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Abstract
Polymer nanocomposites have attracted increased attention for use in the field of high‐
voltage direct current (HVDC) cable insulation. To study the use of polymer nano-
composites for this purpose, 3D flower‐like MgO (flower‐MgO) particles with hierar-
chical surface morphology are first synthesised. Polypropylene (PP) was simultaneously
mixed with styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer (SEBS) and flower‐
MgO to obtain PP/SEBS/flower‐MgO composites. The microstructural, thermal, elec-
trical, and mechanical properties of the obtained nanocomposites were then studied in
detail. The results showed that flower‐MgO particles loaded at low concentration were
well dispersed in the PP/SEBS matrix. The incorporation of flower‐MgO particles has
been found to significantly suppress the injection of homocharges and strengthen the
ability to release the charge, thus containing accumulation of the space charge. The DC
breakdown strength of PP/SEBS/flower‐MgO composites was increased to 323 MV/m.
Meanwhile, the tensile strength and elongation at break of the obtained composites was
improved by loading 0.5 phr flower‐MgO because of the synergistic toughening effects of
SEBS and MgO. The investigation demonstrates the immense potential to replace
nonrecyclable cross‐linked polyethylene as an HVDC cable insulating material.

1 | INTRODUCTION

With rapid economic development and increasing demand for
electricity, the requirements of ultra‐high‐voltage, long‐dis-
tance, and large‐capacity transmission lines continue to esca-
late. Compared with AC transmission systems, DC
transmission systems have the advantages of large transmission
capacity and long transmission distance. Moreover, power
regulation of high‐voltage direct current (HVDC) transmission
systems is fast and flexible, the risks for a wide range of chain
failures are low, and system operation is more reliable. As an
essential part of the HVDC transmission system, HVDC

cables are widely used in wind power grid connection, island
power supply, and cross‐sea long distance transmission [1–5].
The critical issues of HVDC cable insulation materials have
been further studied to promote the application of HVDC
cables in power transmission within large‐capacity, long‐dis-
tance, and complex environments.

With their excellent electrical insulating and mechanical
properties, cross‐linked polyethylene (XLPE) and its nano-
composites are considered the most popular dielectric mate-
rials for commercial HVDC cable insulation [6–11]. However,
these materials do not degrade easily because of their ther-
mosetting natures, thus causing an enormous adverse impact
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on the environment. In contrast, polypropylene (PP) not only
has excellent electrical and heat resistance properties but can
also be recycled, making it possible to use it as a replacement
for XLPE in cable insulation [12–14]. Isotactic PP is the
most extensively studied PP as a thermoplastic in HVDC
cable development [15]. Many pieces of research have
focussed on PP to significantly improve electrical properties
[16, 17]. However, poor mechanical properties limit PP's
application. Many investigations have focussed on modifying
PP's mechanical properties, the most effective way being to
blend it with other thermoplastic elastomers, such as styrene‐
(ethylene‐co‐butylene)‐styrene triblock copolymer (SEBS) and
polyolefin elastomer [18, 19]. Also, the accumulation of space
charge is very likely to occur in the polymer insulating
materials of HVDC cable, especially in the presence of high
electric fields [20–22]. However, the generation, existence,
transfer and even disappearance of space charge changes the
distribution of the electric field materials and ultimately
affects insulating properties [23, 24]. Thus, the space charge
is a critical issue limiting the application of HVDC cables. At
present, introducing some organic or inorganic nanoparticles
into the polymer material has been found to have
outstanding effects on the suppression of space charge and is
currently a major research hot spot. Different types of metal
oxides with several dimensions and various sizes of fillers,
such as MgO, ZnO, AlO3, SiO2, and TiO2 [25–31] have been
investigated. However, only a few studies have investigated
whether the filling of nanocomposites with oxides of hier-
archical structure can suppress the space charge and its
mechanism. Pourrahimi et al. [32] introduced highly efficient
interfaces in nanocomposites based on polyethylene and ZnO
nano/hierarchical particles to achieve ultra‐low conductivity.
Wu et al. [33] synthesised two types of 3D ZnO (flower‐like
and walnut‐like) composites, and the dielectric constant of
ZnO filled poly(vinylidene fluoride) composites was found to
increase severalfold, which was attributed to the formation of
a percolation network of ZnO.

