the pure LDPE
sample and 20% higher than that of h-BN/LDPE.

Keywords: hexagonal boron nitride; alumina fiber; low-density polyethylene; space charge

1. Introduction

HVDC cables are widely used in the energy, communication, and petrochemical
industries. However, the service life of HVDC cables is often greatly reduced owing to
electrical aging and thermal aging during the transmission process [1]. Therefore, exploring
a way to make the cable exhibit excellent electrical and thermal properties is a key issue.

Low-density polyethylene (LDPE) is extensively applied in HVDC cables owing to
its good physical and chemical properties [2], but its low thermal conductivity (about
0.32 W/(m·K)) limits this application [3]. Thermal conductivity is a parameter that repre-
sents the heat transfer per unit area per unit time. Nanofiller doping can greatly improve
the polymer’s electrical, thermal, mechanical, and rheological properties. The introduction
of nanofiller boron nitride (BN)/alumina fiber (Al2O3) can greatly improve the thermal
conductivity and electrical properties of the polymer. Zhang et al. [4] found that BN
nanosheets/styrene–(ethylene-co-butylene)–styrene triblock copolymer/polypropylene
(BNNS/SEBS/PP) composite insulation prepared with multilayer hot-pressing materials
can significantly improve the electrical insulation and thermal conductivity of composites.
Du et al. [5] studied the effect of thermal conductivity for different mass fractions of silicone
rubber (SiR)/hexagonal BN (h-BN) on its erosion resistance. They found that the thermal
conductivity and arc resistance of the composite significantly improve with the increased
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mass fraction of h-BN fillers [6]. The thermal conductivity of α-Al2O3 epoxy resin com-
posites wrapped by BN-doped nanosheets is also much higher than that of Al2O3-doped
composites. Fei Chuan et al. [7] prepared alumina-modified polyimide thermally conduc-
tive composite films by in situ polymerization. They found that the thermal conductivity of
polyimide composite films after adding 20% and 30% micron alumina is 1.5 and 2.4 times
that of pure polyimide films, respectively, and that polyimide composites modified with
alumina have an excellent thermal stability.

Although many experts and scholars have conducted substantial research on BN/Al2O3-
doped composites and their electrical properties and thermal conductivity, few studies have
been performed on mixing nanofillers with excellent thermal conductivity. In the present study,
LDPE doped with h-BN and Al2O3 fibers were used as fillers to study the effects of two fillers
with different structures, types, and dimensions on the thermal conductivity and electrical
properties of LDPE.

2. Experimental
2.1. Materials and Reagents

LDPE (type 18D) has a density of 0.918 g/cm3 and a melting point of 110–125 ◦C.
The LDPE used in this study was produced by Daqing Petrochemical in Heilongjiang,
China. The particle diameters of the h-BN with a density of 2.3 g/cm3 and Al2O3 with
a density of 3.9 g/cm3 were both 50 nm. Both kinds of nanoparticles were produced by
Qinghe County Kegong Metallurgical Materials Co., Ltd., Handan, China.

2.2. Sample Preparation

First, nano-BN and Al2O3 were mixed by a KH550 coupling agent at a mass ratio of
1:1 and then filtered and dried to form a filler. Different contents of fillers and LDPE were
melt blended in a Happ RM-200A mixing torque rheometer to prepare masterbatches with
different mass fractions. The masterbatches with different mass fractions were cut into
small pellets and dried for 24 h before being pressed into samples of different thicknesses
with a hot-pressing flat vulcanizing machine for tests. Pressurization was completed when
the pressure was 25 MPa. After cooling with circulating water, the composite film to
be tested was obtained. The temperature of the entire pressurization process was set to
120 ◦C. The composite films with different mass fractions were tested by coating a layer of
aluminum film on both sides of the film with a vacuum-coating machine. To simplify the
description, the content of pure LDPE, nano-h-BN particles, and Al2O3 fibers were denoted
as A, B, and C, respectively. The samples with different contents are shown in Table 1.

