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Abstract —Nanocomposites have been developed as the
third-generationinsulating materials. This article introduces
the crosslinked polyethylene (XLPE) nanocomposite dielec-
tric doped with a small amount of nano-hexagonal boron
nitride ( h-BN), which exhibits excellentinsulation properties
under high dc voltage. The test results show that XLPE/ h-BN
nanocomposites possess signi cant improvements in dc
breakdown strength and 0.1 wt% nano  h-BN doping can
actually increase the dc breakdown strength by 39%. The
space charge properties of the XLPE/ h-BN obtained by the
pulsed electro-acoustic (PEA) measurements and the direct
current integrated charge [DCIC- Q(f)] measurements show
that the positive homocharge injection under dc voltage
is obviously suppressed, and the electrical conductivity
under relatively high electric eld decreases. The thermally
stimulated current results show that the nano h-BN doping
introduces only deep charge traps (above 1 eV) to the XLPE
matrix. The trap energy is deeper than that of the original
traps, and this is the main factor leading to the improvement
of the dc insulation properties. Besides, the doping of h-BN
does not introduce impurities or change the crystallinity of
XLPE. This article presents the novel XLPE/  h-BN nanocom-
posites with excellent dc insulation properties and indi-
cates the large potential of the nano  h-BN-doped insulation
materials.

Index Terms — Charge injection, crosslinked polyethylene
(XLPE), dc breakdown, hexagonal boron nitride ( h-BN),
nanocomposite.

I. INTRODUCTION

ANOCOMPOSITES have excellent dielectric properties

and have become the third-generation insulating mate-
rials [1]. Nano-doping can improve corona resistance and
electrical tree characteristics as well as regulate dielectric
properties of the polymer matrix. More importantly, the dc
insulation properties can be enhanced to various degrees by
inorganic nanoparticle doping, such as the suppression of the
charge injection and transportation, as well as the increase of
the breakdown strength. With the construction of high-voltage
direct current (HVDC) transmission line in a large scale, the
power industries have proposed stricter requirements on the
dc insulation performance of insulating materials. Therefore,
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nanocomposite dielectrics may be more suitable for dc insu-
lation systems in the future, and nanocomposite materials
with higher insulation performance need to be continuously
developed. For example, crosslinked polyethylene (XLPE)-
based nanocomposites are expected to be used in the new
generation of HVDC cable.

XLPE nanocomposite dielectrics with inorganic oxide
nanofillers, such as MgO, SiO,, Al,O3, and TiO,, have been
extensively studied, for instance, the dc breakdown strength
(Ep) of XLPE can be increased by 30.0% by introduction of
2 wt% nano-SiO; [2], 29% by introduction of 3 phr nano-
AlL,O3 [3], and 14.7% by introduction of 0.5 wt% nano-
TiO; [4]. Nano-MgO is an important kind of nanofiller used to
modify polyethylene, and introduction of 1 phr nano-MgO can
increase the dc Ej, of low-density polyethylene by 35% [5].
There are also other kinds of nanofiller applied to modulate
the properties of XLPE. It has been reported that the addition
of 1 wt% nano-SiC or 0.1 wt% nano-Al(OH)3 can increase
the dc E, of XLPE by 27.4% and 32.2%, respectively [6].
Despite substantial amount of work has proved significant
improvements in dc Ej, there are often conflicting results.
For example, some articles report that the introduction of
nanofillers may lead to lower dc E, [7]. The fundamen-
tal understanding of the mechanisms involved is relatively
limited.

The interphase region referring to the region between the
nanofiller and the polymer matrix contains unique charge traps
and limits the charge transport, and this is considered to be
the main factor for regulating the dc insulation performance,
for example, inhibiting the homocharge injection into the
bulk from the electrodes. Several models have been proposed
focusing on the trap characteristics and their influence on
breakdown strength [8], [9]. Improvements of dc E; are
believed to be directly related to the deep traps enhancing
the barrier height of charge injection [10], [11].