This work studies 3D flower‐like MgO with hierarchical
surface morphology prepared via a template‐free solvothermal
method. The selected SEBS as a modifier was added to PP,
which plays the role in synergistic toughening and improving
the problems of low‐temperature impact toughness. The PP/
SEBS/flower‐MgO composites were prepared by melt
blending, and the effects of flower‐MgO on the electrical
properties of composites were investigated. Moreover, the
formation mechanism of the hierarchical structure is system-
atically discussed.

2 | EXPERIMENTAL

2.1 | Materials

PP (K1008) with a tensile yield strength of 31 MPa and a melt
flow index of 10 g/10 min was purchased from Beijing Yan-
shan Petrochemical Company. SEBS 6150 was supplied from
TSRC (Nantong, China) Industries Ltd.

2.2 | Preparation of flower‐like hierarchical
MgO

The light magnesium oxide powder was added to an aqueous
magnesium chloride solutionwith stirring in awater bath at 50oC
for 1 h. Then, the precipitation of magnesium chloride was
obtained by ageing at room temperature for 48 h. The resultant
precipitate was suction‐filtered and washed three times with
deionised water and isopropanol, respectively. The washed and
filtered precipitate was dried in an oven (80oC, 3 h) to obtain a
white magnesium chloride sample. Similarly, the precursor
magnesium chloride was added to sodium hydroxide with stir-
ring at 60oC in awater bath for 1 h. The reaction systemwas aged
at room temperature for 14 h to obtain a magnesium hydroxide
precipitate that was then washed with deionised water and
absolute ethanol to remove Naþ, Cl‐, and other impurities. The
washed and filtered precipitate was dried in an oven (80oC, 3h) to
obtain white magnesium hydroxide. By employing the precursor
thermal decomposition method, the magnesium hydroxide was
calcined in a muffle furnace to obtain magnesium oxide. The
calcination for the preparation of magnesium oxide was ach-
ieved by employing a calcination temperature of 400oC at a
heating rate of 3oC/min for 1 h.

2.3 | Preparation of polypropylene/styrene‐
(ethylene‐co‐butylene)‐styrene triblock
copolymer/flower‐MgO composites

The PP/SEBS/flower‐MgO composites were prepared by
melt blending. The flower‐MgO, PP, and SEBS pellets were
mixed using an RM‐200C torque rheometer (HAPRO, Harbin,
China) at 190oC for 15 min at a rotor speed of 60 rpm. The
weight fractions of the flower‐MgO nanoparticles were 0, 0.5,
1.0, and 3.0 phr (where 1.0 phr indicates 1 g of flower‐MgO
particles in 100 g of PP/SEBS blends, and the content of
SEBS in 100 g of PP/SEBS blends is 35 g). Finally, the samples
were obtained by hot pressing at 190oC for 20 min under a
pressure of about 15 MPa, and the samples were then cooled
to room temperature for 5 min. The obtained samples have
different thicknesses to test different performances.

2.4 | Characterisation

The morphology and microstructure of flower‐like hierarchical
MgO fillers and their nanocomposites were observed by scan-
ning electron microscopy (SEM, SU8010 Hitachi, Japan). X‐ray
diffraction (XRD) patterns were obtained on an Empyrean X‐
ray diffractometer (PANalytical, Netherlands) using Cu Kα ra-
diation. Thermal properties of the samples were determined
through differential scanning calorimetry (DSC) at a heating rate
of 10°C/min after eliminating the thermal history. Space charge
distribution of the films was measured using the pulsed electro‐
acoustic method under a DC electric field of 60 MV/m for
90 min at room temperature. The semiconductive material was
used as an anode (the upper electrode), and aluminium was used
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as a cathode (the lower electrode). Dielectric properties of the
nanocomposites were tested by a precision impedance analyser
(Agilent 4294A) within a frequency range of 103 to 106 Hz.
Before measurements, a silver paste was applied on both sides of
the PP/SEBS/flower‐MgO nanocomposite films to ensure
good electrical contact. DC breakdown strength was measured
using a sphere‐to‐sphere copper electrode instrument. The
films, with an average thickness of 150 µm, were immersed in
silicone oil to isolate them from air and control the temperature,
which as placed in the middle of copper electrodes to ensure the
occurrence of breakdown at the measuring points when DC
voltage was applied. Mechanical properties were measured by a

universal tensile testing machine, and for this, the samples were
made into a dumbbell shape.

