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ABSTRACT This study compares different polymer-nanofiller blends concerning their suitability for application as insulating thermoplastic composites for High Voltage Direct Current (HVDC) cable application.
Two polymer blends, PP/EOC (polypropylene/ethylene-octene copolymer) and PP/PP-HI (polypropylene/
propylene - ethylene copolymer) and their nanocomposites filled with 2 wt.% of fumed silica modified with
3-aminopropyltriethoxysilane were studied. Morphology, thermal stability, crystallization behavior dynamic
relaxation, conductivity, charge trap distribution and space charge behavior were studied respectively. The
results showed that the comprehensive performance of the PP/PP-HI composite is better than the one
of the PP/EOC composite due to better polymer miscibility and flexibility, as well as lower charging
current density and space charge accumulation. Nanosilica addition improves the thermal stability and
dielectric properties of both polymer blends. The filler acts as nucleating agent increasing the crystallization
temperature, but decreasing the degree of crystallinity. Dynamic mechanical analysis results revealed three
polymer relaxation transitions: PP glass transition (β), weak crystal reorientation (α1) and melting (α2).
The nanosilica introduced deep traps in the polymer blends and suppressed space charge accumulation,
but slightly increased the conductivity. A hypothesis for the correlation of charge trap distribution and
polymer chain transition peaks is developed: In unfilled PP/EOC and PP/PP-HI matrices, charges are mostly
located at the crystalline-amorphous interface, whereas in the filled PP/EOC/silica and PP/PP-HI /silica
composites, charges are mostly located at the nanosilica-polymer interface. Overall, the PP/PP-HI (55/45)
nanocomposite with 2 wt.% modified silica and 0.3 wt.% of antioxidants making it a promising material
for PP based HVDC cable insulation application with a reduced space charge accumulation and good
mechanical properties.
INDEX TERMS PP/EOC, PP/PP-HI, nanosilica, charge trap distribution, space charge accumulation, HVDC
cable insulation.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and
approving it for publication was Guillaume Parent
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High Voltage Direct Current (HVDC) technology shows
advantages of lower dielectric losses and lower costs of long
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distance power transmission in comparison to High Voltage Alternating Current (HVAC). The insulation material for
cables plays an important role in the efficiency of power
transmission in HVDC. Polypropylene (PP) as one of the
possible insulation materials exhibits a relatively high melting temperature, recyclability and good dielectric properties.
Therefore, it became an alternative insulation material to
replace cross-linked polyethylene (XLPE) for HVDC cable
applications recently [1]–[3]. However, PP exhibits low temperature brittleness, limiting its application for HVDC cables.
To overcome this shortcoming, most studies for PP as insulation material nowadays are focused on PP-copolymers [4],
[5] and PP/polyolefin blends [2], [6].
In PP-copolymers, a second monomer is copolymerized
with propylene. It is reported that a polypropylene/
polyethylene block copolymer is not a good choice for HVDC
cable applications due to its brittleness and low elongation
at break originating from the regular block-structure. Alternatively, a propylene/ethylene random copolymer exhibits
superior low temperature elasticity, which are promising for
HVDC applications [4].
Apart of PP-copolymerization, blending of PP with an
elastomer can also improve the flexibility without compromising the electrical properties. Different types of polyolefins
exhibiting elastomeric behavior can be used for this purpose. Some of them show limited miscibility with PP, even
though they have a similar polymer composition [7], [8]. The
type and content of the elastomer used for blending have
been reported to influence morphology, crystallization, space
charge accumulation and breakdown of the PP blend [6],
[9]. As an example, C. D. Green and A. S. Vaughan [6]
studied isotactic polypropylene/propylene-ethylene (with different ethylene content) blends. Polypropylene blends with
50 wt.% propylene-ethylene copolymer with an ethylene concentration of 9 mol% exhibited good electrical breakdown
and mechanical properties on laboratory scale.
In the HVDC research field, space charge accumulation
is one of the main concerns, since it can cause distortion
of the local electric field resulting in partial discharge, and
thus leading to insulation failure. [10] To solve this problem,
PP based nanocomposites have drawn a lot of attention in
both, industry and academia, due to the fact that a nanofiller
can suppress space charge accumulation and charge trap
distribution of an insulation material, which would enhance
the electrical properties [11], [12]. In this study, we compared the different properties (morphology, thermal properties and dielectric performance) of two polymer composites
based on polypropylene/propylene-ethylene copolymer and
polypropylene/ethylene-octene copolymer blends and their
nanocomposites in order to develop a promising insulation
thermoplastic composite for HVDC cable application.

