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Abstract: In high-voltage insulation systems, the most commonly used material is polymeric material
because of its high dielectric strength, high resistivity, and low dielectric loss in addition to good
chemical and mechanical properties. In this work, various polymer compounds were prepared,
consisting of low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene
(PP), HDPE/PP, and LDPE /PP polymer blends. The relative permittivity and breakdown strength
of each sample types were evaluated. In order to determine the physical properties of the
prepared samples, the samples were also characterized using differential scanning calorimetry
(DSC). The results showed that the dielectric constant of PP increased with the increase of HDPE and
LDPE content. The breakdown measurement data for all samples were analyzed using the cumulative
probability plot of Weibull distribution. From the acquired results, it was found that the dielectric
strengths of LDPE and HDPE were higher than that of PP. Consequently, the addition of LDPE and
HDPE to PP increased the breakdown strength of PP, but a variation in the weight ratio (30%, 50%
and 70%) did not change significantly the breakdown strength. The DSC measurements showed two
exothermic crystallization peaks representing two crystalline phases. In addition, the DSC results
showed that the blended samples were physically bonded, and no co-crystallization occurred in the
produced blends.

Keywords: insulation materials; dielectric strength; dielectric characterization; high-voltage engineering

1. Introduction

Thermoplastic polymers, such as polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC),
and polystyrene (PS) are the main products of industrial engineering, which are employed in several
electrical application fields. In high-voltage equipment, polymers are commonly used in the insulation
systems because of their exceptional mechanical, electrical, chemical, and thermal properties and their
low production cost. In insulation materials, which are produced by mixing different polymers at
different weight ratios, polymers are used to modify the physical and mechanical properties of the
final products, maintaining a lower production cost.

High-density polyethylene (HDPE), low-density polyethylene (LDPE), and PP are the most widely
used polymers in the world market, employed for electrical equipment, automotive engineering
material, and packaging. The most useful properties of PE and PP are oil resistance, rigidity, good
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stiffness, and thermal stability [1]. Conversely, the utilization of PP and PE is restricted in certain
areas owing to some weak properties such as melt viscosity. The weak properties of LDPE include a
lack of mechanical and thermal resistance. Hence, numerous researchers are working on improving
the properties of LDPE by mixing it with other polymers that have high temperature resistance [2,3].
In addition, the poor impact strength of PP and its weak Young’s modulus restrict its applications.
These poor properties may be enhanced by mixing PP with PE [4-7]. In these blends, the impact
and tensile strength are improved [8,9]. The polymer blends also compromise significant processing
benefits in the melting polymer fraction [10].

The breakdown strength attracted major interest in early polymer studies. In 1955, the dielectric
strength of insulation materials and its relation with the electric field strength between high voltage
and ground electrodes were studied. It was found that by increasing the internal ionization through
an increase of the electric field strength, an electron avalanche would form, leading to insulation
breakdown if the electric field reached a very high value. The insulation breakdown is also caused
by the expansion of electrical treeing in polymers, particularly in LDPE, which affects the material,
wrecking its formation. Essentially, the electrical trees are instigated when the material is exposed to
excessive electrical field stress over long periods of time. Defects occur, which are triggered by electrical
trees, that further deteriorate the material dielectric strength, upsurge the electrical stress, and speed
up the partial discharge (PD) process [11]. The tracking resistance was studied for linear low-density
polyethylene and natural rubber LLDPE/NR blends with different weight ratios by measuring carbon
track development and leakage current. It was found that the mixture of 80:20 LLDPE/NR was a
better blend because of its lowest degradation [12]. The breakdown strength and stress tracking
measurements were carried out for blends containing different ratios of recycled HDPE in resins with
HDPE. It was revealed that the dielectric strength was not good for the recycled blends in comparison
to the pure material because of the existence of conductive impurity [13]. These studies focused on the
factors engaged in a breakdown mechanism. These factors include the dielectric properties, physical
structure and deformity, additives and pollution, and space charge injection. The mechanism that leads
to breakdown is still unclear, despite it is well known that breakdown is a result of conducting channels
crossing the insulation material. A low electrical conductivity in an insulation material is required to
avoid the possibility of breakdown. It depends on the amount and the concentration of charge carriers,
the charge of the charge carriers, and their mobility. The direct current (DC) conductivity of polymer
blends containing HDPE and LDPE was measured. It was found that the blend of LDPE with 5%
HDPE had a reduced conductivity [14].