By selecting new kinds of a nanofiller, it is a way to recon-
struct the charge trap distribution and shape novel and better
insulation performance. Compared to other ceramic fillers,
hexagonal boron nitride (4-BN) has high thermal conductivity,
excellent high temperature resistance, sheet structure, light-
weight, and moderate cost [12]. Hence micro-BN fillers have
been widely used to increase the thermal conductivity of the
polymer matrix [12], [13]. In this application, the BN filler
content tends to be high, such as higher than 10 wt%, which
may lead to the degradation of dielectric properties. The effect
of low nano ~-BN doping content on the insulation properties
of XLPE has not been reported yet.
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In this article, XLPE/A-BN nanocomposites with signif-
icantly enhanced dc insulation properties and low loading
content are reported. The trap parameters, charge transport
characteristics, E), characteristics, as well as other important
test results are obtained and analyzed.

[l. EXPERIMENTAL DETAILS
A. Sample Preparation

A crosslinkable polyethylene compound (containing
dicumyl peroxide crosslinking agent and antioxidant) derived
from Borealis was used as the matrix. The density was
0.92 g/m*® and the melting peak temperature was 113 °C
measured by differential scanning calorimetry at a heating
rate of 10 °C/min. High pure grades of commercially nano
h-BN filler were added by the weight ratio and its average
size was 50 nm. The as-received hA-BN was first dispersed
in acetone, and an ultrasonic cell disruptor was used to
make the mixed solution oscillate at a very high frequency
to prevent agglomeration. In addition, a small amount of
hexadecyltrimethoxysilane  (CH3(CH,);5Si(OCHs)3)  was
added to the mixed solution to act as a dispersant. Then the
processed nano 2-BN was filtered and completely dried for
later use.

A torque rheometer (HAAKE Polylab OS) was used to
disperse the nano h-BN filler into the crosslinkable poly-
ethylene pellets homogeneously at a temperature of 120 °C.
Then film samples with different thicknesses were prepared
by hot pressing under higher temperature and ensure the fully
crosslinking process. Before the measurements, samples were
degassed at 70 °C for 24 h to exclude crosslinking by-products
effectively.

Nanocomposite film samples with different nano A-BN
content (0.1, 0.3, 0.5, 1, and 3 wt%) were prepared. For the
sake of clarity, the abbreviated nomenclature will be used
throughout as BN-0.1, BN-0.3, BN-0.5, BN-1, and BN-3. For
accuracy of comparison, neat XLPE samples, abbreviated as
XLPE, was also prepared as processed above. Nano h-BN
dispersion in the nanocomposite sample was observed using
a scanning electron microscope (SEM, Keyence VE9800).
Samples with a thickness of 1 mm were broken in liquid
nitrogen to obtain the cross sections. Then the cross sections
were evaporated with gold before observation.

B. FTIR and XRD Measurements

The FTIR spectra were obtained utilizing an IR
Prestige-21 spectrometer with the wavenumber varying
from 3800 to 500 cm~'. The resolution was 2 cm~!, and the
signal was averaged with 20 scans.

The X-ray diffraction (XRD, Regaku D/MAX IIIB, Japan)
was used to analyze the crystallization characteristics. The
working voltage was 40 kV, and the scan ranged from
10° to 30°.

C. DC Breakdown Measurements

A breakdown measurement setup was used to obtain dc Ej
at room temperature (23 & 1 °C) [6]. XLPE and nanocompos-
ite samples were subjected to a ramp voltage with an increase

rate of 3 kV/s until breakdown phenomena happened. Sphere
electrodes with a diameter of 25 mm were used, and the
breakdown process was carried out in the transformer oil to
prevent discharge on the sample surface. The thickness of the
sample was about 0.15 mm. The data were analyzed using the
Weibull distribution.

