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ABSTRACT In this paper, we report on electrical and mechanical properties of isotactic polypropylene (PP)
blended with polyolefin elastomer (POE) and propylene-based elastomer (PBE). Carrier trap distribution of
the samples was estimated by isothermal surface potential decay measurement, while dc breakdown strength
was measured through a pair of semicircle electrodes. Elongation at break and tensile strength were obtained
to examine the variation in mechanical property of PP caused by the addition of elastomers. Furthermore,
scanning electron microscope (SEM), differential scanning calorimetry (DSC), and dynamic mechanical
analysis (DMA) have been employed to assist the understanding of morphology of the blends, thermal
properties, and mechanical properties. Obtained results have indicated that with the increase of the elastomer
content from 0 to 30 wt%, the trap depth appeared to be shallower and the dc breakdown strength tended to
be reduced for both PP/PBE and PP/POE samples. Compared with PP/POE blend, PP/PBE blend had deeper
trap depth, which should be responsible for its higher dc breakdown strength. In addition, PP/PBE blend has
presented a better performance in elongation at break and tensile strength measurement. With the growth
of the elastomer content, the crystallinity of the blends appeared to decrease, whereas the melting and the
crystallization temperatures did not change remarkably. The SEM inspections and DMA results revealed
better compatibility between PP and PBE compared with that between PP and POE, which should be the
reason for the better electrical and mechanical properties of PP/PBE blend. The blend of PBE with low
content could result in remarkably improved flexibility of PP with acceptable electrical strength for dc cable
insulation.

INDEX TERMS Polypropylene, propylene based elastomer, polyolefin elastomer, trap distribution,
DC breakdown strength, elongation at break, tensile strength.

I. INTRODUCTION
High Voltage Direct Current (HVDC) transmission which
has the advantages of low transmission loss, high stability
and low cost has been widely developed as an important
power delivery method in the world [1]–[3]. In recent years,
the HVDC transmission through underground or submarine
cables has been reported [4], [5]. In these cables, cross-linked
polyethylene (XLPE) is often selected as the primary insu-
lation material owing to its excellent electrical and mechan-
ical properties [6]–[8]. The length of the XLPE insulated

DC power cable is growing year by year. Thus the insulation
property of the cable becomes a serious concern for the
safe operation of the HVDC transmission system [6], [7].
With the growth of voltage level for HVDC transmission,
the energy delivered through DC XLPE is expected to be
higher, as a result of which the carrying capacity of the cable
tends to be enhanced [8]. However, due to the relatively
low melting point of XLPE as well as the limitation from
electric field distortion, the maximum operating tempera-
ture of DC XLPE cable is usually limited at 70 ◦C [9].
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In addition, the microstructure of XLPE is featured with a
three-dimensional network by which thermal endurance of
the material could be certainly expected [10]. However, as the
XLPE insulation gets close to the end of its lifetime, its
disposal appears to be difficult, thus incineration or land-
fill becoming the unavoidable way [11], which inevitably
introduces environmental problems. Therefore, both from the
viewpoints of environmental protection and carrying capacity
enhancement, the development of a novel material for DC
power cable insulation becomes an urgent issue.

Polypropylene (PP) has been utilized in a large variety
of applications as insulating material in electrical equip-
ment. It has high breakdown strength, low dielectric loss,
high melting point and in particular the recyclable nature,
which makes it a promising candidate for DC cable insula-
tion [1]–[3], [12]–[14]. Investigations have been performed
to estimate the material property of PP as the primary insu-
lation of DC cable, and it has been confirmed that both
syndiotactic polypropylene (s-PP) and isotactic polypropy-
lene (i-PP) exhibit the potential of being such insula-
tion [12]–[16]. Recently, i-PP drew increasingly attentions
as being the DC cable insulation due to its higher break-
down strength and lower manufacture cost [12]–[14].
However, an important problem that may influence the indus-
try application of i-PP as cable insulation is that the stiffness
of virgin i-PP is much higher than that of XLPE. Hence
its toughness should be modified [1]. In previous studies,
many types of materials are selected as toughening agents
to improve the flexibility of virgin PP. C.D. Green et al. [3]
reported on optimization in composition of a propylene
homopolymer/propylene-ethylene copolymer blend which
had similar electrical and mechanical performances to those
of XLPE. But the blend still held higher modulus than XLPE
with a flatter temperature profile up to 120 ◦C–130 ◦C.
Caramitu et al. [17] investigated the mechanical property
of PP modified by various rubber elastomers, and it was
pointed out that the compatibility of PP and elastomers was
bad. Zha et al. [18] demonstrated the improved mechani-
cal property of PP blended with styrene-ethylene-butylene-
styrene block copolymer (SEBS) that had high melting point
and excellent compatibility. However, the introduction of
the elastomer resulted in the accumulation of space charge
obviously. Zhou et al. [19] pointed out that the PP/POE
blend with proper POE content could possess better tough-
ness as compared with the virgin i-PP and exhibited higher
DC breakdown strength than XLPE. However, as revealed
in our previous work, due to bad compatibility between PP
and POE, the POE acted as ‘‘separated spots’’ within the PP
matrix, which may result in the formation of physical defects
that reduced the DC breakdown strength of PP [20], [21].
Accordingly, in order to obtain excellent electrical property of
PP/elastomer blend for DC cable insulation, the compatibility
between PP and elastomer should be taken into account.

A new type of elastomer PBE, which has better com-
patibility with PP, has been proposed in this work. Electri-
cal and mechanical properties of PP/PBE blend have been

estimated and compared to those of PP/POE blend with
various elastomer contents. It was found that remarkably
improved mechanical property and excellent electrical prop-
erty could be achieved with the addition of PBE of low
content, which should be ascribed to the good compatibility
between the PP matrix and the PBE.