of nanosilica was mixed with 3.6 g of APTES, 0.4 g of
trifluoroacetic acid and 0.6 g of deionized water as catalysts
in a sealed jar at room temperature for 24 hours. Then the
modified silica was put into a vacuum oven at 80 ◦ C for
24 hours in order to remove all unreacted residuals.
The nanocomposite samples were prepared by a KraussMaffei Berstorff ZE 25/49D twin screw extruder by
melt-blending of 2 wt.% of the silica with PP/EOC =
55:45 wt.% or PP/PP-HI = 55:45 wt.% and 0.3 wt.% of
antioxidants. The extruder set temperature ranges from 195 to
230 ◦ C. The extruded compound was quenched in a water
bath, granulated, and extruded into cast films by a single
screw extruder (Brabender Plasticorder) equipped with a T
die and a calendar system (80 ◦ C). The average thickness of
the cast film sample is around 400 µm.
B. SAMPLE CHARACTERIZATION
1) SCANNING ELECTRON MICROSCOPY (SEM)

Scanning Electron Microscopy (SEM) was performed on
the samples in order to study the microstructure and silica
dispersion using a Zeiss MERLIN HR-SEM (Oberkochen,
Germany). The samples were firstly put into liquid nitrogen
for 5 min and then broken into two parts. The cross section of
these samples was selected for the SEM pictures without any
surface treatment in order to preserve the surface morphology.
The silica particle size distribution was obtained by ImageJ
software by analyzing 3 SEM images of each compound.
2) X-RAY DIFFRACTION (XRD)

X-ray Diffraction (XRD) measurements were carried out on
the plain samples with a Philips X’Pert 1 X-ray diffractometer
(Almelo, The Netherlands). The samples were scanned from
22 = 5◦ to 35◦ with a scanning rate of 0.05◦ /8 seconds.
3) DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential Scanning Calorimetry (DSC) measurements
were performed on the samples with a weight of 12 to 14 mg
using a DSC NETZSCH DSC 214 Polyma (Germany). The
samples were firstly cooled down to −50 ◦ C and then heated
up to 250 ◦ C with a heating rate of 3 ◦ C/min.
4) POLARIZED OPTICAL MICROSCOPE (POM)

Polarized light microscopy (POM, Meiji Techno ML8530
microscope) was done on the microtomed samples with a
thickness of 30 µm.
5) THERMOGRAVIMETRIC ANALYSIS (TGA)

The thermal stability of the studied samples was investigated
by Thermogravimetric Analysis (TA Instruments 550, US).
The samples were heated up from 30 ◦ C to 850 ◦ C with a
heating rate of 10 ◦ C/min in synthetic air atmosphere.

II. MATERIALS AND CHARACTERIZATIONS
A. MATERIALS

6) DYNAMIC MECHANICAL ANALYSIS (DMA)

Fumed silica (Aerosil 200) was modified with 3-aminopropylt
riethoxy silane (APTES) in a solvent-free reaction. 20 g

Dynamic Mechanical Analysis (DMA) tests were performed
on an Eplexor 2000 N (Gabo/Netzsch, Germany) in tensile
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mode with a frequency of 1 Hz; the static strain was 0.2 %
and the dynamic strain was 0.1%. The samples were firstly
cooled down to −100 ◦ C and then heated up to 150 ◦ C with
a heating rate of 2 ◦ C/min.
7) THERMALLY STIMULATED DEPOLARIZATION
CURRENT (TSDC)

The charge trap distribution was tested by Thermally Stimulated Depolarization Current (TSDC) measurements by using
a custom made setup comprising of a high voltage DC source
(Keithley 2290E-5), an electrometer (Keithley 6517B) and
a Novocool temperature control system equipped with a
shielded sample cell and a PT100 temperature sensor (accuracy ±0.1 ◦ C). A gold layer of 100 nanometers (nm) was
deposited on both sides of the specimen acting as circular
electrodes. The samples were polarized at 70 ◦ C for 20 min
under a 3 kV/mm DC field. Then the samples were rapidly
cooled down to -50 ◦ C. Later on, the poling voltage was
removed and the samples were short circuited. TSDC was
then measured by heating the samples from -50 ◦ C to 140 ◦ C
with a linear heating rate of 3 ◦ C/min.
FIGURE 1. Morphology of the unfilled PP/EOC and PP/PP-HI composites.

8) PULSED ELECTRO ACOUSTIC (PEA)

Space charge behavior was investigated by a Pulsed ElectroAcoustic (PEA) method with a custom made setup comprising a high voltage DC source (FUG HCN 35 - 20000), a PEA
cell built in-house and an oscilloscope (Tektronix 3032). The
samples were firstly placed in a vacuum oven for 72 hours
at 60 ◦ C and then tested at 60 ◦ C under a 30 kV/mm electric
field. The electric field was applied for 3 hours (10800 s) for
poling, after which the depolarization phase was monitored
for 1 hour.
9) CONDUCTIVITY

