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Nanoparticles are found to have the capacity to improve the specific properties
of polypropylene (PP) for recyclable cable insulation material. However,
previous studies have focused on the modification effect at room
temperature, and few studies, on the nano-modification effect under high
temperature environments. This article aims to study the effects of
nanoparticles on the electrical and dielectric properties of PP at different
high temperatures. Both TiO, nanoparticles and PP/TiO, nanocomposite
samples are prepared in the laboratory by the wet chemical method and
surface  modification. Then, the AC and DC breakdown strength,
conductivity, permittivity, and dielectric loss of the PP/TiO, nanocomposite
are measured at different temperatures. The results show that TiO,
nanoparticles introduce a small amount of charge traps into PP to restrain
the conductivity and improve the breakdown strength of PP. But due to the
additional interfacial polarization between TiO, nanoparticles and the PP matrix,
the permittivity and dielectric loss of the PP/TiO, nanocomposite are enhanced,
especially at low frequency.

KEYWORDS
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1 Introduction

By 2025, about 900,000 km of ultra-high-voltage overhead transmission lines will be
built in China. The dense overhead lines seriously affect the natural landscape, and their
electromagnetic problems also compress the living space of human beings. More
importantly, failures of large-capacity voltage overhead transmission lines caused by
natural disasters such as icing, air pollution, and lightning strikes seriously threaten the
safe operation of the power grid. High-voltage cables have become the preferred solution
for replacing overhead transmission lines in special environments due to their advantages
of large capacity, low loss, and small electromagnetic environmental effects (Chen et al,,
2015; Ghorbani et al., 2017).
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The extruded plastic-insulated cable is the most widely used
cable type in the field of high-voltage transmission (Maekawa
et al., 1994; Khalil, 1997; Chen et al., 2015; Du et al., 2017). It
generally uses cross-linked polyethylene (XLPE) as the insulation
material (Montanari et al., 2005; Teyssedre et al., 2005). However,
the cross-linking process makes the original thermoplastic
polyethylene (PE) into the thermosetting XLPE, which makes
recycling a new problem for cable insulation materials.
Compared to XLPE, polypropylene (PP) is a kind of
high
insulating

thermoplastic material, with a suitable working

temperature and
importantly, the recyclability of PP makes it an alternative to
XPLE as the next-generation electrical insulation material (Green
etal, 2011; Li et al,, 2016; Zhang et al., 2015). Considering the

thermal, mechanical, aging, and other properties of the matrix

comparable strength. More

material in practical industrial applications, it is generally
necessary to modify polypropylene to get the higher
performance.

Adding nanoscale fillers was found to improve the
mechanical, electrical, and flame retardant properties of
dielectric materials (Azmi et al., 2022; Li et al, 2021;
Xiaozhen et al, 2021). Zhou et al. (Yao et al, 2015) found
that MgO nanoparticles would introduce deep traps to
suppress the injection of homopolarity charges from the
electrode. By adding 3phr of MgO nanoparticles, the
breakdown field strength is 29% higher than that of pure PP.
With the high electron affinity of fullerene, Dang et al. effectively
suppressed space charge accumulation and increased the volume
resistivity of PP by nearly 10 times (Bin et al., 2017). Yang et al.
(2018) loaded polyethyleneimine (PEI)
mesoporous SiO, molecular sieves through structural design,
thereby increasing the DC breakdown strength of PP by 16%.
Jiang (Xingyi et al, 2009) found that polydimethylsiloxane

onto nanoscale

surface-treated SiO, nanoparticles can minimize space charge
accumulation in PP due to their better interfacial compatibility.
L. S. Schadler (Zhang et al., 2017) studied the dispersibility of
SiO, nanoparticles in PP and the electrical properties of
nanocomposite  dielectrics. ~ Compared to  anthracene,
polymethacrylate-modified SiO, nanoparticles have better
dispersibility, and the corresponding DC breakdown field
strength is increased by 33%. Cheng et al. (2019) found that
MgO nanoparticles with abundant surface defects can provide
more deep traps into the PP/SEBS composite to significantly
improve the DC breakdown voltage and permittivity in room
temperature. Hu et al. (2020) studied the effect of silane coupling
agents on the MgO nanoparticle-modified PP. The octyl-
modified MgO nanoparticles show the best modification on
the electrical properties of PP due to the large quantity of
deep traps. However, there is a temperature rise due to the
load current and dielectric loss during the operation of the cable.
In some specific overload or fault conditions, the operating
temperature can even reach above 70°C. But most of the

previous research was carried out at room temperature. The

Frontiers in Energy Research

02

10.3389/fenrg.2022.999438

FIGURE 1
Morphology of TiO, nanoparticles.

effect of temperature rise on the electrical and dielectric
properties of nanomodified PP has rarely been studied.