II. EXPERIMENTAL SETUP
A. SAMPLE PREPARATION
Commercially available PBE (Vistamaxx 6202, ExxonMobil
Corporation, USA) and POE (DOW 8401, Dow Chemical
Company, USA) were employed as toughening agents to pre-
pare PP based blends. The i-PP base material (PPH-T03) was
purchased from Sinopec Beihai, China. The PBE elastomer
is composed of repetitive monomers of isotactic propylene
(85 wt%) and randomly distributed ethylene (15 wt%). The
PBE was prepared by means of proprietary metallocene cat-
alyst method invented by Exxon Mobil Corporation [22].
The POE elastomer is a type of thermoplastic elastomer
consisting of ethylene-octane copolymer, and the proportion
of ethylene is 75 wt%. In this work, the content of elastomer
was selected at 10 wt%, 20 wt% and 30 wt%, respectively.
The base material and the elastomer were firstly cleaned
with ethyl alcohol and were dried at 80 ◦C in a vacuum
chamber. Then the mixture was placed into an internal mixer
with temperature of 180 ◦C at speed of 30 r/min for 5 min.
The obtained mixtures were hot pressed under 16 MPa at
190 ◦C for 5 min, by which the blend samples with dimension
of 90mm×90mmcould be obtained. The thickness of sample
was 500 µm and 100 µm respectively for isothermal surface
potential decay (ISPD) measurement and DC breakdown test.
In order to easily index the blends with various types and
contents of elastomers, the abbreviations of the samples are
listed in detail in TABLE 1.

TABLE 1. Index for polymer samples investigated in this work.

B. SCANNING ELECTRON MICROSCOPE (SEM)
OBSERVATION
In order to better understand the blending status between
the PP base material and the elastomers, Scanning Electron
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Microscope (SEM) measurement were performed to observe
the micromorphology of samples. The samples were initially
immersed in liquid nitrogen, after which they were mechan-
ically bended, hence the cross-section of the sample was
obtained. The smooth section was then coated with Aurum
for SEM measurement. The SEM used in this work was FEI
Nanosem430 (FEI Company, USA). Thermal electrons were
accelerated under voltage of 10 kV, the energy of electron
beam was 10 keV with beam spot 3, and the magnification
was 10000.

C. DIFFERENTIAL SCANNING CALORIMETRY (DSC)
MEASUREMENT
The DSC measurement was carried out by using a Perkin
Elmer DSC7 at a heating/cooling rate of 10 ◦C/min between
25 ◦C and 200 ◦C in nitrogen atmosphere. The detailed mea-
surement process was described as follows. First, the sam-
ple was heated from 25 ◦C to 200 ◦C and was held for
5 min to remove thermal history of the sample. Second,
the temperature was reduced from 200 ◦C to 25 ◦C to obtain
the crystallization curve. Finally, the temperature was raised
again from 25 ◦C to 200 ◦C to get the melting curve. From
the crystallization and melting curves, parameters including
crystallization temperature Tc and melting temperature Tm
were derived. The crystallinity of the sample was calculated
by the equation below [14],

Xc =
1Hm
1Hm0

× 100% (1)

where 1Hm is the melting enthalpy of sample, 1Hm0 is
the melting enthalpy for PP with 100% crystallinity and is
selected as 209 J/g [1].

D. DYNAMIC MECHANICAL ANALYSIS (DMA)
MEASUREMENT
Glass transition temperature (Tg) of the test sample was
measured by Dynamic Mechanical Analysis (DMA) method
(TA-Q800, TA Instrument, USA). The measurement was per-
formed with 3-Point Bending mode at frequency of 1 Hz,
amplitude of 20 µm and heating rate of 5 ◦C C/min.
The temperature range of the test was −50 ◦C∼100 ◦C
(−100 ◦C∼100 ◦C for pure PBE and POE). The storage
modulus (E ′), loss modulus (E ′′) were measured hence the
tanδ could be calculated by the following equation. The Tg is
determined by marking the peak value in the tanδ curve.

tanδ =
E ′′

E ′
(2)

E. ISOTHERMAL SURFACE POTENTIAL
DECAY (ISPD) MEASUREMENT
Carrier trap distribution could be derived from the ISPD
measurement [23], [24]. The surface potential of the poly-
mer sample is established through DC corona charging, and
then is allowed to decay under isothermal condition, associ-
ated with the charge de-trapping behavior closely [24]–[26].
Accordingly, the trap distribution could be derived from the

FIGURE 1. Scheme of charge trapping and de-trapping process in energy
band after negative corona charging. Ec is bottom of conduction band,
ETn, ET 0 and ETm are traps of different energy levels respectively, EF is
Fermi level.

ISPD measurement. To interpret the charge transportation
behavior in detail, negative charge trapping and de-trapping
process in energy band is shown in Fig.1. The charged surface
in Fig. 1 corresponds to the position defined as x=0, while
the grounded electrode is regarded as the position x = L.
Electrons could be transferred from the surface to the bulk,
and then migrate towards the grounded electrode, leading to
the decay of surface potential [27]. It should be mentioned
that although hopping process takes place in the polymer [28],
band transport is assumed as the dominate process and re-
trapping event is neglected in the method [29]. Such approx-
imations have been considered to be reasonable when film
sample is analyzed [30]–[33]. The trap density has been
considered closely related to the decay behavior, which could
be expressed as [29], [32],

N (E) =
ε0εr

qkTL2

∣∣∣∣t dUsdt
∣∣∣∣ (3)

where N (E) is the trap density occupied by carriers at trap
level E , ε0 = 8.854187817 × 10−12F/m is the permittivity
of vacuum, εr is the relative permittivity of the material and
is shown in TABLE 1, q = 1.602176565 × 10−19 C is
the elementary charge, k = 1.3806505 × 10−23 J/K is the
Boltzmann’s constant, T is the Kelvin temperature in K, L
is the thickness of the sample in m, t is the decay time in s,
Us is the surface potential in V. In addition, by defining the
demarcation energy Em which indicates the border between
emptied and occupied traps [29], it is proposed that the Em
moves away from the band edge Ec with the lapse of time,
thus the time dependent trap level E = Ec − Em can be
expressed as a function of the decay time [29], [32], [33],

1E = kT ln (νt) (4)

where v is the attempt to escape frequency andwas selected as
1012 s−1 in this work. Accordingly, the relationship between
N (E) and 1E presents the trap distribution within corona
charged material. As the transportation of positive charges
has similar process, its diagram is not shown for space saving.
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FIGURE 2. Test Circuit for ISPD measurement.