The final conductivity test was done on the samples under
an electric field of 30 kV/mm and at a temperature of 60 ◦ C
with a custom made setup comprising a high voltage DC
source (FUG HCN 35 – 35000), an electrometer (Keysight
B2980A) and a conductivity measurement cell built in-house.
The samples were pretreated with gold sputtered electrodes
with a diameter of 26 mm and a guard ring.
III. RESULTS AND DISCUSSIONS
A. SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of the polymer blends and nanocomposites
was studied using SEM and is shown in Figure 1. PP and
PP-HI are uniformly distributed with no noticeable phase
separation, which indicates that PP and PP-HI are highly
miscible. In contrast to this, there is a significant phase separation in the PP/EOC blend. These two phases are arranged
in a layered structure with the smooth phase being PP and
the rough phase EOC. This reveals that PP and EOC have
a limited degree of miscibility, visibly lower than PP and
PP-HI. This leads to formation of an interface between the
two polymers in the PP/EOC blend due to phase separation.
VOLUME 9, 2021

The dispersion of the silica in the PP/EOC and PP/PP-HI
matrices is shown in Figure 2. It is noticeable that the silica is
distributed differently in the PP/EOC and PP/PP-HI matrices.
The silica is evenly distributed in both phases in the PP/PP-HI
matrix, while the silica incorporated into the PP/EOC matrix
is located only in the PP phase. This effect occurs most likely
because of a significant difference in the viscosity of PP and
EOC. The PP chains of lower molecular weight (lower viscosity) exhibit higher mobility and thus can penetrate the porous
structure of silica better than EOC, and therefore increase the
PP/silica interaction favoring and stabilizing silica location
in the PP phase. The preferential location of the silica in the
PP phase is also confirmed by DSC, which will be discussed
later. Furthermore, the histogram of the silica size distribution
in both nanocomposites is shown in Figure 3. It is clearly
seen that there are clusters of silica (> 100 nm) present in
both, the PP/EOC and the PP/PP-HI matrix. This is due to
the unpolar character of both polymer matrices, whereas the
silica modified with 3-aminopropyltriethoxysilane has a polar
character, which limits its dispersibility in the polymer matrices. Besides, there are relatively more large size silica clusters
(>200 nm) present in the PP/EOC than in the PP/PP-HI
matrix. This is caused by the preferred location of the silica
in the PP phase of the PP/EOC matrix, which reduces the
average distance between smaller silica clusters and thus a
higher degree of recombination.
B. X-RAY DIFFRACTION (XRD)

In order to investigate the crystalline phase present in both
blends and the nanocomposites, XRD was performed. The
results are shown in Figure 4. In the left graph of Figure 4,
only two peaks for pure EOC are found at 21.3◦ and 23.5◦ ,
15849
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FIGURE 3. Silica particle size distribution in PP/EOC and PP/PP-HI matrix.

FIGURE 4. XRD results of pure PP, EOC and PP-HI (left), and PP/EOC,
PP/PP-HI, PP/EOC/Silica, PP/PP-HI/Silica composites (right).

have a similar crystalline structure, while PP and EOC have
different ones. When blending PP and PP-HI, the crystal
peaks stemming from pure PP and PP-HI are invariable and
all show up in the spectrum of the PP/PP-HI samples in the
right graph of Figure 4. All peaks indicate α-crystals, from
which the α-(040) structure is the most pronounced one.
However, when mixing PP and EOC together, the α-(110)
and α-(130) crystals almost disappear, while the α-(040) and
α-(060) from the PP phase and the orthorhombic PE (110)
and (200) from the EOC phase are found to be predominant.
This shows that blending influences the morphology of the
crystalline phase in both cases (PP/PP-HI and PP/EOC) promoting formation of the α-(040) structure over the α-(110)
one.
Both nanocomposites show the same type of crystals as the
unfilled polymer blends. However, it is clearly seen that the
intensity of the peak is considerably reduced by adding silica,
compared to the unfilled blends, revealing that the number of
crystals is decreased by adding silica.
C. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

FIGURE 2. Morphology of silica-filled nanocomposites: PP/EOC/Silica
and PP/PP-HI/Silica.

which are corresponding to the orthorhombic (110) and (200)
crystal planes originating from polyethylene blocks present in
the molecular structure of EOC, which are prone to crystallization. The same type of peaks for pure PP and pure PP-HI
are found at similar positions corresponding to α-crystals
formed by the PP phase. Peaks for the α-(110), α-(040),
α-(130), α-(060) are located at 22 = 14.1◦ , 16.8◦ , 18.5◦ ,
25.5◦ for pure PP, and at 22 = 14.5◦ , 17.2◦ , 18.8◦ , 25.6◦ for
pure PP-HI, respectively. This indicates that PP and PP-HI
15850

The DSC thermograms (Figure 5) show the presence of two
peaks of melting and crystallization of the PE and PP crystals
in the unfilled PP/EOC blend and its nanocomposite. The
crystallinity (Xc) was calculated and is presented in Table 1.
The calculation is based on the Equation (1).
Xc% =

1Hm
100%
w1H100

(1)

where:
1Hm - melting enthalpy of the sample,
w - weight percent of the polymer.
1H100 - melting enthalpy of the pure polymer.
In this equation, a 1H100 value of 209 J/g is taken for
PP [13] and 293 J/g for PE [14]
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FIGURE 5. Melting (a) and crystallization (b) curves of PP/EOC, PP/PP-HI
blends and PP/EOC/Silica, PP/PP-HI/Silica nanocomposites.

