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ABSTRACT Polypropylene (PP) material as a DC cable insulation material has great prospects as a
recyclable alternative to cross-linked polyethylene. This paper aims at investigate the effect of PP blends
crystallinity morphology and trap energy level distribution on DC breakdown strength. Five different ratios
iPP/sPP/aPP blends samples are prepared by melt-blending method. Polarizing optical microscope (POM)
experiments are conducted to characterize the crystallinity morphology of five iPP/sPP/aPP blends and
isothermal surface potential decay (ISPD) methods are employed to measure the trap levels distribution in
composite dielectric. The DC breakdown strength is tested by ball-plate electrodes equipment, and the result
of DC breakdown experiment indicates that sSPP30 exhibits the highest breakdown field strength, which is
29.2% higher than sPP0. The addition of sPP can act as a nucleus to help the crystallization behavior of iPP,
and the distribution of spherulites in sPP30 is the most uniform and dense among the five iPP/sPP/aPP blends
samples, which can improve the trap characteristics of polymers. The ISPD results show that the decay rate
of the sPP30 sample is the slowest at 50 °C, 70 °C and 90 °C, indicating that sPP30 is more conducive to
suppressing the dissipation process of carriers during the depolarization process. Moreover, sSPP30 has higher
deep trap density and lower shallow trap density and exhibits superior breakdown performance. It is deduced
that the addition of sPP can effectively regulate the crystallinity morphology of iPP, and then effectively
improve the trap energy level distribution of iPP/sPP/aPP blends, and it shows the improvement of DC
breakdown performance macroscopically.

INDEX TERMS Polypropylene, cable insulation, crystallinity morphology, DC breakdown, trap
characteristics.

I. INTRODUCTION problems, the development of an environmentally friendly

High-voltage DC (HVDC) cable transmission is a key tech-
nology for realizing large-capacity and long-distance trans-
mission of electric energy and interconnection of regional
power grids, and DC transmission cables have attracted more
and more attention from domestic and foreign researchers [1].
As a traditional high-voltage cable insulation material,
Cross-linked polyethylene (XLPE) has good electrical prop-
erties and heat resistance, but XLPE has the problems of
low production efficiency, large energy consumption, and
inability to recycle. Hence, in response to the development of
HVDC transmission technology and to avoid environmental
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dielectric with excellent insulation performance is one of the
key issues that need to be resolved [2], [3].

Polypropylene (PP) is a thermoplastic material that is
recyclable, inexpensive, and has great potential in replacing
cross-linked polyethylene as a cable insulation mate-
rial [4], [5]. Nevertheless, the traditional isotactic polypropy-
lene (iPP) is not suitable for the practical application of DC
cable insulation because of its high brittleness. At present,
many scholars have published a large number of stud-
ies on polypropylene copolymers with different structures,
including their mechanical properties, electrical strength, and
thermodynamic properties. The new material stereoregular
syndiotactic polypropylene (sPP) developed by Yoshino et al.
by adding a metallocene catalyst has higher breakdown
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strength, water tree resistance and thermodynamic perfor-
mance than XLPE [6]. In addition, atactic polypropylene
(aPP) as an elastomer, blending it with iPP can significantly
improve the tensile strength and flexibility of blended PP [7].
Anders Thyssen et al. adjusted the crystallinity of PP samples
by preparing iPP/aPP blends with different ratios, and proved
that samples with higher crystallinity have higher charge stor-
age stability [8]. Hosier et al. prepared different ratios of iPP
and sPP blends, and conducted tensile tests and breakdown
strength tests on them, and the results show that the flexibility
of the blend with sPP and iPP content of 1:1 is very close
to sPP, their mechanical modulus is high enough to meet
the practical application of DC cables, and the mixing of
sPP significantly improves the breakdown field strength of
iPP [9].

The proportion of PP blends will affect the crystallinity
morphology of the polymer, which will further affect the dis-
tribution of trap levels in the dielectric [10]-[13]. Moreover,
the distribution of trap levels will have a crucial effect on
the insulating properties of polymer dielectrics [14], [15].
Li et al. found that the boundaries of imperfect and fine
spherulite have a large number of trap levels, thus the space
charge distribution of PP will be significantly affected by the
crystal morphology [16]. Li et al. found that the introduction
of a small amount of nanoparticles can effectively increase the
deep trap level and density, thereby improving the breakdown
performance of polymer insulation dielectrics [17].