3 | RESULTS AND DISCUSSION

3.1 | Morphology of flower‐MgO particles

Figure 1a–d shows the structure of flower‐MgO particles.
MgO with flower‐like hierarchical structure was synthesised by
a liquid phase and precursor decomposition methods, and the
size of MgO was about 5 µm. The flower‐MgO was composed

F I GURE 1 (a)–(d) Scanning electron microscopy images of the flower‐MgO particles with different scales, and (e) the schematic diagram showing the
formation of flower‐MgO
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of basic units with a thickness of 60–80 nm. Due to the initial
nucleation stage, the system contains a large number of
nanoparticles that have a large specific surface area and
collision frequency and thus form a compact structure [34].
MgO nanorods are the smallest fundamental unit of the
flower‐like structure and first assemble from a free sheet, and
then the sheet‐like structure constitutes a flower‐like structure,
as shown in Figure 1e.

Figure 2 shows the XRD patterns of flower‐MgO par-
ticles. It can be seen that each diffraction peak of the sample
is in agreement with the standard PDF card (JCPDS: 04‐
0829). The characteristic peaks with 2θ values of 36.9, 42.9,
62.3, 74.6, and 78.6 correspond to the (111), (200), (220),
(311), and (222) planes of MgO crystal, respectively. These
obtained sharp diffraction peaks indicate a high degree of
crystallinity. The XRD pattern does not show any impurity
peaks, indicating that the process of ageing and washing is
adequate.

3.2 | Dispersion and morphology of
polypropylene/styrene‐(ethylene‐co‐butylene)‐
styrene triblock copolymer/flower‐MgO
composites

Figure 3 shows cross‐sectional scanning electron microscopy
images of PP/SEBS/flower‐MgO composites. It can be seen
from Figure 3a that SEBS can be well dispersed in the PP
matrix. When the content of flower‐MgO in the composites
was 0.5 phr and 1.0 phr, there was almost no occurrence of
agglomeration, and the dispersion of flower‐MgO was rela-
tively uniform. Studies have shown that the particles can
introduce traps into the polymer matrix and that particle
content has a direct effect on the concentration of traps, which
can reduce the electrical properties of the material at higher
trap concentrations [35, 36]. It is apparent that when the
content of flower‐MgO is 3.0 phr, it can be observed that the

basic unit falls off in MgO (Figure 3d), and such a failure of the
basic units of nanoparticles will have an impact on their
performance.

3.3 | Crystallization characteristics of
polypropylene/styrene‐(ethylene‐co‐butylene)‐
styrene triblock copolymer/flower‐MgO
composites

Generally, DSC is useful to understand the crystallization
process of blends and to obtain a more relevant melting point
and crystallinity. The crystallization process is usually
composed of two stages, namely, nucleation and growth of
grains. The growth of crystal grains depends on the crystalli-
zation temperature [37]. Xc is related to melting enthalpy
(ΔHf ) and the mass fraction (ɸ) of the polymer matrix in the
nanocomposite films, which can be obtained as shown in the
following Equation (1) [38]:

XC ¼
ΔHf

ΔHc � ɸ
� 100% ð1Þ

where ΔHc is the melting enthalpy when complete crystalli-
zation occurs, which is at about 165 J/g.