Table 1. The composition ratio of composite samples.

Sample A (wt%) B (wt%) C (wt%)

LDPE 100 0 0
1 wt% Al2O3-h-BN/LDPE 99 0.5 0.5
2 wt% Al2O3-h-BN/LDPE 98 1.0 1.0
4 wt% Al2O3-h-BN/LDPE 96 2.0 2.0
7 wt% Al2O3-h-BN/LDPE 93 3.5 3.5

2.3. Analytical Methods

A Quanta200 scanning electron microscopy (SEM) system from Philips (Royal Philips
Electronics, Amsterdam, The Netherlands) was used to observe the dispersion of nano-h-
BN particles and Al2O3 fibers in the LDPE matrix and the microscopic morphology of the
nanocomposite films.

An Empyrean X-ray diffraction (XRD) instrument from PANalytical Corporation
(Almelo, The Netherlands), with phase analysis and comparison, was used to examine the
crystalline structure of the LDPE after adding nanofillers.

A new EQUINOX-50 Fourier transform infrared (FTIR) spectrometer from Bruker (Bre-
men, Germany) was used to test the infrared spectra of the pure LDPE and its composite films.
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A Concept40 broadband dielectric spectrometer from Novocontrol (Montabaur, Germany)
was used to measure the dielectric properties of the pure LDPE and Al2O3-h-BN/LDPE samples
at room temperature.

The BDJC power frequency breakdown-test platform of Beiguang Precision Instrument
Co., Ltd. (Beijing, China) was used to test the breakdown strength of the pure LDPE and
composite films with different nanodoping contents at room temperature. The diameter of
the sample was 60 mm and the thickness was 50 µm.

An electroacoustic pulse device independently developed by Shanghai Jiaotong Uni-
versity, Shanghai, China, was used to test the space-charge distribution of the sample at
room temperature. Before the test, a small amount of silicone oil was applied onto the
contact surface of the semiconductor, the sample, and the aluminum electrode to prevent
the formation of an air gap, which can interrupt signal transmission, between the sample
and electrode.

An LFA447 laser thermal-conductivity meter manufactured by NETZSCH (Selb, Germany)
was used to measure the thermal diffusivity and calculate the thermal conductivity of the single-
doped nano-h-BN filler and the two-doped nanofiller h-BN and Al2O3. The test temperature
range of this instrument was 25–300 ◦C, the thermal diffusivity range was 0.1–1000 mm2/s,
and the sample was 1.26 cm in diameter and 1–1.5 mm thick. The thermal conductivity was
determined according to the following Equation:

λ(T) = α(T)× Cp(T)× ρ(T) (1)

where T is a certain temperature; λ(T) is the thermal conductivity; α(T) is the thermal
diffusivity; Cp(T) is the specific heat capacity of the sample; and ρ(T) is the sample density.

3. Results and Discussion
3.1. Microstructure Characterization

Figure 1 shows the SEM images of the Al2O3, BN, and Al2O3-h-BN/LDPE composite
film. According to Figure 1a,b, the length of alumina fiber is about 5.21 microns, and the
diameter of spherical BN is about 780 nanometers. It can be seen in Figure 1c–e that the
nanofiller Al2O3-h-BN is uniformly dispersed in the composite film in the presence of the
coupling agent KH500 [8]. When the filler was 1 wt%, 2 wt%, and 4 wt%, it showed a good
dispersibility. As shown in Figure 1f, for 7 wt%, there was an obvious agglomeration at the
marked circle in the cross-sectional view of the Al2O3-h-BN/LDPE composite film.