D. Space Charge Measurements

The pulsed electro-acoustic (PEA) method was used to mea-
sure space charge distributions in XLPE and nanocomposite
samples under dc voltage. The top electrode was a semicon-
ducting electrode and the bottom electrode was aluminum.
An electric pulse was applied to the sample to stimulate the
space charge and to generate the acoustic signal. Silicone oil
was used to act as the acoustic coupling. The space charge
profiles were measured under the applied dc electric field of
440 kV/mm at room temperature (23 °C). The thickness of
the samples was about 0.25 mm. The space charge profiles
in the polarization process within 30 min were obtained. The
reproducibility was confirmed by repeating the experiments
for several times.

E. Direct Current Integrated Charge Measurements

The direct current integrated charge [DCIC-Q(7)] method
was used to measure the integrated current and analyze the
charge transport characteristics under dc voltage [14]-[16].
The XLPE and nanocomposite films with a thickness of
180-190 um were chosen for the measurements. The test
voltage was applying on the film sample with an electric field
ranging from 50 to 80 kV/mm, and the charge dynamics were
recorded with an interval of 2 s during the voltage application
with time of 5 min by the DCIC-Q(¢) equipment. Typical
charge injection and accumulation can be estimated based on
the DCIC-Q(¢) results.

F. Thermally Stimulated Current Measurements

The thermally stimulated depolarization currents (TSDCs)
were measured to obtain the trap parameters and analyze
their changes. A TSDC system manufactured by Novocontrol
technologies GmbH & Company KG, Montabaur, Germany,
was used. Samples with a thickness of about 0.28 mm were
evaporated with circular gold electrodes for a good contact
with the external electrodes. After that samples were poled
with a +3-kV/mm dc electric field at 70 °C (343 K) for
30 min in vacuum and then cooled at a rate of —30 °C/min
with the poling electric field still applied. The samples were
cooled to —150 °C (123 K) and shorted for 3 min. Then the
currents were measured by a picoammeter (6517B, Keithley)
under short circuit from —150 °C to 130 °C at a rising rate
of 2 °C/min.

IIl. RESULTS
A. Structure Characterization

Fig. 1(a) shows the cross section of the XLPE sample,
without dot-shaped impurities. Corresponding to this, it can
see the dot-shaped impurities distributed on the cross section
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Fig. 1. SEM images of cross sections of XLPE and its nanocomposite
samples. (a) XLPE, (b) BN-0.3, and (c) BN-3.
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Fig. 2. Infrared spectra of XLPE and nanocomposites.

of the BN-0.3 sample [see Fig. 1(b)], representing h-BN
particles. A larger view with a ruler of 10 um is placed
to observe in a wider field of view. Fig. 1(c) represents the
cross section of the BN-3 sample, and several agglomerates
of nanofillers appear.

The infrared spectra of XLPE and XLPE/#-BN nanocom-
posite samples are shown in Fig. 2. The main differences are
reflected in two regions, one is at wavenumber 790 cm~!, and
the other is at wavenumber ranging from 1200 to 1600 cm™.
These changes are mainly caused by the characteristic peaks of
h-BN and the amplitude of the infrared spectra is proportional
to the nano A-BN content [17]. No changes of the infrared
spectra are found at the other wave numbers.

Morphology of the semi-crystalline XLPE is an important
factor affecting its physical properties. Fig. 3 presents the
XRD curves of XLPE and XLPE/h-BN samples. Peak at 26.8°
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Fig. 3. XRD curves of XLPE and XLPE/h-BN samples.

26 28

is caused by nano h-BN, corresponding to the (002) crystal
plane [13], [17]. It increases proportionally to the nano ~-BN
content. The principal crystalline peak of polyethylene is at
21.4°, and the secondary crystalline peak is at 23.6°, corre-
sponded to the (110) and (220) crystal planes, respectively.
It can be seen that these two peaks have no distinct differences,
which indicates no distinct difference in crystallinity among
these nanocomposite samples.

B. DC Electrical Breakdown Strength

Two-parameter Weibull distribution, shown in the following
equation, was used to obtain the scale parameter and the shape
parameter of the dc Ej:

P(Ep) = l-exp —(Ep/a)’ (1)

where P(E,) is the cumulative probability, a is the scale
parameter, and S is the shape parameter of the dc breakdown
field strength.