This article focuses on the electrical and dielectric
performance of TiO,-modified PP at high temperatures. The
spheric TiO, nanoparticles with surface modification were
prepared in the laboratory to improve the interaction between
nanoparticles and matrix materials. Then, after modification by
using TiO, nanoparticles, the AC and DC breakdown voltages of
the nanocomposite were measured first. The conduction current
and dielectric spectrum of the PP/TiO, nanocomposite were then
studied under different temperatures. With the results of
stimulated (TSC) the
mechanism was discussed for the modification of the electrical

thermally current measurement,

and dielectric performance of the PP/TiO, nanocomposite.

2 Experiment
2.1 Material preparation

According to the regularity of its methyl space arrangement,
the type of PP can be divided into isotactic PP, syndiotactic PP,
and atactic PP (Wypych, 2013). Among them, the isotactic PP
molecular chain structure is relatively regular, so it is easy to
crystallize and has a high melting point, which is generally above
160°C, and the long-term use temperature is above 100°C. Atactic
PP is an elastic material, but its preparation technology is
difficult. Syndiotactic PP has better transparency, toughness,
and flexibility and can be used to prepare high-performance
elastomers. However, its rigidity and hardness are not as good as
those of isometric PP, and its current application is limited due to
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FIGURE 2
SEM images of PP/TiO, nanocomposites.

the high price. The PP used in this article is the F401 Isotactic PP
produced by Sinopec Yangzi Petrochemical Co., Ltd. Its
isotacticity is about 96%, with a density of 0.9 g/cm3, and the
solution flow rate is about 2.3 g/10 min.

The preparation of TiO, nanoparticles by the wet chemical
method in the laboratory is as follows. Using a non-aqueous
solvent as the reaction medium, the reaction system is heated to a
critical temperature by high temperature. The precursor material
reacts, crystallizes, nucleates, grows, and finally forms crystal
grains with a certain particle size and crystal shape in the
hydrothermal medium. The desired nanoparticles are then
obtained through the separation, washing, and drying process.
As shown in Figure 1, the shape of TiO, nanoparticles is spherical
with a diameter of 20 nm approximately.

Anhydrous ethanol and deionized water were mixed
uniformly with a volume ratio of 95:5. Then, 50 g of TiO,
nanoparticles were added to the solution, and the mixed
solution was fully dispersed by high-speed shearing with a
rotation speed of 1 x 104 r/min. After the pH value was
adjusted to 8.0, the mixed solution was ultrasonically vibrated
for 20 min. Then, 7.5 g of the silane coupling agent KH-570
(analytical grade, Sinopharm Chemical Reagent Chemical Co.,
Ltd.) was slowly added dropwise to the dispersion, and the
reaction was stirred and refluxed for 2h under the condition
of 70°C in an oil bath. The reactants were centrifuged and washed
with absolute ethanol several times to remove the unreacted KH-
570. Finally, it was then dried in a vacuum oven at 160°C for 24 h
to obtain KH-570-modified TiO, nanoparticles.

To prepare the TiO, nanocomposite, the temperature of the
twin-roll mixer is kept at 190°C. The amount of PP is added and
mixed for 3 min to make the materials stick to the rollers evenly.
Then, the desired amount of prepared TiO, nanoparticles is
added and mixed for 15min to obtain TiO, nanoparticle-
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spectrum.

modified PP. The film samples are prepared by compression
molding. The micromorphology of the prepared PP/TiO,
nanocomposite film is analyzed using a scanning electron
The KH-570-
modified TiO, nanoparticles are uniformly distributed in the

microscope (SEM), as shown in Figure 2.

PP matrix.

2.2 AC and DC breakdown strength

The sphere-sphere electrodes with a diameter of 20 mm are
used to measure the breakdown strength of PP and PP/TiO,
nanocomposites. The experimental setup is shown in Figure 3.
The thickness of the specimen is 0.05 mm. In order to avoid a
flashover along the edge of the film sample, the electrodes and the
sample were placed in transformer oil during the experimental
process. By heating the oil, different test temperatures can be
obtained.