In this study, polarizing optical microscope (POM)
experiments are conducted to characterize the crystallinity
morphology of five iPP/sPP/aPP blends and isothermal sur-
face potential decay (ISPD) methods are employed to mea-
sure the trap levels distribution in dielectric. The effects
of iPP/sPP/aPP blends crystallinity morphology and trap
energy level distribution on DC breakdown strength are
investigated.

Il. MATERIALS PREPARATION AND EXPERIMENTAL
ARRANGEMENT

A. SAMPLE PREPARATION

Five kinds of iPP/sPP/aPP blends samples are prepared by
melt-blending method, and the raw materials of iPP are pur-
chased from Oasis Petroleum Inc., China and sPP and aPP
are purchased from Borealis, Europe. Before the experiment,
the iPP, sPP and aPP materials are dried at 60 °C for 10 hours
to remove internal water molecules. iPP, sPP and aPP mate-
rials are blended into a 200 °C twin-roll mixer rotation for
20 min in a certain proportion to make them evenly dispersed.
After that, the iPP/sPP/aPP blends should be put into a round
mold with the pressure of 10 Mpa for 20 min at 200 °C. Then,
iPP/sPP/aPP samples with thicknesses of 85 um and 300 um
are acquired using molds of different thickness in hot-press
process, which are used for DC breakdown and trap charac-
teristic experiment, separately. The twin-roll mixer rotation
(YZK-4, China) can ensure that the sample is well stirred,
and the test specimens were prepared by hot press forming
machine (DY-30, China), which can apply enough pressure to
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TABLE 1. Index for five pp blend samples in this study.

Designation aPP content sPP content iPP content
sPPO 5 wt% 0 wt% 95 wt%
sPP5 5 wt% 5 wt% 90 wt%
sPP15 5 wt% 15 wt% 80 wt%
sPP30 5 wt% 30 wt% 65 wt%
sPP45 5 wt% 45 wt% 50 wt%

prevent the specimen from forming bubbles. The proportions
of five iPP/sPP/aPP samples are depicted in Table 1.

B. MATERIALS CHARACTERIZATION

POM (VHX-7000, KEYENCE, China) is employed to obtain
the crystal morphology of five iPP/sPP/aPP blends. The spe-
cific operation process is as follows. First of all, a film of sam-
ple about 30 um is pressed with a vulcanizing tablet machine,
and a small piece of 2 mm diameter is cut out with clean
scissors and placed in the middle of a glass slide, covered with
a cover glass. The temperature was raised to 205 °C and held
for 5 min to eliminate the thermal history. Then the sample is
cooled to room temperature and the cooling rate is the same
as that of the sample preparation, and finally the image of the
sample after crystallization is obtained.

The mechanical properties of five iPP/sPP/aPP blends are
characterized by the tensile strength and elongation at break.
First, dumbbell shaped specimen is used for the mechanical
tests, with the length, thickness and width of 30 mm, 1 mm
and 4 mm, separately. Then the tensile test is conducted at
25 °C and the stretching rate is 250 mm/min.

C. DC BREAKDOWN STRENGTH

The DC breakdown strength is tested by ball-plate electrodes
method in transformer oil at 30 °C to prevent air discharge and
flashover. The material of the electrode is aluminum, and the
diameter of the ball electrode is 25mm. The sample of 85 um
thickness is placed between the ball electrode and the plate
electrode at a boost rate of 500 V/s until the sample is broken
down. Each specimen is repeatedly measured 15 times.

D. ISOTHERMAL SURFACE POTENTIAL DECAY TEST

The ISPD test is conducted to calculate the trap levels dis-
tribution of iPP/sPP/aPP blends [18]—-[20]. The schematic
diagram of the ISPD experiment is shown in Figure 1 [21].
The vertical distance from the grid electrode to the sample
surface is 5 mm. The purpose of the grid electrode is to form
a parallel electric field to charge the sample and to ensure
that the surface potential of the sample is equal. The distance
between the needle electrode and the sample is set to about
5 mm and the needle electrode is connected to a positive
direct-current source, and the voltage is set to 8 kV and
applied for 8 min for corona charging. The relative humidity
during the experiment is controlled at about 25% and the tem-
perature is about at 60 °C. After charging the sample using the
needle electrode, the sample is quickly moved to the Kelvin
probe connected to an electrostatic voltmeter (TREK P0865,
China) and measured for 1800 s, and the distance between
Kelvin probe and sample is about 3 mm. Double exponential
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FIGURE 1. Schematic diagram of the ISPD experiment.