Fig. 4 shows the dc E; Weibull distribution curve of XLPE
and XLPE/h-BN nanocomposite samples. It presents obvious
differences between samples, and the fitting has small data dis-
persion (95%). Fig. 5(a) gives the Weibull breakdown strength
(dc E, at P(Ep) of 63.2%) at 23 °C and it demonstrates
a remarkably high E, at the low loading contents. E, of
neat XLPE sample is 346.9 kV/mm and it increases to
481.5 kV/mm at 0.1 wt% nano h-BN loading. The promotion
ratio reaches 39%. The dc E, still has a 21% increase at
1 wt% nano h-BN loading. Even if the added content is as
high as 3 wt%, the E; of the nanocomposite is still a little
bit higher than that of the neat XLPE sample. The moderate
loading content of nano 4-BN is very useful to improve the
dc E,. Fig. 5(b) shows the shape parameters of the Weibull
distribution, corresponding to Fig. 4. With the increasing nano
h-BN content, the shape parameter gradually decreases, which
means the data values of dc breakdown field strength E; are
gradually scattered.

Nanocomposites containing a small amount of inorganic
nanofillers have been extensively studied and proved to pos-
sess many excellent properties under dc field. The trend of
dielectric strength Ej; with increasing nanofiller content tends
to behave in two ways. One is to rise first and then fall.
The data in this article is consistent with this trend. The
other is to rise first and then remains stable. This appears
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Fig. 5. DC Breakdown strength as a function of nano h-BN loading
content. (a) Weibull breakdown strength. (b) Shape parameter.

in the results of polyethylene/MgO nanocomposites [5]. In the
following research work, the authors will compare and analyze
the difference between these two trends. Compared with the
data mentioned in the introduction, it can be seen that a 39%
increment in our work is prominent.

C. Space Charge Properties

Under dc electric field, charge injection and space charge
accumulation are important aspects to determine the dc insu-
lation performance. Fig. 6 shows the space charge curves
under +40 kV/mm within 30 min. Positive charges inject
obviously in the XLPE sample from the anode as shown in
Fig. 6(a). After nano h-BN doping, the homocharge injection
is suppressed. The amount of injected charge significantly
decreases in BN-0.5, BN-1, and BN-3 samples within 30 min.
To be used in HVDC cable as the insulating materials, the
XLPE nanocomposites should have few heterocharge caused

Fig. 6. Space charge curves of XLPE and nanocomposites with applied
dc voltage. (a) XLPE. (b) BN-0.1. (c) BN-0.3. (d) BN-0.5. (e) BN-1.
(f) BN-3.
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Fig. 7. DCIC-Q(1) curves (the integral charge quantity) of XLPE and

nanocomposites under different electric field. (a) XLPE. (b) BN-0.1.
(c) BN-0.5. (d) BN-3.

by impurity ionization under dc electric field. In this article,
the crosslinkable polyethylene compound pellets containing
relatively low content of impurities and additives are used.
So, there is few heterocharge as shown in Fig. 6.
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Fig. 8. Comparison of the integral charge quantity under relatively high
dc electric field.

Fig. 9. Relative permittivity of XLPE and nanocomposites under high
dc electric field. ( ,: dielectric constant, Qu: initial charge, o: vacuum
dielectric constant, S: area of the measure electrode, E: dc electric field
for testing).

Fig. 7 presents the DCIC-Q(t) curves that also demonstrate
the effective suppression of space charge in XLPE/A-BN
nanocomposite samples. It is easier to compare the changing
trends when the curves of the samples are drawn together,
as shown in Fig. 8. The charge injection and charge migration
in XLPE has been significantly suppressed by the nano #-BN.
The black arrows in Fig. 8 indicate that as the doping content
of nano i-BN increases, the amount of Q(¢) decreases.