Before each test, the sample was wiped with alcohol to
remove impurities on the surface. It was then placed in a
temperature-controlled oven at 60°C for 24 h to eliminate the
moisture. The breakdown strength was measured by the
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Experimental setup for the TSC.

continuous boost method with a boost rate of 0.5 kV/s. For each
kind of samples, total 18 breakdown tests were carried. The
Weibull tools are used to analyze the breakdown results.

2.3 Conduction current and dielectric
spectrum

The electrometer Keithley 6517B and the dielectric response
tester Dirana are used to measure the conduction current of PP
samples. The experimental setup is shown in Figure 4. The
electrode system is composed of three electrodes, namely, the
measuring electrode, the high-voltage electrode, and the
shielding electrode, with diameters of 50 mm, 80 mm, and
54 mm, respectively. The shielding electrode is used to
eliminate the surface leakage current that flows through the
surface of the sample. The electrode system and sample were
placed in a temperature-controlled oven. The temperature
control system of the oven adjusts the temperature in real
time through high-precision thermocouples. The temperature
adjustment panel can set the internal temperature of the oven
and keep it stable for a long time so as to realize the conduction
current and dielectric spectrum characteristic tests at different
temperatures. The thickness of the sample used for the
measurement is around 100 um, and the applied DC electric
field was 30 kV/mm for conductivity measurement.

2.4 Thermally stimulated current

The experimental setup of thermally stimulated current
(TSC) is shown in Figure 5. The temperature adjustment
during the measurement is carried by a KP-31E digital

programmable temperature controller, and the picoamp
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current is measured using a Keithley 6517A system. K1 and
K2 are the pressure and the measuring switches, respectively. The
voltage range for the DC power supply is 0-10kV. The film
samples have a thickness of 100 um.

At the beginning, the film sample is short-circuited at 40°C
for 10 min to remove the inside residual space charge. Then, it
is charge injected and polarized under an electric field of
40 kV/mm for 30 min. To keep the polarization voltage, the
sample is cooled to -100°C with liquid nitrogen. The
polarization voltage is removed, and the sample is then
-100°C. After that, the
temperature is increased from -100°C to 120°C with a
heating rate of 2°C/min. The TSC of the sample is
measured during the heating process.

short-circuited for 1 min at

3 Results and discussion
3.1Breakdown strength

The DC and AC breakdown electric fields of PP and PP/TiO,
nanocomposite samples are shown in Figure 6. With the increase
in temperature, the breakdown strength of PP decreases. For
pure PP samples, the DC and AC average breakdown electric
fields of pure PP are 379.50 and 109.89 kV at room temperature,
whereas they decrease to 275.21 and 95.67 kV when the test
100°C. Compared to pure PP, the
breakdown strengths of PP/TiO, nanocomposite samples are
much higher. The DC and AC average breakdown electric fields
of PP/TiO, nanocomposite samples at room temperature are
461.44 and 160.67 kV, respectively, which is 1.22 and 1.46 times
that of pure PP.

temperature reaches
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TABLE 1 Weibull parameters for DC and AC breakdown strength.

10.3389/fenrg.2022.999438

o B Weibull average
DC breakdown of pure PP 25°C 390.49 16.83 378.39
50°C 365.46 12.29 350.52
75°C 327.24 10.02 311.35
100°C 289.99 8.48 273.86
DC breakdown of the PP/TiO, nanocomposite 25°C 479.37 14.73 462.64
50°C 457.85 11.51 438.06
75°C 438.18 10.97 418.46
100°C 389.61 14.53 375.85
AC breakdown of pure PP 25°C 112.80 15.95 109.14
50°C 108.55 12.87 104.29
75°C 102.06 25.40 99.89
100°C 97.79 21.81 95.39
AC breakdown of the PP/TiO, nanocomposite 25°C 165.60 14.26 159.65
50°C 149.41 13.13 143.64
75°C 132.65 17.31 128.65
100°C 114.11 19.21 110.97
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FIGURE 9 FIGURE 10

Current density at different temperatures and electric fields.

To further demonstrate the difference in insulating
properties between PP and PP/TiO, nanocomposite samples,
the breakdown electric field is analyzed by using Weibull tools,
as shown in Figures 7, 8. The fitted parameters are listed in
Table 1. The breakdown strength of PP/TiO, nanocomposites is
much higher than that of pure PP. It should be noted that the
breakdown strength of PP/TiO, nanocomposites at 100°C is
even comparable to that of pure PP at 25°C, indicating adding
TiO, nanoparticles can significantly improve the breakdown
strength of PP.
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Relative permittivity spectrum at different temperatures.