Although many studies on dielectric strength of pure polymer materials with micro- or
nanoparticles have been carried out, the electrical properties, especially for high-voltage applications
of polymer blends, are limited. Most of the polymer blends studies were performed on the blends
mechanical and physical properties. However, it is also essential to assess the breakdown strength of
blended materials in order to investigate their capability to be used in high-voltage insulation systems.
Therefore, in this work, the breakdown strength of different blends of HDPE/PP and LDPE /PP was
investigated. Weibull distribution was plotted to determine the probability occurrence and to analyze
alternating current (AC) breakdown strength. The data were used to evaluate the dielectric strength
of the blended compounds compared to the pure samples. In addition, the dielectric responses of
polymer blends as a function of frequency were compared. Differential scanning calorimetry (DSC)
was used on all prepared blended samples to characterize their thermal properties, such as the amount
of crystallinity and the melting temperature.

2. Samples and Experimental Process

2.1. Sample Preparation

The materials used in this work, high-density polyethylene (HDPE), low-density polyethylene
(LDPE), and polypropylene (PP), were obtained from Sigma Aldrich (St. Louis, MO, USA) with
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product numbers of 428019, 428043 and 427888, respectively. From the product specification sheets,
the melt flow index of HDPE, LDPE, and PP are 42, 25, and 12 g/10 min respectively, and the density
is 0.947,0.92 and 0.9 g/cm?, respectively. The average molecular weight My, of PP is about 250,000.
The required samples of pure polymers, in addition to the HDPE/PP and LDPE/PP blends with
weight ratios of 3:7, 5:5, and 7:3, were produced for each mixture. The mixed specimens were marked
as HP1, HP2, HP3, and LP1, LP2, LP3 for HDPE/PP and LDPE/PP, respectively. The selection on the
mixing ratio of HDPE/PP and LDPE/PP blends was based on past works [2,4,8,15-18]. The materials
were mixed mechanically using a twin screw extruder, with a 150 rpm screw rotating speed for
5 min. The barrel extruder temperature was set from 140 to 180 °C from the hopper to the die.
Thin samples with 150-250 um thickness were prepared using an adjustable temperature hydraulic
press. The temperature of the stainless steel mold, which was covered by aluminum foil, was kept
from 170 to 180 °C with a pressure of 35 bar for 10 min to grant complete melting. Slow cooling
was carried out by turning off the heater and waiting for the sample to reach the room temperature.
Then, the sample was removed from the mold.

2.2. Breakdown Experiment

The schematic diagram of the breakdown experiment setup is shown in Figure 1. The breakdown
test and electrode systems were designed following ASTM D-149-97a standards. The test chamber
consisted of two cylindrical stainless-steel electrodes of 25 mm diameter. The specimen was located
between the two electrodes. The upper electrode was connected to a high-voltage supply, while the
bottom electrode was connected to the ground. The electrodes and specimen were fully immersed
in silicone oil to avoid discharges and flashover on the sample surfaces during voltage application,
prior to material breakdown. To remove the unwanted bubbles which might affect the test results,
the test chamber was placed inside a vacuum oven at room temperature for 20 min each time the oil
was changed.

The applied voltage across the test electrodes was increased from zero until breakdown of the
sample occurred. The voltage rate increment was 500 V/s. When a breakdown happened, the voltage
source was disrupted accordingly. The test was repeated for nine times on new samples of each
material type. In order to obtain accurate breakdown voltage results, the thickness of the samples
on the breakdown spot was measured using a micrometer. This was because the specimen thickness
could not be fully uniform. The insulating oil was replaced after each material was tested to reduce the
influence of changes of the oil quality on the test results due to contaminants, which were generated
after each sample was tested.