The schematic diagram of test circuit for ISPD measure-
ment is depicted in Fig.2. The needle to plane electrode sys-
tem was employed to induce corona discharge, and the grid
electrodewas used to control the surface potential. The needle
electrode was 1 mm in diameter with a tip radius of curvature
of 13 µm. The interval between the needle electrode and
the sample surface was 8 mm, while the grid electrode was
placed 5 mm above the surface. The potential at the needle
electrode was ±7 kV, the potential at the grid electrode was
±3.2 kV, charging for 20 min. The temperature of the sample
was kept at 40 ◦C so as to accelerate the potential decay,
the relative humidity was controlled lower than 25%. Surface
potential of the charged sample was recorded by aKelvin type
electrostatic voltmeter (P0865, Trek Co ltd., USA), the probe
was positioned 3mm above the center of sample surface. Five
specimens were measured for checking the repeatability, and
the typical test results were presented in this paper.

FIGURE 3. Electrode structure for DC breakdown strength test.

F. DC BREAKDOWN STRENGTH MEASUREMENT
DC breakdown strength of the blend samples was measured
by using a pair of semicircle electrodes, as can be seen
in Fig.3, the radius of each electrode was 12.5 mm. The
blend sample of 100 µm was sandwiched by the electrodes,
by which a quasi-uniform electric field could be formed
across the film sample. In order to prevent surface flashover,
the electrodes as well as the sample was immersed into
transformer oil. DC voltage was supplied by a DC power
source with maximum value of 140 kV (HTC 10 kVA/100 kV,
Wuhan SanxinHuatai Electrical Testing Equipment Co., Ltd.,
China). One side of the electrodes was connected to the

FIGURE 4. Dumbbell shaped specimen.

DC source, while the other side was grounded. The DC
breakdown test was performed at room temperature. The DC
voltage applied was increased at a rate of 0.5 kV/s until
insulation breakdown occurred in the sample. The breakdown
strength was recorded as the average value of ten samples.

G. MECHANICAL PROPERTY MEASUREMENT
Mechanical properties of the test samples were measured by
means of a mechanical tester (Jiangdu Jingyi TestingMachin-
ery Co. Ltd., China) at a crosshead speed of 250 mm/min
at room temperature according to ASTM D882-2010 [34].
The applied force is a variable force, which can make the
crosshead speed constant. Dumbbell shaped specimen was
prepared for the test, as is illustrated in Fig.4. Elongation at
break and tensile strength which were considered as impor-
tant parameters relating to the flexibility of the material were
measured [1], [19]. At least five specimens were employed
for checking the repeatability, the average values are pre-
sented in this paper.

III. RESULTS AND DISCUSSION
A. TRAP DISTRIBUTION
The typical surface potential decay behavior is depicted in
Fig.5, both the cases for positive and negative corona charging
are presented. It can be observed that the potential decay
exhibits non-linear manner where a fast decay occurs at the
initial stage that is then followed by a slow decay. Since the
electric field generated by the implanted charges is as low as
5 kV/mm ∼7 kV/mm, injection of charge with the opposite
sign from the grounded electrode should be negligible, and
carrier recombination is not taken into consideration in this
paper. With the increase of elastomer content, the decay
rate tends to increase for both the positive and the nega-
tive potentials. It has been demonstrated that the decay is
associated with charge trapping and de-trapping processes
[35]. Electric charges generated during the corona discharge
process are driven by the field and migrate to the sample
surface. As they arrive at the test specimen, charge transfer
is considered to occur and the charge within the sample bulk
becomes electronic in nature [31], [36]. Due to the presence
of carrier traps as stated earlier in this paper, the charges could
be captured firstly and are then thermally activated to de-
trap and transport to the grounded electrode, leading to the
decrease of surface potential [27]. It has been suggested by G.
Chen et al that both deep and shallow traps are likely to con-
tribute to the de-trapping process [35]. The initial fast decay
of the potential should be ascribed to charge de-trapping
from shallow traps, while the following slower decay of the
potential is due to charge de-trapping from deep traps. As can
be found in Fig.5(a) and Fig.5(b), the test data are in good
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FIGURE 5. Typical surface potential decay behavior. (a) Positive charge.
(b) Negative charge.

agreement with the fitting curve as bi-exponential function.
The motivation that a bi-exponential function is employed
to fit the test data is not only based on our experience but
on the basis of physical origin. It has been claimed that the
thermal de-trapping probability of trapped charge Pde can be
expressed by [31],

Pde = ν exp(−
1E
kT

) (5)

Accordingly, by assuming that the dissipation of trapped
charge is induced by the de-trapping from both shallow
and deep traps, the density of trapped charge can be
expressed by [37],

N (t) = Ns exp(−kst)+ Nd exp(−kd t) (6)

where N (t) is the density of total trapped charge, Ns is the
density of charge captured by shallow trap, Nd is the density
of charge captured by deep trap, ks and kd are de-trapping
rate for shallow and deep traps, respectively. Since the decay
of surface potential is closely related to the release of charge
from both shallow and deep traps, the variation in surface
potential with time is proposed as [31],

Us = A exp(αt)+ B exp(βt) (7)

where A, B are fitting parameters related to the potentials
excited respectively with charges captured by shallow and
deep traps, α, β are the parameters with respect to the de-
trapping rates of charges captured by shallow and deep
traps. In our research, the bi-exponential function (7) is
used to describe the decay behavior of surface potential.
Taking the negatively charged PP as an example, the fitting
parameters are A=1088 V; B=2549 V;α=-4.89×10−4s−1;
β=-5.46×10−5s−1; And the R-squared R2=0.9999. There-
fore, the fitting curves are employed for trap distribution
calculation in the following section.

FIGURE 6. Typical distribution of carrier trap derived from ISPD
measurement.

The typical trap distribution feature is shown in Fig.6 by
taking hole trap of PO10 as an example. The trap depth covers
a certain range from 0.68 eV to 0.97 eV, and two peaks
are formed respectively at 0.83 eV and 0.91 eV, which are
referred to as shallow and deep trap centers. In order to better
describe the feature of shallow or deep trap, the two peaks are
separated so as to illustrate the individual shallow and deep
trap distributions, as is shown in Fig.6 by the green and the
red dash lines.