Figure 4 shows the crystallization and melting behaviours
of the composites. It can be seen that the melting temperature
of PP is about 168oC, the melting peak of the composite is
nearly 162oC, and the cooling peak is about 115oC, all of which
indicate that the added flower‐MgO and SEBS have little effect
on the melting point of PP and exhibits that the interface
between the polymer matrix and the particles is improved. As
shown in Table 1, the Xc of the composites is between 30 and
40. The addition of MgO assists the heterogeneous nucleation.
However, the crystallinity of the composite becomes smaller
after the addition of flower‐MgO particles, and the crystallinity
becomes more significant as the added amount increases. The
interaction between the inorganic particles and polymer
molecular chain limits the movement of the molecular chain of
the polymer, reducing the molecular chain involved in the
crystallization and resulting in a decrease in the crystallinity of
the polymer. However, when the content of inorganic particles
increases to a certain extent, the nucleation mechanism
dominates, and the addition of inorganic whiskers to the
polymer plays a role in heterogeneous nucleation and also
improves the crystallinity of the composites.

3.4 | Space charge of polypropylene/
styrene‐(ethylene‐co‐butylene)‐styrene triblock
copolymer/flower‐MgO composites

Figure 5 shows the space charge distribution in the composites
with different contents of flower‐MgO under an applied DC
voltage of 60 MV/m for 90 min. Some heterocharges near the
cathode and the anode can be seen in Figure 5a. The space

F I GURE 2 X‐ray diffraction patterns of the obtained flower‐MgO
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charge continues to accumulate with the increasing volts‐on
time and remains unchanged at 90 min. This phenomenon may
be due to the addition of SEBS, which forms an interface in
the interior of the composite, and charge tends to accumulate
at the interface, resulting in the accumulation of heterocharges

near the electrodes. With an increase in time, the accumulation
of charge in the material causes the formation of extra electric
field locally. Compared with Figure 5a, almost no space charge
accumulation can be seen with the loading of 0.5 phr flower‐
MgO as shown in Figure 5b, which demonstrates that 0.5 phr
flower‐MgO can substantially suppress the injection and
accumulation of space charge.

When the flower‐MgO content is 1.0 phr, it also has a
specific effect in suppressing the space charge. It may be
because of the addition of filler, which introduces a deep trap,
forming a charge adsorption centre, increasing the barrier of
electron injection, and reducing the mobility of carriers.
However, when flower‐MgO is 3.0 phr, the phenomenon of
space charge accumulation appears again and becomes more
severe than the charge injection of PP/SEBS composites, as

F I GURE 3 Scanning electron microscopy images of polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/flower‐MgO composites
with different contents of flower‐MgO (a) 0 phr (b) 0.5 phr (c) 1.0 phr and (d) 3.0 phr loading

F I GURE 4 Differential scanning calorimetry spectra of
polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/
flower‐MgO composites

TABLE 1 Differential scanning calorimetry results for the
polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/
flower‐MgO composite

Flower‐MgO content Tm (°C) Ts (°C) ΔHf (J/g) Xc (%)

0 phr 162 115 74.3 45.0

0.5 phr 162 115 58.3 35.5

1.0 phr 162 115 66.9 41.0

3.0 phr 162 116 74.1 46.3

ZHA ET AL. - 31
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shown in Figure 5d. It may be due to the detachment of the
basic unit of the particle, introducing a large number of
interface defects that are easily formed into a charge centre and
accumulate the charge.

Figure 6 shows the corresponding electric field distribution
curves after 90 min of polarization under a DC electric field of
60 MV/m. The accumulation of space charges causes a change
in the distribution of the nearby electric field, thus resulting in
severe distortion in the electric field. The distortion factor is
calculated as shown in the following Equation (2):

ΔE ¼ |
Emax � Eav

Eav
|�100% ð2Þ

where Emax is the highest electric field under an electric field
of 60 MV/m for 90 min, and an ideal average electric field
of Eav is 60 MV/m. It can be seen from Figure 6 that the
distortion electric fields are 5.9, 4.2, 5.1, and 11.9 MV/m,
which are consistent with the changes in the space charge.
As shown in Figure 6a, the accumulation of heteropolar
space charge in the interface increases the electric field near
the interface, which causes the electric field to be distorted
with a distortion factor of 9.8%. This is very destructive for
the insulation of HVDC cable insulation. In Figure 6b,
electric field distortion is significantly reduced due to the
formation of deep traps that are caused by the introduction

of particles. These deep traps can adequately capture the
carriers and reduce the migration of carriers inside the
material, thereby suppressing the space charge and reducing
electric field distortion. Similarly, the addition of 1.0 phr of
flower‐MgO also reduced the electric field distortion.
However, as shown in Figure 6d, in the case of a large
content of flower‐MgO, the electric field distortion is
significantly increased, and the distortion factor is 19.8%.
This is mainly because of the formation of increased traps
by the interface with the substrate, and because the
conductive path is easily formed with the high content of
fillers. Therefore, the accumulation of space charge increases
significantly, and the corresponding electric field distortion is
also severe. At the same time, it is also related to the
occurrence of interface defects due to the falling off the
basic units of the particles.