-« HV electrode

3.2 mm round edge 25 mm diameter
\ Sample v
/' 120 mm
A
Silicone oil

Ground electrode

»100 mm <

Figure 1. Breakdown measurement chamber.
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The breakdown strength was measured by dividing the recorded breakdown voltage by the
sample thickness, using:
Ep=Vp/d @

where Vp is the breakdown voltage, and d is the sample thickness at the point in which the
breakdown occurs.

The Weibull probability distribution was used to describe statistically the breakdown strength
distribution data. Equation (2) was used to calculate and plot the Weibull probability parameters and
curves, which symbolize the breakdown strength probabilities at any random value x, defined as:

F(x) =1—exp(—x/a)P 2

where f is the shape parameter correlated to the scattering of the data and shows the degree of failure
rate. The Ep curve distribution is narrower when § is higher. The shape parameter increases when the
dielectric behavior reliability is increased. The scale parameter a represents the voltage value at which
a 63.2% probability of breakdown occurs [19,20]. It was used to compare the breakdown strength
between different insulation types. Weibull distributions with a shape parameter less than 1 have
a failure rate that decrease with the variable x, while Weibull distributions with a shape parameter
greater than 1 have a failure rate that increases with x.

2.3. Physical Characterization Using Differential Scanning Calorimetry (DSC)

The crystallinity evaluations of the HDPE/PP and LDPE /PP samples were carried out using
Mettler DSC 820 (Mettler Toledo, Columbus, OH, USA). DSC is considered the best technique for
examining the thermal properties of polymers, the amount of crystallinity, the melting temperature,
and the glass transition temperature of a polymer. Because of the effect of the degree of crystallinity
on the dielectric properties of polymers, DSC measurements were performed [21]. Measuring the
differences in the heat flow between the reference and the sample to maintain the same increment
of temperature among them is the basic principle of DSC. Around 10 mg of sample was used for
each test. For all DSC inspections, a temperature range of 30 °C to 190 °C was selected, with a linear
increment—decrement rate of 5 °C/min at ambient atmosphere. The samples were first heated from
30 °C to 190 °C and then cooled down to 30 °C. After that, the samples were reheated again to 190 °C.

2.4. Impedance Measurement

Electrochemical impedance spectroscopy (EIS) was used for the impedance measurements.
EIS was operated at 1 Vpp test voltage with a frequency range of 100 kHz to 40 Hz. The purpose of
the dielectric measurements is to compare the dielectric response between different material types,
which can be shown clearly within this frequency range at a low voltage level. The impedance
measurements were performed at room temperature and atmospheric pressure. Two stainless-steel
electrodes of equal size were designed, with 10 mm thickness and 35 mm diameter. The two electrodes
were placed on the top and bottom of the sample, where the top and bottom electrodes were set
as working and ground electrodes, respectively. The test sample was located between the working
electrode and the ground electrode. In order to eliminate the stray current, a ring guard electrode was
placed on the surface of the sample around the working electrode.

The real component Z’ and the imaginary component Z” were recorded by EIS at different applied
frequencies. The Z impedance expression is given by:

Z=27+jz" 3)

The permittivity is defined as:
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where ¢, is the real part of the permittivity, and ¢,” is the imaginary part of the permittivity ¢,.
The permittivity components are estimated by:

Z//
I _
T 2nfCyZ2 ©)
" Z/
T 2nfCyz2 ©)

where f is the frequency of the electric field, while the free space capacitance between the electrodes
is represented by Cp. The energy from an external electric field amassed within a material is defined
by the real permittivity value, and how dissipative the material is against an external electric field is
described by the imaginary permittivity [22-24].

3. Results and Discussion

In this section, the outcomes from the measurements of the breakdown strength of the HDPE /PP
and LDPE/PP compounds are presented. In addition, pure HDPE, LDPE, and PP samples were
examined, and the results were compared with those obtained from the compound samples.
The cumulative probability plot of Weibull distribution and the average breakdown were used to
analyze the breakdown measurement data.