function can fit the surface potential attenuation curve well,
which can be expressed as:

Vi(t) = Aje /T 4 Ay 1)

where Vi(t) represents the surface potential at the time 7. Ay,
A», 11, T7 are the fitting parameters.

In addition, the trap energy level E; and trap density N, (E;)
can be calculated by the following equations [22], [23]:

Ey = kpT In(vaet) 2
depe, | dVi(t)

N(E) = ——— |t 3

(E) = e 3)

where kp is the Boltzmann constant, and its value is
1.38 x 10723 J/K; T is absolute temperature; v, represents
escape frequency of trapped charges, which is selected as
10"2s71; L is thickness of sample; &g is vacuum permittivity
and &, = 2.18 is relative permittivity of PP; ¢ is electronic
charge quantity.

IIl. RESULTS AND DISCUSSION

A. CHARACTERIZATION OF CRYSTALLINITY
MORPHOLOGY AND MECHANICAL PROPERTIES

Figure 2 presents the crystalline morphology of the five
iPP/sPP/aPP blends, the crystallinity of the sample is more
dense and perfect with the sPP content from 0 wt% to 30 wt%,
and the diameter of their spherulites is about 25 pm, but when
the sPP content reaches 45 wt%, the size of spherulites in
sPP45 reached close to 40 um, and large size spherulites are
not uniformly distributed. The crystal morphology of sPPO is
loose, and the distance between spherulites is large. The
addition of sPP can act as a nucleus to help the crystallization
behavior of iPP, and the distribution of spherulites in sSPP30 is
the most uniform and dense among the five samples.

The elongation at break and tensile strength results of
iPP/sPP/aPP blends are shown in Figure 3. It can be clearly
seen that sPPO has the highest tensile strength. With a lower
(5 wt%) and higher (30 wt%) content of sPP, the elongation
at break performance of iPP/sPP/aPP blends are increased
compared to the sPPO.

B. ISPD RESULTS OF PP BLENDS INSULATION

Figure 4 depicts the surface potential attenuation curves after
normalization of iPP/sPP/aPP blends at 50, 70 and 90 °C.
The ISPD curves show an exponential decline with time,

220842

o 5 ,. "' od
FIGURE 2. POM images of iPP/sPP/aPP blends.

and its decay rate decreases with time. During depolarization
of the sample after charging, the potential of the sample
surface is higher at the beginning of the attenuation, so the
induced electric field formed with the back electrode is also
larger, the charge in the shallow trap is prone to detrap and
migrate to the ground electrode, thus the surface potential
decay rapidly. As the depolarization process proceeds, on the
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FIGURE 3. Tensile characteristics of iPP/sPP/aPP blends.

one hand, the charge in the shallow trap gradually decays
and decreases, and the detrapping process of the deep trap
is more difficult; on the other hand, the induced electric field
formed by the surface potential and the ground electrode is
getting smaller and smaller, and the charge is more difficult
to detrap, resulting in a significantly slower rate of surface
potential attenuation. It can be clearly observed that as the
temperature rises, the movement of the charge becomes more
and more intense. More charges have enough energy to easily
overcome the trap and migrate to the back electrode, so the
faster the surface potential decay. At various temperatures,
the decay rate of the sPP30 sample is the slowest, indicating
that sPP30 is more conducive to suppressing the dissipation
process of carriers during the depolarization process, thereby
reducing the charge mobility and suppressing the decay of
surface potential. The decay rate of sPP5, sPP15 and sPP45
potential is significantly faster than that of sPPO, which indi-
cates that there are more shallow traps or lower energy levels
of shallow traps in these samples. The imperfect spherulites
in sPP5 and sPP15 and the large spherulites in sPP45 will
reduce the energy level of traps and introduce a large number
of shallow traps. In the process of depolarization, the charge
stored in the shallow trap of the dielectric is more prone to
undergo a continuous detrapping process, thus accelerating
the decay rate of the surface potential.