TABLE 1. Crystallization parameters.

FIGURE 6. POM images of PP/EOC, PP/PP-HI blends and PP/EOC/Silica,
PP/PP-HI/Silica nanocomposites.

According to previous results [11], the two peaks belong
to the EOC (Peak 1) and PP phase (Peak 2), respectively,
while there is only one single peak observed in the PP/PP-HI
blend and the PP/PP-HI/Silica composite. Moreover, we have
seen that the onset crystallization temperature of the PP/EOC
blend is higher than the one of the PP/PP-HI. This is caused by
EOC acting as heterogeneous nucleating agent, accelerating
the crystallization process in the PP/EOC blend [15]. The
crystallinity of the PP/EOC blend is also higher than the one
of the PP/PP-HI blend, as seen in Table 1.
Regarding the effect of silica addition as shown in Table 1,
no significant melting temperature changes are observed after
the incorporation of silica for any of the polymer blends.
However, the incorporation of silica increased the crystallization temperature values by about 8 to 9 ◦ C. This is due to the
nucleation effect of the nanofiller [16]. For the PP/EOC based
composite, two crystallization peaks are observed. The addition of silica has no influence on T1c , the crystallization peak
temperature of the EOC phase, but increases the T2c measured
for the PP phase by about 8 ◦ C. The different effects of silica
in the two polymer matrices are a result of the distribution
of silica: it is evenly distributed in the PP/PP-HI composite,
while in the PP/EOC composite the silica is mostly located in
the PP phase only. Therefore, the presence of silica changed
only the T2c of the PP phase, but has no effect on the T1c of the
EOC phase in the PP/EOC composite.
VOLUME 9, 2021

It can be seen that the crystallinity of the unfilled PP/EOC
blend is higher than the one of the unfilled PP/PP-HI
blend. There is a significant reduction of crystallinity in
both nanocomposites compared to the unfilled polymer
blends [17]. When introducing silica into a polymer matrix,
this brings about a large interface between silica and the
polymer matrix. The interaction between silica and polymer
decreases the chain mobility in the interface. This leads to
lower chain mobility inhibiting crystallization and, as a consequence, less and smaller crystals are formed [18].
It is also interesting to note that silica increased the crystallization temperature (DSC results, Figure 5), but decreased
the crystallinity of both polymer matrices (Table 1). Such a
behavior was also observed by other authors [17]–[19]. This
stems from the double function of nanosilica in a polymer
matrix [18], [19]:
(i) Silica acts as a nucleating agent, which accelerates the
process of non-isothermal crystallization.
(ii) The polymer interacts with the silica surface, the more
as the surface area of the filler is rather large. This adsorption blocks the movement of crystallizable molecular chain
segments and thus disturbs crystallization.
D. POLARIZED OPTICAL MICROSCOPE (POM)

Figure 6 shows the polarized light micrographs of the
PP/EOC and PP/PP-HI blends as well as the PP/EOC/Silica
and PP/PP-HI/Silica nanocomposites. For both unfilled
blends, the size of the spherulites in the PP/PP-HI blend is
bigger than in the PP/EOC samples. This results from a nucleating effect of the EOC [15] in the PP/EOC blend, as also
seen in the DSC results in Figure 5, which will induce smaller
spherulites. From the DSC results, it can be concluded that
the crystallinity of the PP/EOC blend is higher than the
15851
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FIGURE 7. TGA profile (a) and the derivative (b) of PP/EOC, PP/PP-HI
blends and PP/EOC/Silica, PP/PP-HI/Silica nanocomposites.

TABLE 2. Peak decomposition temperature TD of PP/EOC, PP/PP-HI and
PP/EOC/Silica, PP/PP-HI/Silica nanocomposites.

one of PP/PP-HI. Higher crystallinity together with smaller
crystals results in a larger amorphous-crystalline interface in
the PP/EOC blend than in the PP/PP-HI blend. This difference in the amorphous-crystalline interface is expected to
influence the dielectric properties, which will be discussed
in Section 7 and 8.
The addition of nanosilica significantly decreases the
spherulite size: no bright spherulites are visible in the POM
images of the nanocomposites. Most likely that the crystal size of the spherulites is too small to be visible in the
nanocomposites, especially in the one of PP/PP-HI/silica.
This is in line with the DSC results, indicating that nanosilica
acts as nucleating agent. Furthermore, we have observed
that the presence of silica homogenized the distribution of
the spherulites in the polymer, while for unfilled blends,
the spherulites have different sizes and are not evenly distributed in the polymer (Figure 6). It is noticeable that there
is also a difference in morphology between PP/PP-HI/silica
and PP/EOC/silica. This is due to the effect of the different silica distribution and dispersion in both polymeric
matrices. In case of PP/PP-HI/silica, the silica is evenly
distributed in the polymer, leading to an uniformly distributed nucleating agent (silica) and evenly distributed
spherulite. Differently, the silica is only located in PP phase
in the sample of PP/EOC/silica, causing a heterogeneous
distribution of spherulites. As it is known that the crystallineamorphous area interfacial area affect the dielectric properties, the changes the spherulite size and distribution are
expected to influence the dielectric properties.
E. THERMOGRAVIMETRIC ANALYSIS (TGA)