Figure 2 shows the XRD patterns of the composite samples with different contents.
With the increased content of the nanofillers h-BN and Al2O3, prominent diffraction peaks
appeared at 26.6◦, 36.6◦, 35.2◦, and 43.3◦. These peaks represent that crystalline form
diffraction occurred on the crystal plane, corresponding with the crystal planes of 002, 100,
112, and 113 of the crystal form. As the LDPE content gradually decreased, the diffraction
peaks corresponding with the diffraction angles of crystal planes 110 and 200 at 21.3◦ and
23.6◦ also gradually decreased. By comparing the characteristic peaks before and after
doping with the two nanofillers, it can be seen that no difference existed between the
diffraction crystal planes and the standard crystal planes of LDPE, h-BN, and Al2O3 in
the composite film. Meanwhile, the composite film did not produce impurity during the
melt-blending and hot-pressing stages. Thus, adding the two nanoparticles did not change
the crystalline structure of the LDPE.
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To study the chemical-bonding state of the composite materials formed by h-BN,
Al2O3, and LDPE, FTIR spectra were obtained, as shown in Figure 3. Composite films
and pure LDPE were analyzed. LDPE had strong absorption peaks at 1462, 1369, and
723 cm−1, and these three absorption peaks corresponded with the in-plane bending
shear vibration peaks, out-of-plane bending swing vibration peak, and swing vibration
peak of C-H in LDPE [9]. The characteristic peak at 3608 cm−1 was the O-H stretching
vibration peak formed by the absorption of moisture in the air [10]. Compared with the
absorption peaks of pure LDPE, the corresponding peaks of h-BN/LDPE at 1423 and
792 cm−1 were B-N stretching vibration and deformation vibration absorption peaks,
respectively. Comparing the composites formed by the two nanofillers, h-BN and Al2O3,
and LDPE with pure LDPE and h-BN/LDPE, the peak at 1462 cm−1 was the bonding
after adding Al2O3. The broad absorption band appearing at 511 cm−1 was the vibration
absorption peak of Al-O, belonging to the characteristic absorption peak of alumina [11].
These results show that adding nano-h-BN and Al2O3 fibers did not destroy the structure
of LDPE molecular chains.
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3.2. Dielectric Property Testing

The relationship between the relative permittivity and frequency of Al2O3-BN/LDPE
composite films with different doping contents and pure LDPE at room temperature (25 ◦C)
is shown in Figure 4. With increased frequency, the relative dielectric permittivity of the
pure LDPE remained basically unchanged at 2.18. With the addition of h-BN and Al2O3, the
relative permittivity [12] gradually increased, and the relative permittivity of the dopant
content of 2 wt% and 4 wt% did not significantly differ. When the doping content was
7 wt%, the relative permittivity increased by 0.29 at the maximum and 0.25 at the minimum
at 10–106 Hz, which had little effect on the low permittivity of the LDPE [13]. This finding
indicates that adding nano-h-BN and Al2O3 did not change the low dielectric permittivity
properties of the LDPE. There are a large number of organic and inorganic interfaces in
nanocomposites, and interface polarization exists when the frequency is low. However,
the interface polarization is difficult to form when the frequency is high, so the dielectric
permittivity decreases.
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Figure 5 shows the relationship between the dielectric loss and frequency of LDPE
and Al2O3-h-BN/LDPE composite samples. Adding nanofillers increased the dielectric
loss [14], but the dielectric loss was only 0.0074 higher than that of the pure LDPE when
the doping content was 7 wt% by weight. The dielectric loss of the pure LDPE and
nanocomposite films doped with different contents initially decreased and then increased
with increased frequency from 10 to 106, and the difference in the dielectric loss at 105 Hz
was the smallest, i.e., only about 0.001. Apparently, the dielectric loss of the composite was
only slightly affected by the h-BN and Al2O3 fibers. So, the application of its insulating
properties in cables was hardly affected. Dielectric loss mainly includes conductance
loss and polarization loss. At low frequency, the electric field changes slowly, and the
polarization of dielectric material is basically synchronous with the change of the external
electric field, so the polarization loss is low. However, at high frequencies, the polarization
of the polymer film cannot synchronize with the change of the applied electric field, and
the dipole composed of positive and negative charges will tend to align along the direction
of the electric field, and gradually begin to rotate to produce a polarization loss [15].
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Figure 6 and Table 2 show the Weibull distribution of the breakdown field strength
and the Weibull distribution parameters of the LDPE and nanocomposite samples [16].
Twelve tests were performed on the LDPE and its nanocomposite samples, respectively,
and the DC breakdown strength of the pure LDPE was 302.4 kV/mm. The breakdown
field strength of the Al2O3-h-BN/LDPE nanocomposite films initially increased and then
decreased with an increased mass fraction of Al2O3 fibers and h-BN particles. When
the mass fraction of nanofillers was 2 wt%, the breakdown field strength reached the
maximum value of 340.1 kV/mm. When the mass fraction of nanofillers was 4 wt% and
7 wt%, the DC breakdown field strength was lower than that of the pure LDPE. The DC
breakdown field strength of the composite films was 5.54% and 12.3% higher than that of
the pure LDPE when the doping amount was 1 wt% and 2 wt%, respectively. In summary,
Al2O3 and h-BN had a good dispersion in the LDPE when doped with a lower content of
nanomaterials [17], and more deep traps were introduced into the LDPE, thereby reducing
the carrier concentration and mobility in the matrix material [18], Therefore, the local
electric field is alleviated, and the breakdown strength of the composite is eventually
improved due to the significant reduction of space charge. When the nanodoping content
was too high at 4 wt% and 7 wt%, the dispersion of nanoparticles in the LDPE was poor
and the aggregation of nanoparticles was relatively large. The agglomeration of particles
may become defects, which aggravate the electric field distortion around particles and lead
to the partial discharge of the sample, thus greatly reducing the breakdown field strength
of the Al2O3-h-BN/LDPE composite film.
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Figure 6. Weibull distribution of breakdown field intensity of pure LDPE and its nanocomposite
specimens.