Since both positive and negative corona charging have been
performed, the trap distributions for hole and electron in the
blends with various elastomer contents could be examined.
The typical deep and shallow trap distributions for holes in the
samples are shown in Fig.7 and Fig.8, respectively. The deep
trap distribution of hole in PP/PBE blend is shown in Fig.7(a).
With the increase of the elastomer content, the trap distri-
bution curve appears to move left. For instance, the deep
trap for hole in virgin PP covers the range from 0.8 eV to
1.01 eV and has the trap center at 0.958 eV. As regards
the sample PB30 which contains 30 wt% of PBE elastomer,
the trap distribution covers the range from 0.72 eV to 0.92 eV
and the trap center is at 0.884 eV. In particular, the deep
trap distribution of hole in virgin PBE is also depicted as
a comparison, and it is between 0.71 eV and 0.92 eV with
a peak at 0.88 eV. This strongly suggests that the addition
of PBE elastomer decreases the energy level of deep trap.
Furthermore, it is also noticed that the trap density appears
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FIGURE 7. Deep trap distribution for hole for the two types of blends.
(a) PP/PBE blend. (b) PP/POE blend.

to reduce as the content of PBE elastomer grows from 0 wt%
to 30 wt%. Similar behaviors are observed for the PP/POE
blend as shown in Fig.7(b). The deep trap becomes shallower
with the growth of POE content, and the trap density also
remarkably decreases. By comparing the curves presented
in both Fig.7(a) and Fig.7(b), it is found that the reduction
in trap depth and trap density for PP/POE blend are more
considerable than that for PP/PBE blend.

The shallow trap distributions for hole in both PP/PBE
and PP/POE blends are shown in Fig.8. As can be observed
in Fig.8(a), an obvious reduction in shallow trap center occurs
as PBE is added into the virgin PP. The shallow trap center is
at 0.895 eV for virgin PP, whereas such trap center moves
left to 0.864 eV for PB10. It means that the presence of
PBE could result in decrease in the shallow trap center. With
the increase of the PBE content from 10 wt% to 30 wt%,
the trap center reduces to 0.832 eV which is close to the value
of virgin PBE at 0.808 eV. Furthermore, it is also noticed
that the density of shallow trap of the blend is higher than
that of virgin PP. For instance, the density at trap center for
virgin PP is only 1.5×1015 m−3 · eV−1, but suddenly this
value rises to the order of 1019 m−3 · eV−1 with the presence

FIGURE 8. Shallow trap distribution for hole for the two types of blends.
(a) PP/PBE blend. (b) PP/POE blend.

of PBE elastomer. As regards the PP/POE blend, similar
behavior in the variation of trap depth and trap density is
found in Fig.8(b). However, as compared with the PP/PBE
blend, the addition of POE leads to more remarkable decrease
in trap depth. In addition, the shallow trap density exhibits
a significant growth as the content of POE increases, which
indicates again that more shallow traps are introduced in the
blend sample.

Deep trap distributions for electron for both PP/PBE and
PP/POE blends with various elastomer contents are shown
in Fig.9(a) and Fig.9(b). As regards the PP/PBE blend,
as shown in Fig.9(a), with the increase of the PBE content,
the trap distribution curve shifts towards left. It can be seen
that the virgin PP covers the deep trap range from ∼0.76 eV
to ∼1.00 eV, while the PB30 exhibits a trap distribution
range from ∼0.73 eV to ∼0.94 eV, which is remarkably
lower than that for the virgin PP. As a comparison, the deep
trap distribution for virgin PBE is also presented, the trap
distribution starts from 0.71 eV to 0.94 eV. Furthermore,
as the PBE is added, the density at trap center tends to reduce.
It can be found that the density at trap center for PB10,
PB20 and PB30 is in the range from 2.23×1019 m−3·eV−1
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FIGURE 9. Deep trap distribution for electron for the two types of blends.
(a) PP/PBE blend. (b) PP/POE blend.

to 3.72×1019 m−3·eV−1, which is only one third to
half the value of the virgin PP (6.71×1019m−3·eV−1).
As for the PP/POE blend, the trap depth appears to be shal-
lower with the growth of elastomer content as well. Another
important fact is that the density at trap center for the PP/POE
blend become reduced as compared with the virgin PP by
a factor of ∼6, which is more significant than that in the
PP/PBE blend. The variation of POE content from 10 wt%
to 30 wt% doesn’t induce obvious change in the density at
trap center, which are close to 1.0×1019 m−3·eV−1. It is then
concluded from Fig.9(a) and Fig.9(b) that the presence of
elastomers leads to the reduction in both trap depth and trap
density for electron in the virgin PP, and such a reduction is
more obvious in PP/POE than in PP/PBE blend.

Fig.10 shows the distributions of shallow electron trap
for both PP/PBE and PP/POE blends with various elastomer
contents. The distribution of shallow electron trap for PP/PBE
blend is shown in Fig.10(a). With the increase of the elas-
tomer content, the trap depth tends to be shallower obviously.
The trap center is reduced from 0.889 eV for virgin PP
to 0.824 eV for PB30. The virgin PBE has even shallower
trap center at 0.803 eV. As for the density at trap center,

FIGURE 10. Shallow trap distribution for electron for the two types of
blends. (a) PP/PBE blend. (b) PP/POE blend.

it is noticed that an enhancement of the density occurs with
the addition of PBE elastomer by a factor of ∼2 than the
virgin PP. The trap distribution for PP/POE blend is illustrated
in Fig.10(b). The presence of POE elastomer leads to the shal-
lower of electron trap as well. On the other hand, the density
at trap center becomes increased with the presence of POE
elastomer. The PP/POE blend has the density at trap center in
the range of 7×1019m−3·eV−1 ∼9×1019m−3·eV−1, which
is higher than that for the virgin PP (2.86×1019 m−3·eV−1)
by a factor of 2-3. By comparing the electron trap distribution
curves presented in Fig.10(a) and Fig.10(b), it is assumed that
the addition of POE leads to more remarkable increase in the
density of shallow trap than that of PBE.