Then the trap level distribution is calculated based on the
surface potential attenuation curves, as shown in Figure 5.
At 50 °C and 70 °C, the central density of the deep and
shallow traps is not far from each other, and they merge into
the same peak. As the temperature increases, the density of
the shallow traps gradually increases and the density of the
deep traps gradually decreases. The difference in the center
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FIGURE 4. Surface potential attenuation curve after normalization of
iPP/sPP/aPP blends at (a) 50 °C, (b) 70 °C and (c) 90 °C.

density of the trap gradually becomes larger, showing two
different peaks. It can be seen that at 50, 70 and 90 °C,
sPP30 presents the highest trap level peak. During corona
charging, charge is injected into the surface of the sample
and moves inside, causing the charge to accumulate on the
sample. In the process of depolarization, higher temperature
will trigger the detrapping process of charge carriers in deeper
traps, thus accelerating the decay of surface potential [24].
At lower temperatures, most electrons do not have enough
energy to transition into the conduction band, and those with
enough energy are likely to scatter quickly and return to
the trapped state. As the temperature increases, the energy
levels of the deep and shallow traps gradually move to higher
values. The charges in the deep trap are more likely to acquire
activation energy at higher temperatures, so that under the
action of the electro-thermal recombination field, the traping
and detraping processes occur, causing the surface potential
to decay, and finally show higher apparent trap energy level.
Conversely, the activation energy provided by the electric-
thermal recombination field at low temperatures can only
make the carriers in the shallow trap obtain enough energy to
get rid of the local state barrier, thus only a relatively shallow
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FIGURE 5. Trap level distribution of iPP/sPP/aPP blends at (a) 50 °C,
(b) 70 °C and (c) 90 °C.

trap level can be exhibited. In fact, the depth of charge carrier
traps in the insulation does not change with temperature,
but the trap energy levels that can be measured at different
temperatures are different.

C. THE PEAK SEPARATION RUSULTS OF TRAP LEVEL
DISTRIBUTION
In addition, the deep and shallow trap peaks are separated in
this paper, that is, the A 1771 and Ape™ /72 in the surface
potential attenuation fitting formula (1) are separated, and
the distribution curves of the deep and shallow trap energy
level distribution at 50 70 and 90 °C are calculated as shown
in Figures 6 and 7, respectively. The deep and shallow trap
level center distributions of iPP/sPP/aPP blends at 50 °C,
70 °C and 90 °C are shown in Figure 8.

As the temperature rises, the deep and shallow trap levels
of each group of samples gradually increase. For samples
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FIGURE 6. Deep trap level distribution of iPP/sPP/aPP blends at
(a) 50 °C, (b) 70 °C and (c) 90 °C.

with different aPP/sPP/iPP ratios, as the mass fraction of
the sPP sample increases from Owt% to 15wt%, the energy
levels of deep and shallow traps gradually decrease, except
for deep trap level at 50 °C. Then, as the sPP mass fraction
increases from 15wt% to 30wt%, both deep and shallow
trap levels increase; furthermore, as the mass fraction of sPP
increases from 30% to 45%, both deep and shallow trap levels
gradually decrease. In addition, it can be found that the deep
and shallow trap density centers of samples of sPP30 are
almost the largest at various temperatures, and the deep trap
density centers are ~1.04eV, ~1.06 and ~1.08eV at 50°C,
70°C and 90°C, respectively. As a comparison, the deep trap
density centers of the sSPPO samples are ~1.01eV, ~1.05eV
and ~1.07eV, respectively, indicating that the addition of an
appropriate amount of sPP can introduce deeper traps in the
composite dielectrics. It can also be clearly seen from the
figure 8 that sPP30 has a higher level and density of deep
traps and a lower density of shallow traps.

VOLUME 8, 2020



Z. Xing et al.: Trap Level Characteristics and DC Breakdown Performance

IEEE Access

o
=}

(a) 50°C

I
=]
T
|
|
)
v
v
3]

g
=}
T

g
=)

1.0 -

Trap density (10"%V™" -m?)