3.1. Breakdown Strength

Figure 2a,b show the average breakdown strength calculated from the experimental results data
of the HDPE/PP and LDPE /PP samples, respectively. It is clear that the polyethylene samples had
a higher dielectric strength than the polypropylene samples. The average breakdown of HDPE,
LDPE, and PP, as shown in these figures, were 70, 79, and 55 kV /mm, respectively. It can be noticed
that there was an increment in the breakdown strength of PP when it was compounded with LDPE.
The breakdown strength of LP1, LP2, and LP3 were 57, 62, and 63 kV/mm, respectively. In addition,
the average breakdown strength of the PP samples was also improved when they were mixed with
HDPE, resulting in 59, 64, and 67 kV/mm for HP1, HP2, and HP3 respectively. The mixture of PP
containing HDPE or LDPE showed enhanced breakdown of PP. However, despite the improvements,
the breakdown strengths were still lower than those of pure HDPE and LDPE.

mm)

BOF =40
g
60

=40

£20

PP LDPE  LP1 LP2 LP3
Sample type Sample type
(a) (b)

Breakdown strepgth (kV/
Breakdown strength (kV

PP HDPE  HPI HP2 HP3

Figure 2. Average breakdown strength of (a) High-density polyethylene (HDPE)/polypropylene (PP)
blends; (b) Low-density polyethylene (LDPE)/polypropylene (PP) blends.
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The occurrence probability plots versus voltage of the measured breakdown strength values
for the HDPE blend containing PP and for the LDPE blend containing PP are shown in Figure 3a,b,
while Tables 1 and 2 show the scale and shape parameters found for all tested samples. It can be seen
that the breakdown strength spreads over a wide range of values for the same insulation material.
The shape parameter g for all results shows values higher than 1 due to the fact that the probability of
breakdown occurrence increases with the applied voltage.
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Figure 3. Weibull probability curves of breakdown strength of (a) HDPE/PP blends; (b) LDPE/PP blends.

For the HDPE /PP samples, the range of breakdown strength was 57 to 80 kV. From the shape
parameter results, it was observed that HP2 exhibited the minimum S value, which was 3.5, followed
by HP2 and HP3, with values of 4 and 4.6, respectively. For the LDPE/PP samples, the range of
breakdown strength was 57 kV to 85 kV. From the shape parameter results, it was observed that LP3
displayed the minimum S value, which was 3, followed by LP2 and LP1, with values of 4 and 5,
respectively. Comparing the breakdown strength of pure and mixed polymer samples, for the blended
samples of HDPE /PP, the breakdown strength of PP was the lowest. The value was from 10 to 20 kV
lower than that of HDPE and of the blended specimens. It can be noticed that the breakdown strength
of PP was enhanced with the addition of HDPE, which means that the breakdown strength of HDPE is
lower. In addition, the comparison between blended samples did not show significant changes among
them when the blended samples were compared to the pure samples.

For the breakdown strength of the LDPE /PP blends and of the corresponding pure materials,
the blended samples displayed values that were between those of PP and those of LDPE. This shows
that adding LDPE to PP increased the breakdown strength of PP, but increasing the amount of PP
decreased the breakdown strength of LDPE. The breakdown strength in the blended materials was
proportional to the ratio of the mixture. On the contrary, for the pure polymer samples, there was a
considerable difference in the breakdown strength, e.g., the breakdown strength of PP was 30 kV lower
than that of HDPE.

Table 1. Values of the scale and shape parameters for the Low-density polyethylene (LDPE)/polypropylene

(PP) blends.
Sample Number of Tests  Scale Parameter, x  Shape Parameter,
PP 9 57 8
LDPE 9 85 9
LP1 9 67 5
LP2 9 69 4
LP3 9 62 3




Energies 2018, 11, 1448 7 of 13

Table 2. Values of the scale and shape parameters for the High-density polyethylene (HDPE)/
polypropylene (PP) blends.