It must be argued that due to the randomness of corona
discharge [31], the imperfections of polymer samples which
are originated from the semi-crystal morphology of PP and
the non-ideally uniform dispersion of elastomer, it is almost
impossible to allow the samples to be charged under com-
pletely identical conditions. The deviations in test data caused
by the inhomogeneity in polymer sample and the discharge
randomness are therefore un-avoidable. The influence of the
elastomer content on the trap center for hole and electron
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FIGURE 11. Relationship between the trap center and the elastomer
content for hole and electron for the PP/elastomer blends. (a) Hole trap.
(b) Electron trap

is summarized in Fig.11. The average value of trap depths
derived from the five measurements and the deviations are
presented. As the content grows from 0 wt% (virgin PP) to
100 wt% (virgin PBE or POE), the trap center exhibits a
clear decreasing tendency. It is noticed that the trap center
of PP/PBE is basically higher than that of PP/POE for both
shallow and deep traps. Moreover, there is no pronounced
difference between the electron trap center and the hole trap
center, as depicted in Fig.11(a) and Fig.11(b). The trap den-
sity at the center is summarized in TABLE 2 and 3. It can be
found that as the elastomer, either PBE or POE, is blended
into the PP base matrix, the deep trap density becomes
reduced whereas the shallow trap density gets increased for
both electron and hole. The kd/s that refers to the ratio of
deep trap density to shallow trap density at the center is
calculated to estimate the behavior of carrier trap in response
to the variation in elastomer content. It is clear that the kd/s
for PP/PBE or PP/POE blend is significantly decreased as
compared with the virgin PP, which indicates that with the
addition of the elastomer, shallow trap would play a more
important role in determining the transportation behavior of
charge carriers. It is also noticed that the virgin POE and

TABLE 2. Density at hole trap centers.

TABLE 3. Density at electron trap centers.

the virgin PBE hold lower kd/s than that of virgin PP, which
is considered as one candidate reason for the relatively low
kd/s in the blends. Another interesting feature that could be
derived from TABLE 2 and 3 is that for both electron and
hole traps the virgin PBE possesses higher kd/s than the virgin
POE, and the PP/PBE blend exhibits higher kd/s than the
PP/POE blend. This reveals that the introduction of PBE into
the PP matrix would be more beneficial from deep trap than
that of POE. In addition, the total integrated trap density is not
calculated and compared. Since the trap center plays a dom-
inant role in determining the charge transportation behavior
in polymer, attentions are usually paid to the energy level and
density at trap center [31], [38]. Thus, the effect of elastomer
on trap characteristics at the center is mainly discussed in this
paper.

Assuming that the observed surface potential decay is pre-
dominantly due to charge transport through the material bulk,
it is possible to estimate the bulk conductivity of materials by
the following equation [30], [36],

σ =

∣∣∣∣ εUs dUsdt
∣∣∣∣ (8)
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where σ is the bulk conductivity of the material, ε = ε0εr
is the permittivity of the material. The derived values
can then be tested for agreement with different mod-
els of field dependent conductivity, such as Poole-Frenkel
model (PF) [30], [36],

σ (Us) = σ0 exp(βPFU0.5
s ) (9)

where βPF is the Poole-Frenkel effect coefficient, which is
defined as

βPF =
q
kT

√
q
πεL

(10)

where π = 3.141592654 is the ratio of circumference to
diameter. The relationship between the bulk conductivity
and the square root of the surface potential (Us) is shown
in Fig. 12. The results for PP, PB20 and PO20 charged with
negative corona are depicted as examples. To better display
the relationship between lg(σ ) andU0.5

s , the logarithmic coor-
dinate is used in longitudinal axis. With the decrease of Us,
the log(σ ) gradually decreases and tends to be a stable value
of σ0, which is in the range of 10−15 S·m−1 ∼10−14 S·m−1.
The βPF is then estimated according to the slope and is
marked in Fig. 12. On the basis of equation (10), the εr can
be calculated in turn as 2.47, 2.62 and 2.11 for PP, PB20 and
PO20, respectively. Such values are close to the measured
ones, and it is suggested that charge transportation through
Poole-Frenkel mechanism possibly occurs within the sample
bulk.

FIGURE 12. Relationship between the bulk conductivity and the square
root of surface potential.

B. DC BREAKDOWN STRENGTH
DC breakdown strength is an important parameter to esti-
mate the insulation performance of polymers. It has been
pointed out that the interfacial region between the poly-
mer base material and the fillers usually plays a key role
in dielectric breakdown behavior [39], and deep traps have
remarkable influence on the short-term breakdown behav-
ior [40]. As mentioned in the above section, the density
of deep trap decreases by the introduction of elastomers,
while on the other hand the density of shallow trap increases.

FIGURE 13. Dependence of the DC breakdown strength upon the
elastomer content for both PP/PBE and PP/POE blends.

The estimation of DC breakdown strength of the blends is
expected to be carried out to reveal the influence of trap
on the insulation performance. Fig.13 shows the relationship
between the DC breakdown strength and the elastomer con-
tent for both PP/PBE and PP/POE blends. It can be observed
that the breakdown strength of virgin PP is ∼358 kV/mm,
which is higher than that of XLPE (∼320 kV/mm) [40].
As the elastomers are blended in the virgin PP, the break-
down strength is obviously reduced, and with the increase
of the elastomer content, the DC breakdown strength tends
to decrease monotonically. As the elastomer content reaches
30 wt%, the breakdown strengths of PP/PBE and PP/POE
are respectively ∼300 kV/mm and ∼280 kV/mm, obviously
lower than that of XLPE. It indicates that the addition of
elastomer results in unacceptable DC breakdown strength for
cable insulation if the elastomer content is too high. It is
also noticed that the breakdown strength of PP/PBE is higher
than that of PP/POE. In particular, the breakdown strength
of PB10 is ∼348 kV/mm, which is over that of XLPE. This
suggests that the addition of PBE elastomer with low content
(10 wt%) could meet the basic requirement in electrical per-
formance for DC cable insulation.

C. MECHANICAL PROPERTY
In order to estimate the effect of elastomers on mechan-
ical properties of blends, elongation at break and tensile
strength of the samples have beenmeasured. Such two param-
eters are selected to show the toughness modification per-
formance, which have been widely employed in previous
works [1], [13], [19], [41]–[43]. It should be mentioned
that a thorough examination on mechanical property is cer-
tainly needed for industry application of PP/elastomer blends,
however, since the very issue discussed in this paper is the
electrical property, other mechanical properties are not taken
into consideration and further work in this respect will be
performed in the future.

The relationship between the elongation at break and the
elastomer content for both PP/PBE and PP/POE blends is
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FIGURE 14. Relationship between the elongation at break and the
elastomer content.