3.2 Conduction current

The conduction current of pure PP and PP/TiO,
nanocomposite samples is studied at different applied
electric fields and temperatures, as plotted in Figure 9. It is
shown that the current density of PP increases exponentially
with electric field and temperature approximately. Compared
to the pure PP film, the current density of the PP/TiO,
nanocomposite is much smaller at different temperatures
and electric fields. For example, for the applied electric
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field of 40 kV/mm, the current density of pure PP is 87.87 nA/
mm?2 whereas that of the PP/Ti0, nanocomposite is 22.21 nA/
mm?2 at 50°C, indicating that adding TiO, nanoparticles would
restrain the conduction of charge carriers in PP.

3.3 Dielectric spectrum

Figures 10, 11 show the dielectric spectrum results of pure PP
and PP/TiO, nanocomposites at the frequency from 102 to
105 Hz with different temperatures. It can be seen from
Figure 10 that the relative permittivity of PP slightly increases
with the decrease in frequency and decreases with the increase in
temperature. This may be because PP is a kind of dielectric with
weak polarity. The polarization of PP is mainly due to electronic
polarization and a small amount of interfacial polarization, as
well as space charge polarization (Takala et al., 2010). With the
decrease in frequency, the interfacial polarization and space
charge polarization processes gradually keep up with the
frequency change, which leads to the increase in permittivity,
which is consistent with the Debye relaxation theory (Yanbin
et al,, 2016). The increase in temperature causes the volume of
the dielectric to expand. The number of molecules then
decreases in unit volume, which causes the decrease in
electron polarization and the relative permittivity. Compared
to pure PP, the permittivity of the PP/TiO, nanocomposite is
higher. More interestingly, there is a remarkable increased
permittivity of the PP/TiO, nanocomposite at a low
frequency range when the measurement temperature is
higher than 75°C, indicating that adding TiO, nanoparticles
introduces more polarization into the PP matrix, especially at
high temperatures.
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Tand can be used to qualitatively represent the dielectric
loss of the sample during the polarization process, as shown in
Figure 11. It can be seen that there is an increase in dielectric
loss with the increased temperature of PP which is attributed
to the increased conductivity at high temperatures. After
adding nanoparticles, the dielectric loss is increased, and a
peak appears in the middle-frequency region (between
102 and 103 Hz), additional

which means dielectric
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relaxation polarization is introduced by adding TiO,
nanoparticles. In addition, the dielectric loss of the PP/
TiO,
especially at a frequency lower than 10 Hz.

composite is also increased with temperature,

3.4 Thermally stimulated current

Figure 12 shows the TSCs from —100°C to 120°C relevant to
both pure PP and PP/TiO, nanocomposite films. For pure PP,
there is an evident peak located at about —8°C which is attributed
to the glass transition (Zhou et al,, 2019). In addition, a less
obvious peak can also be observed between 40°C and 80°C. This
peak may be caused by the dissociation of impurities and the
detrapping of space charges at high temperatures. By adding
TiO, nanoparticles, the high-temperature peak of the PP/TiO,
nanocomposite is enhanced remarkably, whereas the glass
transition peak is almost identical to that of pure PP.
Specifically, the value of the high-temperature peak of the PP/
TiO, nanocomposite is 10.67 pA at 62°C, whereas that of pure PP
is only 1.05 pA.

Trap characteristics in PP and PP/TiO, nanocomposite
samples are analyzed by a modified TSC theory (Tian et al,
2011a), as shown in Figure 13. It should be noted that the peak of
0.7-0.8 eV is attributed to the glass transition of PP, not true
charge traps. This is because the simplified model considers that
all TSCs are caused by electron detrapping, ignoring currents due
to other factors such as polarization. For the peak at 0.97 eV, the
trap level density increased to 2.63 x 1,020/eVm®, which indicates
that adding TiO, nanoparticles can introduce charge traps
into PP.
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4 Discussion

The aforementioned experimental results show that adding
TiO, nanoparticles has significant effects on the electrical and
dielectric properties of PP. The conductivity is reduced, and both
AC and DC breakdown strengths are improved. Even though the
resistance and breakdown strength are degraded with an increase
in temperature, the insulation of the PP/TiO, composite is still
higher than that of pure PP.