The thermal stability was studied by TGA in a synthetic air
atmosphere. The mass loss kinetics recorded during heating
are presented in the left graph of Figure 7, and their corresponding derivative (DTGA) results are shown in the right
graph of the same figure. The peaks of the DTGA indicating
the highest decomposition rate are given in Table 2.
During the thermal degradation, a single step degradation
is obvious for all samples. Thermal decomposition of the
15852

unfilled PP/EOC blend occurs at higher temperatures than of
the unfilled PP/PP-HI blend. This is possibly due to the higher
thermal stability of EOC compared to polypropylene [20],
that increases the overall thermal stability of the PP/EOC
blend.
The incorporation of nanosilica causes a shift of the DTGA
peak to a higher temperature in both polymer matrices, which
indicates that nanosilica can improve their thermal stability.
Analogous behavior has been reported in literature [21]–[24].
During the thermal degradation of PP, volatile hydrocarbon
products are generated through a radical degradation process,
and the weight loss is proportional to the amount of volatile
products generated. The degradation mechanism is mainly
based on chemical bond scission starting from the polymer
chain ends. The same behavior is expected for the blends [22].
The role of a nanofiller in enhancing the thermal stability
of the PP/PP-HI/Silica composite is ascribed to the weight
loss retarding effect of a nanofiller: the volatile products
(especially the polar volatiles and oxidized volatiles such as
H2 O2 , ketons, alcohols ) can be physically or chemically
adsorbed onto the nanofiller surface, thus leading to their
delayed release [25], resulting in an effective delay of mass
loss described as improved thermal stability [21].
F. DYNAMIC MECHANICAL ANALYSIS (DMA)

The dynamic mechanical behavior was investigated by means
of a DMA in order to verify the compatibility and dynamic
transitions. The time dependence of the storage and loss
modulus as well as the loss factor are shown in Figure 8.
The storage modulus (E0 ) is associated with the elastic
energy stored in the polymer and influenced by polymer morphology changes, for example, by the crystalline phase [26].
The storage modulus E0 of PP/EOC is higher than the one
of the PP/PP-HI blend, which is attributed to its higher crystallinity (Table 1): crystallites act as polymer network nodes
and thus contribute to the reinforcement. The addition of
nanosilica decreased the storage modulus of both polymer
matrices, which is a direct consequence of the crystallinity
reduction.
The loss modulus (E00 ) peak temperature ranges indicate
the corresponding transition zones [27]. Figure 8 (b) shows,
that there is a broad peak, Peak 1, between −80 ◦ C and
150 ◦ C, with the maximum around −5.7 ◦ C in the PP/EOC as
well as the PP/EOC/silica sample. In addition, there are two
peaks noticed at −33.7 ◦ C (Peak 2) and 50 ◦ C (Peak 3), which
are overlapping with the broad Peak 1. Peak 1 (at −5.7 ◦ C)
and Peak 2 (at −33.7 ◦ C) are the glass transition peaks of
the PP and EOC amorphous phase, respectively. The presence
of these two peaks indicates that the miscibility between PP
and EOC is low, which is corresponding to the conclusions
based on the SEM pictures showing a co-continuous twophase morphology. Peak 3 at 50 ◦ C is attributed to melting
of fragmentary crystals [28] and the molecular movements of
the polyolefin with weak crystallization ability [29]. In the
PP/PP-HI and PP/PP-HI/Silica samples, only one narrow and
sharp Peak 4 is present around −22.7 ◦ C, which proves
VOLUME 9, 2021
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FIGURE 9. TSDC curve (left) and calculated trap level distribution (right)
of the PP/EOC, PP/PP-HI blends and PP/EOC/Silica, PP/PP-HI/Silica
nanocomposites.

FIGURE 8. DMA curves of the PP/EOC, PP/PP-HI blends and
PP/EOC/Silica, PP/PP-HI/Silica nanocomposites: (a) storage modulus vs
temperature; (b) loss modulus vs temperature; (c) loss factor vs
temperature.

that the miscibility between PP and PP-HI is high. In general, nanosilica addition has only a very slight effect on
the dynamic transitions of polymers, but decreases the peak
intensity of the loss modulus. This stems from the decreased
crystallinity, which results in more mobile polymer chains in
the amorphous phase.
The loss factor results from various polymer chain relaxation processes. All measured samples show three relaxation
peaks: β, α1, α2. Addition of silica does not have any
influence on these relaxation transitions. The β relaxation
is associated with the relaxation of the amorphous polymer
stemming from increased segmental movement of the macromolecules, which is also called glass transition [30]. The α
relaxation [31] is associated with molecular motion within
the crystals [32]. In our case, the α1 peak is related to the
molecular motion within the weak crystals (imperfect crystal
formation), and the α2 peak is caused by melting of the
crystalline phase of the polymer blends.
G. THERMALLY STIMULATED DEPOLARIZATION
CURRENT (TSDC)