Table 2. Variation in Weibull distribution parameters of pure LDPE and its nanoparticle-doped
composite specimens.

Sample Quantity/N
Weibull Parameter

E0/(kV/mm) β

LDPE 12 302.8 9.78
1 wt%Al2O3-h-BN/LDPE 12 319.6 9.07
2 wt%Al2O3-h-BN/LDPE 12 340.1 10.72
4 wt%Al2O3-h-BN/LDPE 12 278.2 9.26
7 wt%Al2O3-h-BN/LDPE 12 255.1 8.24

3.3. Space-Charge Distribution Measurement

Figure 7 shows the space-charge distribution of the pure LDPE and Al2O3-h-BN/LDPE
nanocomposite samples under a 40 kV/mm polarization field. Figure 7a shows that the
pure LDPE formed an obvious accumulation of opposite polarity charges when pressurized
for 6 s, and the positive polarity charges also gradually accumulated near the anode [19].
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When the pressurization time reached 900 s, a large amount of space charge accumulated at
the cathode to form a charge peak, and the positive charge of the anode decreased. At 1800 s,
the charge peak near the cathode reached a saturation state with no significant change
in charge accumulation, and the maximum charge density was 7.5 C/m3. Figure 7b–e
show the space-charge distributions of the composite films with doping contents of 1 wt%,
2 wt%, 4 wt%, and 7 wt%, respectively. When the polarization was 6 s, the 1 wt% and
2 wt% composite films with a low doping amount had almost zero charge accumulation
at the cathode and anode, and the space charge near the anode accumulated a little with
increased polarization time, which was primarily due to the low trapping of space charges
by deep traps brought about by the good dispersion of the two kinds of nanoparticles with
doping content in the LDPE [20]. When the doping content was 4 wt%, a small amount of
space-charge accumulation occurred at the cathode and anode when the polarization time
was 6 s, and the anode was slightly more than the cathode. When the polarization time
reached 1800 s, the cathode-charge accumulation increased compared with 900 s, but it was
still low. Note that the space charge at the cathode did not increase significantly with time
when the mixing concentration reached the maximum 7 wt%, and there were significant
accumulations of charge packets at the anode.
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Figure 7. Space-charge distribution of pure LDPE and nanocomposite specimens with
different content of Al2O3-h-BN/LDPE under 40 kV/mm polarization field: (a) LDPE;
(b) 1% (0.5%h-BN/0.5%Al2O3)/LDPE; (c) 2% (1.0%h-BN/1.0%Al2O3)/LDPE; (d) 4% (2.0%h-
BN/2.0%Al2O3)/LDPE; and (e) 7% (3.5%h-BN/3.5%Al2O3)/LDPE.