The improved insulating properties may be related to more
charge traps in the PP/TiO, composite. Figure 14 shows the basic
mechanism of charge injection and charge transport in
nanodielectrics. Under the electric field, the charges migrate
between the traps due to the electric field force and thermal
excitation by jumping over potential barriers. Considering the
effect of traps in nanocomposites, the hopping conductive
current can be expressed as follows (Bissler, 1994):

u\ ., AeE
J= 2ne/1vexp(—k—T)smh T )

where n is the charge density, e is the charge of an electron, A

1

represents the hopping distance, v is the thermal vibration
frequency, u is the trap depth, k is the Boltzmann constant, T
is the temperature, and E is the local electric field. The expression
can be simplified to be

J = Asinh(ALE).

2kT @

By using Eq. 2, the hopping distance A of pure PP and PP/
TiO, nanocomposites was fitted, as listed in Table 2. The hopping
distances of different temperatures are in the range between
1.69 and 3.11 nm, which is similar to that of Cao et al. (2004). But
compared to pure PP, the hopping distance of the PP/TiO,
nanocomposite is smaller at low temperatures. But the hopping
distance of the PP/TiO, nanocomposite increases with the
100°C, the
hopping distance of the PP/TiO, nanocomposite is almost
identical to that of PP.

As mentioned earlier, the conduction of PP is attributed to

temperature. When the temperature reaches

the hopping process between traps. Therefore, there is a direct
correlation between the electrical conductivity and the trap
characteristics (Tian et al., 2011b). The deeper the trap energy
level is, the carriers captured by the trap are harder to be
thermally excited to participate in electrical conduction, which
results in the lower concentration of transferable carriers. The
greater the trap density, the greater is the probability of carriers
being captured by the traps, hindering the migration and
reducing the mobility of charge carriers.

Due to the huge specific surface area of nanoparticles, a huge
interaction zone is then formed when nanoparticles are
introduced into a polymer matrix (Li et al, 2011). The
interaction region is the bridge connecting the nanoparticles
and the polymer matrix, whose physicochemical properties are
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TABLE 2 Hopping distance at different temperatures.

10.3389/fenrg.2022.999438

Temperature 25°C (nm) 50°C (nm) 75°C (nm) 100°C (nm)
PP 2.97 3.13 321 3.07
PP/TiO, 1.69 2.08 2.68 3.11

Energy o Electron Injection L @

Bonded Layer

Bound Layer

Loose Layer

Nanoparticle

FIGURE 15
Multi-core model for nanocomposites

different from those of both the nanoparticles and the base
matrix. A multicore model has been proposed to explain the
structure of the interaction region (Tanaka et al., 2005; Tanaka,
2005), as shown in Figure 15. The interaction region between the
nanoparticles and polymer matrix is divided into a three-layered
structure of a bonded layer, a bound layer, and a loose layer from
inside to outside. The covalent bonds and hydrogen bonds in the
bonded layer have a greater effect on the charge. The bound layer
interacts with the surface of nanoparticles through the bonded
layer. Its properties affect the free volume and trap characteristics
of the nanocomposite, thereby affecting the dielectric and electric
properties. The loose layer is a region with different chain
conformation, chain mobility, and free volume or crystallinity.
The thickness of the bound layer is in the range of 2-9 nm, which
may be smaller than the average free path of charge carriers (Li
et al,, 2011). The energy obtained from the external electric field
may not be enough for the charge carriers to jump over the deep
trap barrier. Then, the charges are trapped in these regions,
leading to the decrease in the carrier mobility. After adding TiO,
nanoparticles, the interaction region increases, introducing more
deep traps in the PP/TiO, nanocomposite, which can be observed
at the additional peak of about 0.97 €V in the TSC results. On the
other hand, the migration of charge carriers is also related to the
aggregated structure of the polymer matrix. The charges are more
likely to migrate in the amorphous region or at the interface
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FIGURE 16
Effect of temperature on the hopping distance of charge
carriers.

between the amorphous region and the crystalline region. It has
been reported that the nanoparticles would play as nucleating
agents during the crystallization process of PP (Zhe et al., 2016).
The crystallinity is then increased, and the charge transport
becomes difficult, which is also the reason for the decrease in
conductivity of the PP/TiO, nanocomposite.