Thermally Stimulated Depolarization Current (TSDC) measurements of the PP/EOC, PP/PP-HI blends and the
PP/EOC/Silica, PP/PP-HI/Silica nanocomposites are shown
in Figure 9. The charge trap level distribution curve is
shown in the right graph of Figure 9. Comparing the unfilled
PP/EOC and PP/PP-HI blends, both of them show one complete peak and one incomplete peak, associated with release
of trapped charges. The position of the full peak at 55 ◦ C of
the PP/PP-HI sample is corresponding to a trap level of
0.98 eV, which is lower than the one of the PP/EOC sample
(1.02 eV at 69 ◦ C). The incomplete peaks of PP/PP-HI and
PP/EOC are starting from a temperature of 93 ◦ C and 100 ◦ C,
respectively, until the maximum measured temperature range.
VOLUME 9, 2021

The measured TSDC results also show that the depolarization
current density of the unfilled PP/PP-HI sample is lower
than the one of the unfilled PP/EOC sample. PP is a semicrystalline polymer, with a large interface between the crystalline and amorphous phases. Due to the discontinuity at
the interface between amorphous and crystalline areas, some
chemical and/or physical disorder in chain alignment will be
present at the interface, by which the charge carrier traps
are formed [2]. It is reported that the interface between a
crystalline and an amorphous phase is considered as the main
factor for the formation of charge carrier traps [7], [33]. For
the unfilled PP/PP-HI sample, crystallinity is lower (Table 1),
but crystals are larger (Figure 5) compared to the PP/EOC
sample, resulting in less interface area between the crystalline
and amorphous phases in PP/PP-HI. Hence, the trap density
of the PP/PP-HI sample is lower than the one of the PP/EOC
sample. In addition, the interface between PP and EOC [34]
resulting from their low miscibility may also contribute to the
higher trap density in the PP/EOC sample compared to the
homogenous PP/PP-HI sample. The higher main trap level of
the unfilled PP/EOC blend (1.02 eV) compared to the level
of the unfilled PP/PP-HI blend (0.98 eV) is probably due to
the presence of the EOC phase. The separate phases formed
by EOC and PP and the new type of crystals (orthorhombic
PE (110) and PE (200)) introduced by the EOC phase creates physical and chemical disorder in the PP/EOC matrix.
These physical and chemical disorders are defects, which
act as charge traps. For these two unfilled blends, it is also
interesting to note that the complete (P1) and the incomplete peak (P2) in the TSDC graph are corresponding to the
α1 and α2 relaxation in the DMA results, respectively, as
shown in Figure 10 (a) and (b). This indicates that the charge
releasing process is associated with the α relaxation, which is
the chain motion related to the constrained amorphous chain
mobility and also the crystalline melting. It implies that the
charges might mostly be located at the interface between
crystalline and amorphous phases and intra-crystal areas in
the unfilled blends, as shown in Figure 11.
In case of the nanocomposites, the addition of nanosilica
significantly changes the trap distribution for both, PP/EOC
and PP/PP-HI polymer matrices, as shown in Figure 8. There
is one main peak (Pmain), one small peak P1 and one uncompleted peak P2 of the depolarization current, with a similar
peak position for both, PP/EOC/Silica and PP/PP-HI/Silica
nanocomposites. Moreover, there is no direct correlation
15853
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FIGURE 10. Correlation between TSDC depolarization current and DMA
relaxation curve of unfilled PP/PP-HI (a), PP/EOC blend (b);
PP/PP-HI/Silica (c); PP/EOC/Silica (d).

FIGURE 11. Schemes of the most of charges trapping site location in the
PP/EOC blend (left) and PP/PP-HI blend (right) - the space between
lamellae is filled with the amorphous polymer.

between the TSDC charge relaxation and DMA chain relaxation peaks, which is different from the unfilled blend.
Based on our previous study [35], we could conclude that
addition of APTES modified silica can introduce a new deep
trap level at 1.13 eV. It is identical with the trap location
of Pmain at a trap level of 1.13 eV and 1.14 eV for the
PP/EOC/Silica and PP/PP-HI/Silica nanocomposites, respectively. The nanosilica was modified by a silane containing a
polar amine group, which brings new energy states into the
composites, resulting in the deep trap formation (Pmain). The
presence of the silica nanoparticles creates electrical defect
centers inducing local electric fields, which further contribute
to accumulation of the charge carriers at the filler-polymer
interface [36]. Moreover, the interface between nanofiller
and polymer matrix is considered to be the place of charge
trap location [37]. Consequently, the newly introduced peak
Pmain is most likely related to the interface between the silica
and polymer matrix.
Peak P2 starts at a temperature of around 140 ◦ C in both
nanocomposites, and the trap level of this peak is above
1.25 eV. The appearance of P2 after silica incorporation was
reported in literature [38], where the authors also found that
addition of nanosilica introduces very deep charge traps at a
temperature around 140-160 ◦ C, which results from the silica
itself acting as the deep traps. It is also reported that silanol
15854