The electrical conduction currents 7(¢) can be calculated
by differentiating Q(¢) as shown in Fig. 7(a). In Fig. 8, it can
be seen that /(¢) also significantly reduces with increasing
nano h-BN content as the black arrows show. In addition,
the initial Q(¢) value after the instantaneous polarization is
completed (Qg) of BN-0.1 sample is relatively lower at 70 and
80 kV/mm. It is believed that this phenomenon is caused
by the lower relative permittivity (¢,) of the BN-0.1 sample
comparing to the other samples. According to the relation
between Q¢ and ¢, ¢, of XLPE and XLPE/h-BN samples
were obtained, as shown in Fig. 9.

D. Trap Characteristics

Fig. 10 shows the TSDC curves of the XLPE and
XLPE/h-BN nanocomposite samples. As widely accepted, the
polyethylene displays three current peaks in the TSDC curve.
In Fig. 10, the y peak is relatively not obvious and appears
below —100 °C. The S peak shows at —43 °C and is not
distinctly influenced by the nano #-BN doping. What changes

Fig. 10. Thermally stimulated depolarizing current curves of XLPE and
XLPE/h-BN nanocomposite samples.

TABLE |
TRAP LEVEL ENERGY OF XLPE AND XLPE
NANOCOMPOSITE SAMPLES

Peak1 Peak 2 Peak 3
Samples
T,/K ErleV T,/K ErleV T/K Eq/eV

XLPE 362 0.93 / / / /
BN-0.1 356 1.10 373 1.70 385 3.1
BN-0.3 356 1.20 372 1.70 386 3.1
BN-0.5 357 1.30 372 1.60 386 3.1

BN-1 355 1.05 376 1.75 389 2.9

significantly is the a peak at about 110 °C. The a peak splits
into three peaks: peak 1, peak 2, and peak 3. Peak 2 is obscured
by the other two stronger peaks and is not obvious except
in the BN-0.3 sample. The three peak values increase first
and then decrease with the increasing loading content. The
highest current value appears in BN-0.3. The energy levels of
the charge traps can be obtained by fitting experimental results
of TSDC curves using the following equation [18]:
T
I(T) = Bexp —E—L -
k BT ﬂ 70 To k BT
where I(T) is the TSDC current in pA. B is a constant. Er
is the activation energy of the relaxation process in eV, which
is regarded as the trap level energy. S is the heating rate in
K-s~!. 7p is the relaxation time constant in s. kg is Boltzmann’s
constant. 7 is the temperature in K.

The calculated trap levels are shown in Table I. Since
the amplitudes of the three peaks of BN-3 are difficult to
estimate, the calculation results of its trap level energy may be
inaccurate and are not listed here. It can be concluded that deep
traps are mainly introduced into XLPE/A#-BN nanocomposites.

Since the integrated area of the current peak is related to the
trap density, it can be considered that the charge trap density
first increases and then decreases with the increase of nano
h-BN doping content.

exp dT’  (2)

IV. DISCUSSION

h-BN is widely used in polymer composites and mainly to
improve the thermal conductivity. In this case, a large amount
of micrometer-sized boron nitride is often used [19]. Besides,
h-BN is a good insulating dielectric with a wide bandgap
energy (ranging from 5 to 6 eV [20], [21]) and a high dc
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Fig. 11. Diagram of the energy level and charge exchange in the

XLPE/h-BN samples. (a) At the electrode/sample interface. (b) In the
bulk.