Sample Number of Tests ~ Scale Parameter, x ~ Shape Parameter, B
PP 9 57 8
HDPE 9 73.6 7.7
HP1 9 80.5 4.6
HP2 9 66.5 3.5
HP3 9 72 4.6

To interpret these results, it is useful to study the elements that affect the breakdown process
of dielectric materials. The breakdown strength of dielectric materials is influenced by the degree of
crystallinity and the formation of crystalline materials. This may be due to the electron scattering
increment that correlates with the amount of crystalline volume. By increasing the degree of
crystallinity, the breakdown strength of the polymers will decrease. The degree of crystallinity
of LDPE is lower than that of HDPE, which may explain the higher breakdown strength of LDPE.
However, the degree of crystallinity of PP is higher than those of HDPE and LDPE, resulting in
the lowest value of breakdown strength for the PP samples [25]. In polymer insulation materials,
the permeation of charge carriers (ionic or polar molecules), holes, and excess electrons depends
on their crystallinity. Mixing two different polymers with different ratios results in changes in the
charge mobility behavior, which has a significant effect on the material conductivity [26]. At room
temperature, polymers consist of both crystalline and amorphous phases. The hole activation energy
of the amorphous structure is lower than that of the crystalline region, but the electron activation
energy of the amorphous structure is higher than that of the crystalline structure. This means that
the amorphous phase has a strong influence on the electron and hole activation and, hence, on the
breakdown phenomena of polymers [14].

LDPE, HDPE, and PP have different molecular weights and distribution ranges. At room
temperature, the molecule weight of HDPE is higher than that of LDPE, while the molecule weight
distribution of LDPE is wider than that of HDPE. This can be an additional reason of the higher
breakdown strength of LDPE compared to PP and HDPE because the breakdown strength is dependent
on the molecule size. The breakdown strength increases with the increment of the molecular size of
polymers at room temperature [27,28]. However, impurity particles will be integrated into insulation
materials during sample fabrication and manufacturing process. This affects the dielectric breakdown
strength. These impurities modify the dielectric properties of the materials. Changing the permittivity
and conductivity of polymers will influence their dielectric performance. In addition, the non-uniform
conductivity leads to charge trapping development. The initiation of breakdown may be caused by the
enhancement of the electric field due to this charge. Another possible justification for the reduction of
the dielectric strength and the shape parameter of blended samples is the field improvement induced
by the higher permittivity values of the processed dielectric samples. An additional reason is the
existence of defects and impurities that cause weaknesses inside the blended material. The results
of the breakdown strength experiments for the prepared samples have been discussed in this work
on the basis of some aspects that have impact on the dielectric strength of insulation materials.
The explanation of the dielectric breakdown of polymers needs a comprehensive understanding of
the polymers essence, including their structure and physical and chemical properties. Also, there are
numbers of electrical breakdown processes that can cause the failure of polymers. These processes
could work simultaneously, which makes it quite difficult to illustrate the development of the
breakdown phenomenon. Because of this, many mechanisms are normally considered to interpret the
measurement data.

For insulation materials, their insulating characteristics will be modified when the temperature
is varied because their natural properties, such as the dielectric properties, the loss factor, and the
crystallinity, are influenced by the temperature. Moreover, a continuous increment of the insulation
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temperature will occur if the produced amount of heat losses is greater than the dissipated amount,
resulting in decreased breakdown strength. In addition, the moisture content will affect the breakdown
strength measurements by increasing the dielectric losses and surface conductivity. The humidity
also influences the breakdown voltage of the materials by increasing the absorbed moisture on the
surface. Hence, increasing chemical effects result in increasing the probability of flashover and surface
discharge. Furthermore, by increasing the voltage rate increment, to the breakdown strength will
increase. This is because the material temperature increment is time-dependent and will influence the
thermal breakdown mechanism [29].