Figure 7 shows the decay curve of charge when depo-
larised after pressing the PP/SEBS/flower‐MgO composites
for 90 min. It can be seen from Figures 7b,c that the charge
inside the material quickly dissipates, and the amount of
charge accumulation inside the composite with 0.5 phr
flower‐MgO becomes the least. This shows that during the
process of depolarisation, the charge easily overcomes the
barrier, jumps from the trap region, and migrates to the
outside. However, when the flower‐MgO content reaches 3.0
phr, the charge in the body does not substantially dissipate.

F I GURE 5 Space charge distribution in polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/flower‐MgO composites under an
applied electric field of 60 MV/m: (a) 0 phr, (b) 0.5 phr, (c) 1.0 phr, and (d) 3.0 phr flower‐MgO loading
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Due to the defect in the filler, there is a rod‐like tip that
readily concentrates the charge. The interface defects of the
polymer matrix make the composites less capable of releasing
the electric charge and the largest amount of the charge
accumulation.

3.5 | Breakdown strength of polypropylene/
styrene‐(ethylene‐co‐butylene)‐styrene triblock
copolymer/flower‐MgO composites

The breakdown strength of PP/SEBS/flower‐MgO compos-
ites is analysed within the framework of Weibull statistics, and
the thicknesses of all the samples are about 150 μm. The
distributions for the electrical breakdown include Weibull,
Gumbel, and lognormal. The most common for solid insu-
lation is Weibull, which reflects the probability of the material
at a particular field strength (E) or the probability of failure or
breakdown at a certain time (t). The expression for the
cumulative density function for the two‐parameter Weibull
distribution is shown as follows (Equation (3)):

P ¼ 1 � exp
�

�

�
E
α

�β�

ð3Þ

where P is the cumulative probability of the breakdown, E is
the breakdown strength for testing, β is the shape factor
reflecting the dispersion of data, and α is the characteristic
breakdown strength when the cumulative probability of
dielectric breakdown is 63.2%. The logarithmic transformation
of the formula has been considered twice, and the following
Equation (4) is obtained:

log½� lnð1 � PÞ� ¼ β logðEÞ � β logðαÞ ð4Þ

where log[‐ln(1‐P)] and log(E) reveal a linear relationship in the
Cartesian coordinate system. According to IEEE Standard
930‐2004, when the number of samples is less than 25, this can
be further simplified as follows (Equation (5)) [39]:

Pi ¼
i � 0:44
nþ 0:25

� 100% ð5Þ

where n is testing times for each sample, i is the voltage in
order from smallest to largest, and a rank from i ¼ 1 to
i ¼ n has been assigned. It can be seen from Figure 8 that
the composite with the loading of 0.5 phr flower‐MgO has
the highest breakdown strength at 323 MV/m. This is due to
the addition of the proper amount of flower‐MgO to

F I GURE 6 The electrical field distribution of polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/flower‐MgO composites under an
applied electric field of 60 MV/m for 90 min: (a) 0 phr, (b) 0.5 phr, (c) 1.0 phr, and (d) 3.0 phr flower‐MgO loading
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introduce a deep trap to capture carriers effectively. The
molecular chain of the polymer and the surface gap of the
filler are well bonded, so the filler becomes a charge
adsorption centre, blocks electron migration, increases the
jump barrier, and thereby improves breakdown strength.
When the content continues to increase, the breakdown
strength of the composites decreases. When the flower‐MgO
content is 3.0 phr, the breakdown strength is lower than that
of the PP/SEBS blends. Due to the excessive concentration,
the composite generates interface defects, and the breakdown
strength is reduced. The laws of action and space charge are
consistent, and the accumulation of charge leads to a
decrease in the breakdown.