FIGURE 15. Relationship between the tensile strength and the elastomer
content.

illustrated in Fig.14.With the growth of the elastomer content
from 0 wt% to 30 wt%, the elongation at break increases elas-
tomer content for both PP/PBE and PP/POE blends signifi-
cantly from∼ 40% to∼ 1200%. It reveals that the flexibility
of virgin PP is remarkably improved. The addition of PBE
possesses better performance in flexibility modification than
that of POE, especially at low elastomer content. However,
the elongation at break of POE is higher than that of PBE.
That may be due to that PP and PBE have similar structures
and the compatibility of them is better. PP and PBEmolecules
bond closely, so the toughening effect is more significant.
It can be observed that the addition of PBE with 10 wt%
contributes to the elongation at break of ∼988.5%, which
is higher than that of XLPE insulation (∼500%) [44]. This
suggests that the addition of PBE elastomer with low content
could lead to remarkable improvement on the flexibility of
virgin PP. Fig.15 shows the influence of elastomer content
on tensile strength of PP/PBE and PP/POE samples. The
tensile strength decreases obviously as the elastomer content
increases from 0 wt% to 30 wt%, and that of pure elas-
tomers is the lowest. PP/PBE has higher tensile strength than
PP/POE, which indicates that the PP/PBE has better mechan-
ical property than PP/POE. It is also found that the tensile

strengths for both PP/PBE and PP/POE are higher than XLPE
(∼ 25 N/mm2) [43] with the elastomer content no higher than
20wt%. By considering the content dependence of elongation
at break and tensile strength, it is proposed that acceptable
mechanical property for recyclable cable insulation could be
achieved by the addition of PBE elastomer with low content.

FIGURE 16. SEM photo at cross-section for virgin PP.

D. SEM ANALYSIS
With the purpose of better understanding the variation in
electrical andmechanical properties caused by the addition of
PBE and POE elastomers, the microstructure of the PP based
blends has been inspected through SEM. The microstructures
of virgin PP and the elastomer dispersion manners in PP are
illustrated by SEM images respectively in Fig.16 and Fig.17.
It can be seen in Fig.16 that the microstructure of virgin PP
presents a mono-phase manner, where the cross-section is
smooth and no obvious segments could be observed. With
regard to the PP/PBE and the PP/POE blends, themorphology
at the cross-section shows rather different features from the
virgin PP. In PP/POE blend, the POE distributes in a disperse
way within the base material. A number of isolated spots
exist in the PP, and with the increase of the POE content,
the size of isolated spot appears to be larger, as can be found in
Fig.17(a)-Fig.17(c). This may reveal that the PP and the POE
have bad compatibility, which should be attributed to the fact
that the two materials have different chemical groups [19].
It has been generally accepted that the Van der Waals’ force
between organics with same or similar groups is higher than
that with different groups [45], so the compatibility would
be better for the polymer matrix and the elastomer with
same or similar groups. In this work, the Van der Waals’
force between POE molecular chains would be expected to
be higher than that between PP and POE molecular chains.
Accordingly, as can be seen in Fig.17(a) to Fig.17(c), the POE
elastomers are gathered and act as ‘‘separated spots’’ within
the base PP matrix due to the separation of molecular chains
microscopically. As the content of POE increases, the size
of the ‘‘separated spots’’ appears to grow, which implies
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FIGURE 17. SEM photos for the PP/POE and the PP/PBE blends with various elastomer contents.

the enhancement in incompatibility between the base mate-
rial and the elastomer. It could be expected that the intro-
duction of POE into PP leads to the formation of physical
defects at the interface between PP and POE due to the bad
compatibility.

However, no such ‘‘separated spots’’ could be found in
PP/PBE blend, as shown in Fig.17(d) to Fig.17(f). The micro-
morphology of the cross-section for PB10 and PB20 are
rather smooth without visible distinct boundaries between the
PP and the PBE, which reveals the excellent compatibility
between the matrix and the elastomer. As for the PB30,
the boundaries between the PP and the PBE are obvious,
which are more likely as the features of ‘‘coastline’’, as indi-
cated by the yellow dash line in Fig.17(f). As compared
with the PO30, the PB30 still presents better blending per-
formance where no abrupt interfaces between the two mate-
rials are likely to be observed. The fact that PBE possesses
better compatibility with PP could be ascribed to its nature
in chemical composition. The PBE elastomer is a type of
mixture that contains isotactic propylene and ethylene. The
Van der Waals’ force between PP chains and isotactic propy-
lene molecules of PBE is considered to be stronger. Thus
PP/PBE blend exhibits better compatibility as compared with
PP/POE. In addition, the ethylene groups of PBE have weak
interaction with the base PP matrix, and they are more easily
to be combined together. On the basis of SEM photos shown

FIGURE 18. DMA curves for virgin PP.

in Fig.17, it is assumed that combination between the isotactic
propylene components of PBE and the PP matrix are tight
due to the higher content of the isotactic propylene in PBE
(85 wt%). Thus the boundaries between PP and PBE could
not be observed at low content of the elastomer. As the PBE
of 30 wt% is blended into PP, the boundary profile could
be clearly seen since the gathering of ethylene monomers is
considerable. It has to bementioned that due to the interaction
between the PP base material and the isotactic propylene
component of the PBE elastomer, the boundaries between
them are much smoother than that between the PP and the
POE, as shown in Fig.17(c) and Fig.17(f).
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FIGURE 19. Relationship between the tanδ and the temperature for PP,
elastomers and their blends. (a) tanδ curves for PP and its blend samples.
(b) tanδ curves for pure elastomers samples.