3.2. Differential Scanning Calorimetry (DSC) Results

The DSC heating and cooling results of the LDPE/PP and the HDPE/PP blends are presented in
Figures 4 and 5, respectively. Melting is an endothermic mechanism, in which the polymer crystals
absorb heat to melt, as can be clearly seen in Figure 4. Crystallization is an exothermic mechanism,
in which the heat is given off from the polymers when they crystalize, as shown in Figure 5. The melting
and crystallization temperatures of the PP, LDPE, HDPE, LDPE /PP, and HDPE/PP blends are shown
in Table 3. From the DSC heating curves, the polymer melting temperature Ty, is the peak temperature.
The measured PP endothermic melting peak was at 170 °C, whereas those of LDPE and HDPE were
around 113 °C and 129 °C, respectively. The LDPE/PP and the HDPE/PP compounds showed two
dips symmetrical to the melting peaks points of the pure polymers. The measured crystallization peak
temperature of PP, LDPE, and HDPE was 119 °C, 101 °C, and 107 °C, respectively.
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Figure 4. Differential scanning calorimetry (DSC) heating thermograms showing the melting
temperature of (a) LDPE/PP blends; (b) HDPE/PP blends.
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Figure 5. DSC cooling thermograms showing the crystallization temperature of (a) LDPE/PP blends;
(b) HDPE/PP blends.
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In Table 3, all results are displayed with two values for Ty and Tc. The highest values
corresponded to the PP phase, followed by HDPE and finally LDPE. All of them were near the
values of the pure materials. This means that the blends in which PP was added to HDPE and LDPE
were subject to three melt solidification mechanisms. The first one corresponded to the crystallization
of PP, and the others to the crystallization of LDPE and HDPE. The results of LDPE and HDPE in
the blended samples showed a small reduction in Tr,, which was around 2 °C, indicating a lessening
in crystallite amount and possible co-crystallization [30]. For the HDPE/PP blend, only a single
crystallization peak was noticed. This might be due to the overlapping of the peaks. This result
indicates that HDPE and PP crystallized around the same temperature zone. The percent of crystallinity
was calculated by dividing the heat of fusion normalized by the weight with the enthalpy of 100%
crystalline polymer material. The measured heat of fusion of PE and PP was 293.6 ] /g and 207.1]/g,
respectively. The degrees of crystallinity of HDPE, LDPE, and PP in the pure samples were 65%,
33%, and 47%, respectively. It is further noticed that the enthalpies of fusion of HDPE, LDPE, and PP
were reduced in the blended samples compared to the pure samples, indicating a lower crystallinity
development for each component. In order to show the nucleation effect of the blended materials
on their crystallization, the crystallization onset temperature during cooling was determined for PP,
LDPE, and HDPE. The onset temperature of pure PP was 123 °C, and for the samples containing LDPE
was 124 °C, 125 °C, and 125.3 °C, thus slightly higher than those of pure PP. In the case of HDPE/PP,
the crystallization onset temperature was between 118 °C and 119 °C, which confirms that HDPE has
a greater effect on PP crystallization than LDPE [26,31,32].

Table 3. Crystallization temperatures of the LDPE/PP and HDPE/PP blends.

Degree of

Tm1 Tm2 Tcr Tc;  Melting Enthalpy (J/g) Crystallinity (%)

Sample o)  °0) O (O

HDPE LDPE PP HDPE LDPE PP

HDPE 129 - 117.1 - 190 - - 65 - -

LDPE 114 - 101.7 - - 101 - - 34 -
PP 171 - 119.4 - - - 99 - - 47
LP1 113 169 101.9 121.9 - 95 93 - 32 45
LP2 113.2 169.7 101.6 120.7 - 97 96 - 33 46
LP3 114.8 167.2 102.4 116.2 - 95 85.6 - 32 41
HP1 127.2 168.3 117.9 - 169.2 - 86.2 57 - 41
HP2 127.9 167.6 117.6 - 163.64 - 84 55 - 40
HP3 127 168 117.7 - 152.78 - 79 52 - 38

It is important to note that the dielectric strength of polymers can be affected by the degree of
crystallinity [25]. Our results indicate that the combination of LDPE and HDPE in PP resulted in a
small change of their degree of crystallinity. Accordingly, this small modification may not be sufficient
to influence the dielectric properties. In addition, all pure and blended samples displayed an identical
melting curve with a similar dip of the crystallization temperature, indicating a structure with similar
size lamellae. The existence of wider lamellae has a significant impact on polymers conductivities.
Moreover, the microstructure of the polymer matrix affects the mobility of charge carriers such as
electrons, holes, and polar species. Also, the mixing of polymers in small amounts will not change the
total crystallinity of the material but lead to distinct changes in the nanostructure. This will result in
charge trapping and then reduce the mobility of charge carriers [10].