Figure 8 shows the space-charge distribution of the pure LDPE and Al2O3-h-BN/LDPE
nanocomposite samples within 1800 s of the short circuit [21]. As shown in Figure 8a, within
the short-circuit time of 1800 s, a large positive charge-accumulation peak near the pure
LDPE cathode gradually became smaller, which may have been due to the large concen-
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tration difference of the pure LDPE cathode. Thus, the charge peak decreased with time.
Compared with the pure LDPE, the space charge of the composite film doped with two
kinds of nanoparticles (h-BN and Al2O3) was significantly reduced, which was primarily
due to the addition of nanoparticles during the pressurized polarization affecting the space
charge in the composite film. The inhibition of the charge resulted in less space-charge ac-
cumulation [22]. The space-charge distribution diagrams of different nanodoping contents
were 1 wt%, 2 wt%, 4 wt%, and 7 wt%. When the doped h-BN and Al2O3 were 1 wt% and
2 wt% and the short-circuit time was 6 s, the charge peaks of the cathode were only 0.36 and
1.04 C/m3, respectively. When the time reached 900 s, the space charge near the cathode
decayed to 0.19 and 0.53 C/m3, respectively. When the time was 1800 s, the space charge
near the cathode decreased compared with that at 900 s, but the attenuation was weaker.
When doped with a higher content of nanofillers (4 wt% and 7 wt%), the space charge of
the 4 wt% composite films had a large charge packet at about 90 s, and the charge packet
gradually decayed to a small amount with increased depolarization time. Conversely, for
the 7 wt% content of the composite film (the highest doping concentration), the nanoparti-
cles were seriously agglomerated in the matrix, resulting in the excessive accumulation of
space charges. The decay of space charges was the slowest during depolarization [23].
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tents of Al2O3-h-BN/LDPE in short circuit of 1800 s: (a) LDPE; (b) 1% (0.5%h-BN/0.5%Al2O3)/LDPE;
(c) 2% (1.0%h-BN/1.0%Al2O3)/LDPE; (d) 4% (2.0%h-BN/2.0%Al2O3)/LDPE; and (e) 7% (3.5%h-
BN/3.5%Al2O3)/LDPE.

The average charge density and decay rate of the nanocomposite samples during the
short-circuit process are shown in Figure 9a,b. Figure 9a shows that the average volume-
charge densities of the films filled with nanocomposite samples were all smaller than that
of the pure LDPE, and the average volume-charge density of the nanocomposite films
doped with lower content was smaller than that of the composite films with higher content.
When the doping content was 2 wt%, the average charge volume density was 0.48 C/m3

and was the lowest, that is, the effect of doping the appropriate nanoparticle concentration
on the space charge was the optimum. Figure 9b also shows that when the appropriate
nanofillers were doped, the decay rate during the short circuit was shortened owing to less
space-charge accumulation and a small charge-density gradient difference. Meanwhile,
the interface between the appropriate nanofiller and the matrix further suppressed the
accumulation of space charges owing to the reverse electric field formed by the traps trap-
ping space charges during polarization [24]. Space charge is known to exert an inhibitory
effect [25]. In summary, the composite film with a doping content of 2 wt% had a better
space-charge suppression effect, and the electrical performance was better when applied to
high-voltage DC cables.
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Figure 9. (a) Average volume-charge density and decay rate of LDPE and (b) its nanocomposite
specimens during short circuit.