As the temperature increases, the dissociated impurities in
PP increase, resulting in an increase in the number of charge
carriers. On the other hand, the charge carriers in the traps gain
more energy due to thermal vibrations and thus are more easily
de-trapped from the traps, resulting in increased mobility of
charge carriers. As a result, the conductive current increases with
temperature. For the conduction of the PP/TiO, nanocomposite,
the hopping distance is found to be increased with temperature.
This may be attributed to the introduced trap depth distribution
of TiO, nanoparticles. It can be seen from Figure 13 that the
depth of traps of PP/TiO, nanocomposites is in the range
between 0.80 and 1.05eV. At low temperatures, the charge
carriers are repeatedly trapped and de-trapped in these traps,
resulting in a smaller hopping distance of the PP/TiO,
than pure PP. When the
increases, the energy of the charges also increases. Relatively

nanocomposite temperature

shallow traps are then difficult to trap charges for a long time.
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The charge carriers are only localized to those deeper traps,
resulting in an increase in the apparent hopping distance of
charge carriers, as shown in Figure 16.

Both the improved AC and DC breakdown strength of the
PP/TiO, nanocomposite may also be attributed to the
increased trap density (Chi et al., 2019). The ionized
charges are easily captured in these traps and then released
by the thermal vibration. With the repeated trapping and de-
trapping process, the charges gradually lose their energy,
causing a reduced probability of further ionization. On the
other hand, the charges captured by the deep traps at the
electrode-dielectric interface form homopolarity space
charges. The homopolarity space charges would reduce the
electric field near the electrode and suppress the charge
injection process (Wang et al, 2016). As a result, the
increase in deep traps in the PP/TiO, nanocomposite is
beneficial to the improvement of breakdown performance,
even at high temperatures.

Although the insulation of the PP/TiO,

nanocomposite, it is found that the permittivity and dielectric

improved

loss are increased by TiO, nanoparticles. Permittivity is related to
the polarization phenomena in and between dielectrics. On the
one hand, the interaction between nanoparticles and the PP
matrix would restrict the movement of the molecular chains,
therefore restraining the polarization and reducing the
the other hand,
nanoparticles and the interfacial polarization between the

permittivity. On the polarization of
TiO, nanoparticles and the PP matrix would increase the
permittivity (Singha and Thomas, 2009; Ling et al, 2014).
These two opposite phenomena together determine the
permittivity of nanodielectrics depending on which one is
dominant. In this study, the relative permittivity of TiO,
nanoparticles was much higher than that of PP. Thus, they
introduce a large amount of dipole moment to increase the
of the PP/TiO, nanocomposite. As the
increases, the conduction of the PP/TiO,
nanocomposite increases, making it easier for charges to

permittivity
temperature

accumulate on the surface of nanoparticles to generate
the
permittivity of nanodielectrics increases significantly in high-

interfacial ~ polarization. = Therefore, low-frequency
temperature environments. Even though the traps introduced by
TiO, nanoparticles limit the conduction loss, the interfacial
polarization loss of nanoparticles leads to a much larger Tand
of the PP/Ti0, nanocomposite, which could also be confirmed by

the Tand peak appearing in the middle-frequency region.

5 Conclusion

This article investigates the effect of TiO, nanoparticles on
the electrical and dielectric properties of PP at different
temperatures. The main conclusions are summarized as follows:
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Adding TiO, nanoparticles could improve the breakdown
strength of PP. The DC and AC breakdown electric fields of the
PP/TiO, nanocomposite are 1.22 and 1.46 times as those of pure
PP at room temperature. Even though the high temperature
reduces the breakdown strength, the breakdown strength of PP/
TiO, nanocomposites at 100°C is comparable to that of pure PP
at 25°C.

The conduction of PP is retrained by TiO, nanoparticles. The
reduced conductive current of the PP/TiO, nanocomposite would
be attributed to the charge traps formed at the interaction region
between TiO, nanoparticles and the PP matrix. With the increase in
temperature, the charge carriers with high energy are not easier to be
localized in the traps, resulting in an increase in the hopping distance
in the PP/TiO, nanocomposite.

The interfacial polarization caused by TiO, nanoparticles
enhances the relative permittivity and dielectric loss of PP. The
increased temperature expands the volume, leading to the slight
decrease in permittivity of PP. But the increased conduction
accelerates the accumulation of charges on the surface, resulting
in the increase in permittivity and dielectric loss of PP/TiO,
nanocomposites at low frequencies.
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