E. DMA MEASUREMENT
The results of DMA measurement for virgin PP are shown in
Fig.18. A decreasing trend in the storage modulus (E ′) over
the whole temperature range is observed. When the temper-
ature is lower than the glass transition temperature (Tg), PP
is in glassy state and its E ′ is high. When the temperature is
higher than Tg, PP is in high-elastic state and its E ′ decreases
rapidly. In addition, the loss modulus (E ′′) increases first and
then decreases with the increase of temperature, as shown
in Fig. 18 by the green line. The ratio of E ′′ to E ′ is measured
as the mechanical loss or the damping factor (tanδ), which
represents the elasticity of the material.When the viscoelastic
material is subjected to alternating stress, the loss angle δ is
the phase angle that the strain phase lags behind the stress
phase. The temperature at which the peak of tanδ appears
can be used to characterize the transition between the glassy
state and the high-elastic state, which is referred to as the
glass transition, and the temperature is Tg. The curves for tanδ
of PP and PP/elastomer blends over the range from −50 ◦C
to 50 ◦C are depicted in Fig.19(a). A single peak can be
found for virgin PP at 7.55 ◦C, which is in agreement with
the previous study [46]. As for PP/PBE blends, the single
peak is observed as well, and the Tg tends to decrease with
the increase of PBE. As regards the PP/POE blends, a single

peak appears in the tanδ curve for PO10, but the double-
peak feature gradually occurs with the POE content increases
further to 20 wt%, and another peak appears in PO30. The
separation of peaks indicates that the compatibility of PP and
POE becomes worse with the increasing of POE content.
For further discussion of the compatibility between PP and
elastomers, the curves of pure PBE and POE are shown in
Fig.19(b). It is obvious that the Tg of PBE is −8.43 ◦C and
is close to the Tg of PP, revealing a good compatibility of
PP and PBE. However, two peaks can be observed in tanδ
curve for POE at −36.48 ◦C and 14.13 ◦C. Accordingly,
the peak at −41.5 ◦C in PO30 should be introduced by
POE, whilst the small peak near 10 ◦C is due to the peak
at 14.13 ◦C for pure POE. Such separated-peak feature of
PP/POE blends certainly indicates the bad compatibility of
them. Such a result is in good agreement with the SEM
inspections depicted in Fig.17.
Carrier traps in polymer insulating materials which are

known as localized states presented at forbidden band are
considered to be originated from chemical and/or physical
defects within the polymer matrix [25], [26]. One partic-
ular type of defects that plays an important role in deter-
mining trap feature is interface. The interface in polymer
is usually referred to the boundary between two parts with
different properties, e.g. the interface between crystalline
and amorphous regions in a semi-crystalline polymer like
polyethylene [47]. Due to the disappearance of continuity in
molecular chain arrangement, some chemical and/or phys-
ical disorder in chain alignment would be presented at the
interface, by which the carrier traps are formed. It has been
revealed that the fold of molecular chain, chain branch and
cavity or void could be found at the interface between crys-
talline and amorphous regions in XLPE [48]. The carrier
trap formed at the interface could be understood from the
viewpoint of energy structure as well. It has been reported by
previous studies that when charge carriers transfer across the
interface, the energy band bending and drifting occur because
of the difference in Fermi levels at the different materials,
which results in an extra potential barrier at the interface.
Such a potential barrier could lead to charge trapping at the
interface [49]. In short, the presence of interface contributes
to the formation of carrier traps, which would allow charge
trapping and de-trapping dynamics, thereby influencing the
electrical performance of polymer insulation.
In this research, interfaces appear between the PP matrix

and the elastomers as shown in Fig.17, and their influence
on trap characteristics should not be neglected. In order to
better elucidate the possible mechanism of such interfaces
in varying the trap characteristics, a schematic diagram is
presented in Fig.20. It is considered that the carrier traps
within PP blend should be originated from three routes, i.e.
PP matrix, elastomer and interface between them. Since both
the PBE and the POE elastomers have shallower traps as
compared with the virgin PP, it is reasonable that the blending
of elastomer results in shallower trap in the PP/elastomer
blend. Furthermore, since the PBE and the POE have different
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FIGURE 20. Schematic diagram of microscopic morphology at the
interface between the PP and the elastomers. (a) PP/PBE blend.
(b) PP/POE blend.

compatibility with PP matrix, the interfaces exhibit different
features that remarkably affect the trap characteristics. As for
the PP/PBE blend, since both PP and PBE molecular chains
contain propylene groups, the Van der Waals’ forces between
them are strong. Thus the interaction of the molecular chains
at the interface between PP and PBE is tight. Accordingly,
as carriers are transported across the interface, they are likely
to be captured by the traps formed due to molecular chains,
as depicted in Fig.20(a), taking electrons as example. Since
the disorder of molecular chains usually acts as chemical
defect with deep trap center, the interface at PP/PBE exhibits
deep trap. As a comparison, the trap characteristics at PP/POE
interface should be different because of the bad compatibility.
As can be seen in Fig.20(b), the molecular chains of PP and
POE have weak interactions, the interface between them is
therefore considered to be a loose one. This is confirmed by
the SEM photo shown in Fig.17(c) and the double-peak fea-
ture with PO30 in Fig. 19 as well. Accordingly, as carriers are
transported across the interface, the loosely bonded interface
would allow the migration of charges easily. Such a loose
interface should be recognized as physical defect that leads to

the formation of shallow trap. Consequently, the PP/POE pos-
sesses shallower trap for both electron and hole than PP/PBE.
It is therefore proposed that the deeper trap in PP/PBE blend
should be attributed to the better compatibility between PP
and PBE.

FIGURE 21. Melting and crystallization curves for PP and its blend
samples. (a) Melting curves (b) Crystallization curves.

F. DSC ANALYSIS
In addition, it should be brought into mind that as the elas-
tomer is blended into the virgin PP, the crystallization behav-
ior may be varied such that the trap features of PP are altered.
Fig.21 depicts the melting and the crystallization curves for
virgin PP and PP/elastomer blends. It can be seen from
Fig.21(a) that the melting behavior of PP is not remarkably
influenced either by PBE or POE, the position of endother-
mic peak slightly varied with the elastomer content. Similar
behaviors are observed with the crystallization process as
well, as shown in Fig.21(b), no remarkable changes in the
exothermic peaks among samples could be found. It reveals
that the thermal property of PP is not significantly varied
with the blending of PBE and POE. The Tm, the Tc and the
Xc% are summarized in TABLE 4. The Tm is ∼161±2 ◦C
(as a comparison, the Tm of XLPE is 133 ◦C [11]) whilst
the Tc is ∼108±1 ◦C, which shows limited dependence
upon the elastomer content. However, the Xc% appears to
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TABLE 4. Summary of DSC data of the PP/elastomer blends.

decrease with the content grows from 0 wt% to 30 wt%,
which should be ascribed to the fact that the crystallization
process is restricted by the elastomer [14], [19]. As a result,
free volume within the material would increase thus shallow
traps are thought to be formed in the amorphous region [50].
It has been demonstrated that in semi-crystalline polymers,
deep traps are mainly formed on the boundaries of spherulites
and amorphous region, while the shallow traps are located
in the amorphous region [50]. As the crystallinity decreases,
the amorphous region increases, and the number of physical
defects caused by structural defects in the amorphous region
increases, leading to the shallower traps.