3.4. Thermal Conductivity Test

Figure 10 is a graph of the thermal-diffusivity variation of single-doped nano-h-BN
and mixed nano-h-BN and Al2O3 with doping amount. The thermal diffusivity of the
Al2O3 fibers and h-BN particles mixed with two nanofillers at different concentrations was
higher than that of single-doped h-BN nanofillers with a further increased concentration
of doped nanofillers [26]. The thermal diffusivity of the composite film mixed with h-BN
particles and Al2O3 fibers was much larger than that of single-doped h-BN. When the
doping content was greater than 2 wt%, the thermal diffusivity of the two composite films
was linear, but the thermal diffusivity curve of the composite film doped with the two
fillers h-BN and Al2O3 fibers had a larger slope. When the fillers of the two composite films
reached the maximum 7 wt%, the thermal diffusivity of the Al2O3-h-BN/LDPE composite
film was 0.183 mm2/s, and the thermal diffusivity of the single-doped h-BN composite
film was 0.172 mm2/s, both higher than that of the pure LDPE (0.155 mm2/s). The thermal
diffusivity of the nanofiller composite films doped with the two types was 90.6% higher
than that of the pure LDPE. This finding may be related to the heat transfer of inorganic
fillers in polyethylene. Although nano-h-BN had a good thermal conductivity [27], the
thermal conduction channels formed in the LDPE were limited, and Al2O3 had a good
long-term performance [28]. The diameter ratio can form a synergistic effect with the h-BN
particles in the thermal conduction channel, and further improve the thermal conductivity
of the composite film [29].
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Figure 10. Thermal diffusion coefficients of h-BN/LDPE and Al2O3-h-BN/LDPE nanocomposite
specimens with different doping contents.
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Figure 11 shows the thermal conductivity comparison of the h-BN/LDPE and Al2O3-
h-BN/LDPE nanocomposite films with different doping contents. The thermal conduc-
tivity of the pure LDPE was 0.32 W/(m·K). The thermal conductivity of nanocomposite
films doping with single-doped (h-BN) and two-nanoparticle-doped (h-BN and Al2O3)
fibers increases with the doping concentration of nanoparticles. However, under different
nanoparticle contents, the thermal conductivity of h-BN and Al2O3 fibers doped with two
kinds of nanoparticles in LDPE was higher than that of single-doped h-BN. When the
nanodoping concentration reached 7 wt%, the thermal conductivity reached the maxi-
mum value. The thermal conductivity of Al2O3-h-BN/LDPE was 0.51 W/(m·K), and the
thermal conductivity of h-BN/LDPE was 0.425 W/(m·K). Thus, compared with single-
doped nano-h-BN particles, Al2O3, and h-BN particles were more likely to form thermal
conduction channels in the matrix [30], which greatly improved the thermal conductivity
of the nanocomposite films. The thermal conductivity of the composite film doped with
two kinds of nanoparticles into the LDPE was about 59.4% higher than that of the pure
LDPE (whose thermal conductivity was 0.32 W/(m·K) at 7 wt% content). This thermal
conductivity was 20% higher than that of the single-doped h-BN composite film. Therefore,
the composite film mixed with nano-Al2O3 and h-BN had a better thermal conductivity
and can be better used in high-voltage DC cables.
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with different doping contents.

4. Conclusions

In summary, we prepared Al2O3-h-BN/LDPE composite materials with a high ther-
mal conductivity and excellent electrical insulation properties by melt blending. The mi-
crostructure, dielectric properties, space charge properties, and thermal conductivity of
the composite film were studied. It was found that the composite film doped with a small
amount of nano-material h-BN particles and Al2O3 fibers had a good dispersion (i.e., 2 wt%)
demonstrating a low dielectric constant, excellent space charge suppression, and high DC
breakdown strength. In addition, the breakdown field strength was 12.3% higher than that
of the pure LDPE and the thermal conductivity was about 23.8% higher than that of the
pure LDPE. Therefore, adding a proper amount of h-BN and Al2O3 fillers can effectively
improve the thermal conductivity and electrical properties of composite materials. This
paper brings up new insight into the preparation of HVDC cable insulation materials.
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