E, (Eh//c = ~12 MV/cm, Ej,. = ~3 MV/cm [22]). In this
article, nano-scale h-BN is used as a filler to regulate the
dc insulation performance of XLPE. Polyethylene has a wide
bandgap of ~8 eV, and its calculated Fermi energy level is
about —2.85 or —3.16 eV [23], which is higher than that
of the electrodes (Al —4.25 or Cu —4.65 eV). Thus, the
charge exchange occurs at the electrode/sample interface to
form an electric double layer. As shown in Fig. 11(a), this
makes the injection barrier of holes lower, and holes are
easier to inject from the anode. Hole injection at the anode is
more readily facilitated than electron injection at the cathode
in polyethylene and this is consistent with the PEA results,
as shown in Fig. 6. The Fermi energy level of the A-BN
surface layer is about —4.6 eV [21]. The Fermi energy level
balance of the interface between the polyethylene and 4-BN
also makes the charge exchange and forms an electric double
layer, that is, the surface layer of #-BN negatively charged,
and the polyethylene layer forms the positively charged local
state, as shown in Fig. 11(b). In this way, #-BN forms hole
traps and traps the injected holes that migrate under the
dc electric field and hence the hole mobility is reduced
significantly. The hole traps are also the important reason
for the inhibition of the homocharge injection. Besides, 7-BN
forms energy barriers which will also hinder the migration of
electrons.

For the ion carrier conduction in the matrix, it will also be
blocked by the nano #-BN when the ion carriers move along
the intermolecular region. In addition, 2-BN has a typical sheet
structure and will likely be oriented along with the extension
of the sheet samples in the hot-pressing process. Then the
blocking effect for ion carriers may be stronger. On the other

hand, the larger specific surface area of the nanofiller enhances
the restriction on the movement of the molecular chain, which
is proved by the decreased relative permittivity as shown in
Fig. 9. From this perspective, the restriction of molecular chain
movement also limits the transport of ion carriers.

Under the dc electric field, the inhibited charge injection,
the suppressed charge transport, and the decreased relative
permittivity are all the causes of the improved dc E;, [24], [25].
High dc E, at a low doping content is the most important
feature of the XLPE/A-BN nanocomposites. The addition of
nano #-BN only significantly introduced very deep traps for
XLPE, which is also a distinctive feature. Although the promi-
nent deep trap characteristics can give the improvement of dc
insulation performance, there are still other factors influencing
the test results.

The first is that the trap characteristics and the charge
transport characteristics show a more complicated relation-
ship. The trap density varies obviously in samples, increasing
first and then decreasing, and the maximum value appears
in the BN-0.3 sample. The charge injection or conduction
results do not present the similar maximum phenomenon;
instead, it shows a monotonic relationship with the increasing
nanofiller content. The second is that, generally speaking, the
homocharge injection is suppressed, which tends to increase
the dc E,. But E;, shows a maximum value in the BN-0.1 sam-
ple. This is inconsistent with the monotonous change of the
charge injection behavior. The third is that some experimental
results indicate that the density of deep traps tend to have a
positive correlation with the dc Ej, but the maximum values
are at 0.3 and 0.1 wt% content, respectively. This is mainly
related to the dispersion of nanoparticles and caused by the
influence of the nanoparticle agglomeration.

It should be noted that, as the nano A-BN content increase,
to avoid the agglomeration of nanofillers in the melt blending
process is more difficult. As shown in Fig. 1, the agglomerated
size of the nanofiller increases significantly when the nano
h-BN content reaches 3 wt%, reaching a maximum size close
to ~1 um. The nanofiller agglomeration means more physical
defects, which will degrade the dielectric strength to a certain
extent and cause the increased dispersion of the dc Ej, leading
to the decrease in the shape parameter as shown in Fig. 5(b).
It needs to explore better surface functionalization treatment
methods to improve the dispersion of nano /A-BN in the
polyethylene matrix later.

V. CONCLUSION

The XLPE/h-BN nanocomposite with high dc breakdown
strength and suppressed charge injection features were intro-
duced in this study. It is useful to reach the conclusions as
follows.

1) XLPE/h-BN nanocomposite samples with loading con-
tent ranging from 0.1 to 3 wt% were prepared successfully.
The dc E; of the nanocomposite sample shows at most a 39%
increase under 0.1 wt% loading.

2) The effect of h-BN doping on the charge trap character-
istics of XLPE is a significant increase in the density of deep
traps, and this is the main cause for the improvement of dc
insulation properties.
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3) The positive homocharge injection and transport shows
dominating position in the neat XLPE sample and this effect
was obviously suppressed by the nano 2-BN doping.
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