The compatibility between the PPmatrix and the elastomer
also has remarkable influence on the DC breakdown strength
of the blends. For the PP/PBE blend, the DC breakdown
strength is higher than PP/POE blend. The possible reason is
that deeper traps are presented in PP/PBE blend and carriers
are more difficult to be released from the trap to contribute
to the impact ionization [51]. On the other hand, with regard
to PP/POE blend, carriers are easily to de-trap and the break-
down is likely to occur more easily. The differences in the trap
depths of the two blends are originated from both trap depth
of virgin elastomer and compatibility with PP matrix, which
in turn leads to the variation in DC breakdown strength of the
blends.

The difference in flexibility between PP/PBE and PP/POE
blends could be understood from the viewpoint of the com-
patibility mentioned above. The mechanism for flexibility
improvement of polymer with elastomer has been extensively
reported. A number of assumptions have been proposed to
interpret the role of elastomer in modifying the flexibility of
polymer, in which the crazing-shear zone, crazing branching
and interfacial cavitation assumptions are included [52], [53].
The assumption of crazing-shear zone is usually employed
to interpret the behavior of flexibility modification of PP
with elastomer. In the PP/elastomer blend, the elastomer is
dispersed as ‘‘sea-island’’ within the PP matrix, as depicted
in Fig.17. When the blend is under external stress, the dis-
persed elastomer acts as stress center and induces a number
of crazes and shear zones [53]. The crazeswould absorbmuch
impact energy, the elastomer and the formed shear band could

FIGURE 22. Deformation at the interface between the PP and the
elastomers with the presence of external stress samples. (a) PP/PBE
blend. (b) PP/POE blend.

cut off the further development of crazes as well, by which
the flexibility of PP could be improved. In this work, due
to the better compatibility between the PP matrix and the
PBE, the stress could be transferred smoothly between the
PP and the PBE through the tightly interacted interface, as is
illustrated in the schematic diagram in Fig.22(a). As for the
PP/POE blend, the loosely interacted interface may give rise
to unmatched transfer of stress between the PP matrix and the
POE, as shown in Fig.22(b), the enhancement in flexibility
of PP is thus limited. As a result, the blend of PBE exhibits
better performance in flexibility improvement of PP than that
of POE.

In summary, it is suggested that the better compatibility
between the PP matrix and the PBE should be responsible for
its better electrical and mechanical properties as compared
with the PP/POE blend. Owing to tight interaction at the inter-
face, deeper trap depth could be found in the PP/PBE than
the PP/POE which in turn results in its higher DC breakdown
strength. Such a tight interaction also facilitates stress transfer
between the PP matrix and the PBE elastomer, by which the
flexibility of PP could be improved remarkably.

IV. CONCLUSIONS
Trap distribution and DC breakdown strength of PP/PBE
blend have been investigated and compared with those of
PP/POE blend. Elongation at break and tensile strength have
also been estimated for the two types of blends. The main
conclusions are summarized as follows,

1. With the increase of the elastomer content from 0 wt%
to 30 wt% for both the PBE and the POE, the trap depth
for both electron and hole tends to be shallower. The density
at deep trap center basically decreases whereas the density
at shallow trap center increases, which reveals that shallow
trap would play a more important role in determining the
electrical property of the blends. As a comparison, the trap
depth of PP/PBE is deeper than that of PP/POE. The charge
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transportation exhibits certain behavior that possibly follows
the Poole-Frenkel mechanism.

2. With the growth of the elastomer content from 0 wt%
to 30 wt%, the DC breakdown strength of both the PP/PBE
and the PP/POE appears to decrease. Such a decrease is
more remarkable for PP/POE than for PP/PBE. The addition
of PBE with 10 wt% leads to a DC breakdown strength of
∼348 kV/mm, which is higher than that of XLPE.

3. With the increase of the elastomer content from 0 wt%
to 30 wt%, the elongation at break for both blends increases
significantly, while the tensile strength decreases. The elon-
gation at break and the tensile strength for PP/PBE are higher
than those for PP/POE, indicating that the improvement by
PBE on toughness is better than by POE. In particular,
the PB10 which contains only 10 wt% of PBE elastomer
exhibits the elongation at break of ∼988.5% and the tensile
strength of ∼38 N/mm2, which is much better than those of
XLPE.

4. In the blends, POE elastomer is dispersed as ‘‘separated
spots’’, where abrupt boundary could be found at the PP/POE
interface. The single peak feature in tanδ curve gradually
becomes the double peak one as the POE content grows from
10wt% to 30wt%.With regard to PBE elastomer, it has better
compatibility with PP that the boundary at the PP/PBE inter-
face is indistinct, the single peak feature in tanδ curve appears
for each PP/PBE sample with various elastomer contents. The
PP/PBE exhibits stronger interaction at the interface than the
PP/POE due to the better compatibility.

5. With the blending of the elastomers, the melting and
the crystallization temperatures exhibit limited variation such
that the thermal property of PP is not seriously affected by the
toughening agents. However, as the elastomer content grows
from 0 wt% to 30 wt%, the crystallinity tends to decrease,
which would contribute to the shallowing of traps in the
blends.

In this paper, we report on a type of elastomer, i.e.
PBE, which has better compatibility with PP base material
than POE. The addition of PBE with low content (typically
10 wt%) into PP is capable of forming the blend with remark-
ably improved flexibility and excellent electrical strength as
compared with XLPE. The PBEmay be promising as to mod-
ify the PPmatrix for DC cable insulation. Furthermore, on the
basis of test results obtained in this work, it could be expected
that elastomer with good compatibility with PP matrix possi-
bly results in significant improvement in mechanical property
with appropriate electrical property for DC cable insulation.
More research work is worth carrying out in this respect in
the future.
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