3.6 | Dielectric properties of the
polypropylene/styrene‐(ethylene‐co‐butylene)‐
styrene triblock copolymer/flower‐MgO
composites

Dielectric properties of the PP/SEBS/flower‐MgO compos-
ites versus frequency at room temperature are shown in
Figure 9. It can be seen from Figure 9a that the PP/SEBS/
flower‐MgO composite has a stable dielectric permittivity in
the frequency range of 103 to 106 Hz, indicating that the

composites have a wide range of suitable frequencies. Mean-
while, the dielectric permittivity of the composite increases
with increasing content of flower‐MgO. It can be seen that the
dielectric loss increases slightly after the introduction of
flower‐MgO as shown in Figure 9b, while the values of

F I GURE 7 The decay curve of charge when depolarised after pressing polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/flower‐
MgO composites for 90 min

F I GURE 8 Weibull distribution plot for the breakdown strength of the
polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/
flower‐MgO composites
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dielectric losses of the composites are still minimal, generally
within 0.004.

3.7 | Mechanical properties of
polypropylene/styrene‐(ethylene‐co‐butylene)‐
styrene triblock copolymer/flower‐MgO
composites

Figure 10a shows the stress–strain curves of PP, PP/SEBS, and
PP/SEBS/flower‐MgO composites, and the corresponding
tensile strength and elongation at break values are shown in
Figure 10b. It can be seen that PP exhibits brittleness and low
tensile elongation at break. With the introduction of SEBS, the
elongation at break is improved, and it has a specific effect on
the toughening of PP. Moreover, as shown in the inner image
of Figure 10a, SEBS also decreases the elastic modulus of
composites even with the further incorporation of flower‐
MgO. The tensile strength and elongation at break of PP/
SEBS/flower‐MgO composites increase with the increasing
content of flower‐MgO particles. The tensile strength of the
composite with 0.5 phr flower‐MgO increases to 31.2 MPa
compared to the tensile strength of the PP/SEBS blend of
18.4 MPa.

The tensile strength of the composite with 1.0 phr flower‐
MgO was significantly enhanced to 34.8 MPa. The elongation
at break increases from 865% of the PP/SEBS blend to 1040%
of the composite with 0.5 phr flower‐MgO, then increases to
1098% of the composite with 1.0 phr flower‐MgO. From
Figure 10b, synergistic toughening of SEBS and flower‐MgO
particles can be observed. The enhancement of mechanical
properties is attributed to the good interfacial compatibility
and interfacial adhesion of the filler‐polymer in the composite.
However, when 3.0 phr flower‐MgO particles are introduced,
the tensile strength and elongation decrease. The deterioration
of mechanical properties is attributed to the defects and stress
concentrations caused by the detachment of basic units of the
flower‐MgO particles.

4 | CONCLUSIONS

In summary, we successfully prepared PP/SEBS/flower‐MgO
composites using flower‐like hierarchical MgO with excellent
space charge suppression for HVDC cables. Considering their
electrical and mechanical properties, the optimum filler content
of PP/SEBS/flower‐MgO composites is 0.5 phr flower‐MgO.
Meanwhil, the composites integrate the complementary

F I GURE 9 Frequency dependence of the (a) dielectric permittivity and (b) dielectric loss tangent of polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene
triblock copolymer/flower‐MgO composites with different contents of flower‐MgO

F I GURE 1 0 Mechanical properties of polypropylene/styrene‐(ethylene‐co‐butylene)‐styrene triblock copolymer/flower‐MgO composites: (a) typical
stress–strain curves; the inner are the stress–strain curves at low strain (b) histogram of tensile strength and elongation at break versus flower‐MgO filler content
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characteristics of various components to inhibit the accumu-
lation of space charge and make the internal charge release
ability of the composite material stronger. In addition, DC
breakdown strength increases to 323 MV/m. Moreover, tensile
strength and elongation at break are much improved. This
study provides a way to promote PP as an environmentally
friendly material for the research and development of HVDC
cables.
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