groups and especially residual water molecules adsorbed on
the silica surface exhibit strong attractive forces to electrons,
withdrawing them from the polymer matrix [39]. As a consequence, the silica itself is able to create traps to attract
charges; an indication that indeed silica itself created the
deepest charge trap P2. However, in the current study, we have
also noticed that:
1) The charge trap location of P2 around 140◦ C is the
beginning of the melting process of PP in the PP/EOC and
the PP/PP-HI blends;
2) The nanosilica in the PP/EOC blend is only located in
the PP phase, and evenly distributed in the PP/PP-HI blend;
3) The nanosilica acts as nucleating agent and changes the
crystal morphology (as shown in Figure 5) of both polymer
blends. Therefore, it is reasonable to deduct that the P2 peak
might stem from
a) the interface between nanosilica and the crystalline PP
phase in PP/EOC/Silica and PP/PP-HI/Silica composites, or
b) the changed crystal morphology in both composites
caused by the nanosilica.
The small peak P1 in the nanocomposites could be related
to chain relaxation (α1) as shown in Figure 10, since they
have similar starting temperature. It indicates that there might
still be a little amount of charges, which are located at the
interface between the amorphous and crystalline phases of
the polymer. Due to the fact that the P1 peak intensity is
much smaller than the one of Pmain, the nanosilica effect still
dominates the charge relaxation process in the nanocomposites, with the nanofiller introducing deeper charge traps into
the polymer blends. This is illustrated in Figures 11 and 12,
in which the location of the trap sites is changed significantly
due to the nanosilica incorporation.
In nanocomposites, the interface between nanofiller
and polymer matrix is considered to be the main region
of charge trap location [37]. In our nanocomposite,
the trap density of Pmain in the PP/PP-HI/Silica composite is 4.39 × 1022 m−3 eV−1 , which is higher than
the value of this peak in the PP/EOC/Silica composite
(1.84 × 1022 m−3 eV−1 ). This is related to micron-sized
clusters of nanoparticles and the physical defects caused by
them [40]. As seen in Figure 1, the nanosilica is mainly
located in the PP phase in the PP/EOC/Silica composite,
while it is evenly distributed in the PP/PP-HI/Silica composite. The PP/EOC and PP/PP-HI ratios are 55/45, therefore
the silica in the PP/EOC blend has roughly only half the
volume to be distributed in compared to the PP/PP-HI blend.
The actual concentration of nanosilica in the PP phase is
thus roughly two times higher in the former blend, resulting
in lower filler-cluster distance and a stronger tendency to
agglomerate in the PP/EOC/Silica system than in the PP/PPHI/Silica composite. These larger silica units feature a relatively lower silica-polymer interface in the PP/EOC/Silica
sample than in the PP/PP-HI/Silica sample.
There are two possible explanations for the much lower
trap density of the nanocomposites in comparison to the
unfilled blends:
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FIGURE 12. Schemes of the most of the charges trapping sites of the
Pmain peak in the PP/EOC/Silica (left) and PP/PP-HI/Silica
nanocomposites (right).
TABLE 3. The amount of space charge after Volt-off in the PP/EOC,
PP/PP-HI blends and PP/EOC/Silica, PP/PP-HI/Silica nanocomposites.

1) The interface area between the nanosilica and polymer
matrix is smaller than the interface between the crystalline
and amorphous phase in the unfilled composites;
2) The deep traps introduced in the nanocomposites by the
addition of silica immobilize charges. Consequently, the traps
create a local electric field during poling inhibiting further
charge injection, which leads to less injected charges in
nanocomposites. As a result, lower TSDC values are measured and lower charge trap densities are calculated in both
nanocomposites in comparison to the unfilled blends.
H. PULSED ELECTRO ACOUSTIC (PEA) ANALYSIS

To further investigate the space charge accumulation, PEA
tests were performed. Space charge patterns of all samples
are shown in Figure 13. The red and blue color represent
the positive and negative charge densities, respectively. The
upper electrode corresponds to the anode, while the lower is
the cathode. Color bars represent the scale of charge density.
The horizontal axis represents time (both polarization and
depolarization) in seconds (s), the vertical axis represents the
thickness of the tested sample in meters (m). The amount
of space charge detected immediately after the beginning
of the depolarization phase (Volt-off) is shown in Table 3.
For the unfilled blends, the charge packets travel through
the test specimens. However, it is obvious that the PP/PP-HI
blend exhibited a lower amount of heterocharge (charge with
opposite polarity to the electrode it is closer to) than PP/EOC.
Table 3 also shows that the space charge accumulation for
PP/PP-HI is lower than for PP/EOC. This might be due to
the low compatibility between PP and EOC resulting in the
generation of physical defects in the PP/EOC matrix [41].
Besides, the depth of the unfilled PP/EOC (1.02 eV) is
VOLUME 9, 2021

FIGURE 13. Space charge profiles of PP/EOC, PP/PP-HI blends and
PP/EOC/Silica, PP/PP-HI/Silica nanocomposites.