0.0 [

1 1 1 1 1
075 0.80 085 090 095 1.00 1.05

Trap energy (eV)

15|
i — sPPO 7, (b) 70°C
3 - — sPP5 I
- - sPP15 |
5 sPP30 |
£10r ----spPas ||
e
z
2
@ 0.5
T
Qo
o
=

00}

1 1 1 1 1 1 1 1
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
Trap energy (eV)

(c) 90°C

g
=)

-
3,
T

-
o
T

0.5

Trap density (10%V" -m?)

0.0

0.85 090 095 1.00 1.05 1.10 1.15 1.20
Trap energy (eV)

FIGURE 7. Shallow trap level distribution of iPP/sPP/aPP blends at
(a) 50 °C, (b) 70 °C and (c) 90 °C.

D. BREAKDOWN PROPERTIES OF HDPE/LDPE BLENDS
DC breakdown strength results of iPP/sPP/aPP blends are
shown in Figure 9. The DC breakdown strength of sPPO,
sPP5, sPP15, sPP30 and sPP45 blends with Weibull distribu-
tion cumulative failure probability of 63.2% is 350.2, 281.5,
3254, 452.3 and 417.2 kV/mm, separately. Among them,
sPP30 has the highest breakdown field strength, which is
29.2% higher than sPPO.

E. EFFECTS OF CRYSTALLINE MORPHOLOGY ON TRAP
CHARACTERISTICS

Blending two or more polymers can obtain better physical
or chemical properties than a single polymer, so blending
is an important way to obtain high-performance polymer
insulation materials. PP is a semi-crystalline polymer, and
its crystal morphology will have a crucial impact on the
insulation performance. The addition of different proportions
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of sPP will affect the crystallization behavior of iPP, so it is
necessary to pay attention to the crystallization behavior of
PP blends.

The number of crystal nuclei in sPP0 is small, the growth
of spherulites is large, and there are many defects between
spherulites, then the charge in the polymer easily accumulates
more energy under the action of the electric field through
the defects, which is not conducive to polymer dielectric
insulation performance. There are a lot of traps at the interface
between the crystalline and amorphous regions. The addition
of 30wt% sPP will introduce some impurities or groups to
act as a nucleating agent, so the crystallization in PP blend
will be more sufficient under the same cooling conditions.
In addition, the increase in the number of crystal nuclei
makes the number of spherulites in the PP blends increase
and the spherulites growth is limited, thus the size of the
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spherulites decreases, so that the interface volume of the
crystal region and the amorphous region becomes larger,
introducing more traps improves the polymer dielectric insu-
lation performance. Nevertheless, sPP45 contains more sPP,
the size of the spherulites in the crystal morphology is larger,
the arrangement between the spherulites is loose, and the
interface path between the crystalline phase and the amor-
phous phase becomes shorter, resulting in fewer traps. Hence,
the probability that charges being trapped by the trap in the
dielectric will decrease due to the decrease in trap density,
which is not conducive to the insulating properties of the
polymer dielectric.

F. EFFECTS OF TRAP CHARACTERISTICS ON BREAKDOWN
STRENGTH

Trap level and density have a crucial effect on the break-
down properties of composite dielectrics. The relationship
between breakdown strength and trap level characteristics
of iPP/sPP/aPP blends is shown in Figure 10. It is obvi-
ous that iPP/sPP/aPP blends can show superior breakdown
characteristics when they have higher deep trap density and
lower shallow trap density. The increase in the density of
deep traps enhances the trapping effect and limits carrier
migration, resulting in a reduction in the average free path of
carriers, carrier mobility and energy, but the increase of the
shallow trap density will enhance the carrier migration effect.
Thus, the distribution of trap levels and density in polymer
dielectrics can effectively affect the insulation properties of
polymers.

IV. CONCLUSION

The addition of sPP can act as a nucleus to help the
crystallization behavior of iPP, and the distribution of
spherulites in sPP30 is the most uniform and dense among
the five iPP/sPP/aPP blends samples. The decay rate of the
sPP30 sample is the slowest at 50 °C, 70 °C and 90 °C,
indicating that sPP30 is more conducive to suppressing the
dissipation process of carriers during the depolarization pro-
cess, thereby reducing the charge mobility and suppressing
the decay of surface potential. The iPP/sPP/aPP blends sam-
ples with higher deep trap density and lower shallow trap
density exhibit superior breakdown performance.
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