slightly lower than the one of PP/PP-HI ( 0.98eV), as shown
in Figure 9. In general, deeper traps can hinder charge injection causing a reduction of it; therefore also trap density
should be considered. The amount of charge is not only
related to the trap depth, but also to trap density. Trap density
for the PP/EOC sample is higher than for the PP/PP-HI
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be explained by electrical conduction processes being closely
related to the motion of polymer chains [37]. In our case,
adding nanosilica decreases the crystallinity of the polymer
matrix, resulting in a higher amount of amorphous chains in
the nanocomposites. These chains are more mobile. Consequently, the conductivity of the nanocomposites is slightly
higher than the one of the unfilled blends.
IV. CONCLUSION
FIGURE 14. Conductivity of the PP/EOC, PP/PP-HI blends and the
PP/EOC/Silica, PP/PP-HI/Silica nanocomposites.

sample, and this can actually result in a higher degree of
charge injection, despite of a deeper trap level. Additionally,
the charge injection is also related to the temperature (the
poling phase is 70 ◦ C and 60 ◦ C for TSDC and PEA, respectively) and electric field (3 kV and 30 kV for TSDC and PEA,
respectively). The amount of space charge is a sum of these
complex factors.
The addition of silica significantly decreases the presence
of charge packets and reduces the amount of heterocharges
trapped near the cathode, as shown in the bottom part of
Figure 13. Table 3 also shows that addition of nanosilica
decreases space charge accumulation of the PP/EOC and
PP/PP-HI blends.
Furthermore, focus should be put on the depolarization
phase of space charge profiles in Figure 13. The experimental
results confirm what was observed from TSDC measurements as shown in Figure 8 for both, the unfilled blends as
well as the composites. Charges generally deplete slower in
the nanocomposites than in the unfilled blends due to the
presence of deep charge traps introduced by the addition
of silica. Materials featuring deeper traps can be considered as not suitable for HVDC cable applications, since the
charge storage can result in maintaining the field deformation
induced by space charge, in case the latter is accumulated for
longer times, leading to faster degradation of the insulating
material [36]. However, in our case, the overall lower amount
of space charge accumulation can counterbalance the effect
of slower charge depletion. Thus, overall improvement of
the long term dielectric performance for this material can be
expected.
I. CONDUCTIVITY

The conductivity test was performed at elevated temperature
(60 ◦ C) under an electric field of 30 kV/mm, and the results
are shown in Figure 14. It should be noted that those results
are arising from measurements taken after the polarization
current reached full steady state.
Previously it was discussed that the addition of silica could
decrease the conductivity of polymer nanodielectrics due
to lower charge mobility resulting from the introduction of
deeper traps. However, the opposite effect was observed in
this study. The addition of the silica resulted in a higher
conductivity than the unfilled blends exhibit. This result can
15856

The morphological, mechanical and dielectric properties of
PP/EOC and PP/PP-HI blends as well as PP/EOC/Silica
and PP/PP-HI/Silica nanocomposites were studied. SEM
images showed that there is a co-continuous phase separation in the PP/EOC blend, while only one smooth phase in
PP/PP-HI blend was visible. This shows that PP and EOC
have a significantly lower miscibility than PP and PP-HI.
It consequently leads to two melting and two crystallization
peaks in the PP/EOC and PP/EOC/Silica samples, while only
one melting and crystallization peak in the PP/PP-HI and
PP/PP-HI/Silica samples were recorded. The nanosilica was
selectively located in the PP phase in the PP/EOC/Silica
composite, but evenly dispersed in the whole matrix of the
PP/PP-HI/Silica. TGA results showed that the thermal weight
loss of PP/PP-HI is lower at a certain temperature than of
the loss of the PP/EOC blend. Adding nanosilica increase the
thermal stability of both polymer blends. The crystallinity and
storage modulus of the PP/EOC blend are higher compared to
the PP/PP-HI material, as shown by DSC and DMA results,
respectively. The addition of nanosilica resulted in a decrease
in both, crystallinity and storage modulus of the polymer
blends.
The DSC results showed that the nanosilica acts as nucleating agent, which increased the crystallization temperature of both polymer blends. DMA curves presented three
different polymer transition peaks: β (glass transition), α1
(crystal rearrangement) and α2 (melting) transition peaks.
The addition of nanosilica did not affect the polymer transition peak position. TSDC results showed that the trap density
of the PP/EOC blend is higher than the one of PP/PP-HI,
and that the trap depth of PP/EOC is deeper compared
to PP/PP-HI. Nanosilica can introduce deep traps in both
polymer blends and decrease the space charge accumulation
shown by PEA results. However, the presence of nanosilica
increased the conductivity of both polymer blends. Overall,
the PP/PP-HI blend exhibited better performance than the
PP/EOC blend. PP/PP-HI filled with 2% of APTES modified silica nanocomposite showed a potential for PP based
HVDC cable insulation application in terms of decreased
space charge accumulation.
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