3.3. Dielectric Properties Results

Figure 6a,b show the calculated real values of relative permittivity ¢,’ as frequency-dependent for
the HDPE /PP and LDPE/PP samples. Referring to these figures, for each compound, the permittivity
of each sample did not show a discrepancy in relation to frequency, and ¢, of each material showed
similar characteristic with different values. At a lower frequency, the permittivity value was slightly
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higher. However, increasing the applied frequency reduced the permittivity. The permittivity was
high at lower frequencies as a result of Maxwell-Wagner polarization, which is also understood
as a build-up of charges [33,34]. The polarization distinguishes the insulation materials and their
permittivity values. The space charge polarization decreases the value of permittivity. Dipolar groups
become stronger with the increase of the applied field frequency in order to regulate themselves.
Thus, this lessens the impact of dipolar groups on the permittivity [35]. Furthermore, the obtained
results indicated that ¢,’ of the compound samples was greater than that of the pure materials. This was
due to the fact that the mobility of charged groups was easier in the blended materials because of the
impurities included during sample fabrication which worked as conductive particles. The comparison
between the HDPE/PP blends and the LDPE/PP blends indicated that the HDPE/PP blends had

higher permittivity influenced by the degree of crystallinity of HDPE, which was higher than that of
LDPE [36].
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Figure 6. Permittivity real component (¢’) of (a) LDPE/PP blends; (b) HDPE /PP blends.

The measurement of the imaginary part of the relative permittivity, ¢,”, is presented in Figure 7a,b,
as a frequency-dependent parameter for the HDPE/PP and LDPE/PP compounds. The results showed
that the values of ¢,” increased at frequencies higher than 3 kHz for all samples. This was attributable
to the increased in relaxation loss of the dielectric materials when they were exposed to high-frequency
field. Furthermore, ionic polarization may possibly occur in a higher-frequency range, leading to
additional increments of the ¢,” values. This may induce the charge carriers to immediately cross the
surface of the polymer compound at higher frequencies [37]. Between 1 kHz and 3 kHz, the value of
¢," was low because of slower polarization mechanisms [38]. ENREF_35. From 40 to 1 kHz, ¢,” value
declined, which was also due to slower polarization mechanism. This was due to the fact that long
carbon chains attached to the main chain were stretching and twisting. From the observation of
these results, the ¢,” values of pure LDPE and HDPE samples were lower than that of the PP sample.
However, the ¢,” values of the blended samples were decreased compared to those of the pure samples
at a low frequency. These results may explain the lower dielectric strength of polymer compounds in
comparison with LDPE and HDPE samples. This is due to a higher possibility of creating conduction
paths and subsequently to a reduction of the breakdown voltage.
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Figure 7. Permittivity imaginary component (¢”) of (a) LDPE/PP blends; (b) HDPE/PP blends.

4. Conclusions

In this work, breakdown strength measurements of polymer compounds were successfully
performed to investigate the impact of synthesis polymers on their dielectric properties. Impedance
measurements as a function of frequency and the average degree of crystallinity taken from differential
scanning calorimetry (DSC) measurements were successfully determined to characterize the LDPE/PP
and HDPE /PP compounds. It was observed that the dielectric strength of the LDPE /PP and HDPE/PP
compounds were lower than those of the pure LDPE and HDPE samples. However, these values
revealed an enhancement of the dielectric strength for PP when HDPE and LDPE were added in
different ratios. The dielectric constants of the blended materials exhibited an increasing trend
compared to the pure samples, as observed for the dielectric losses at low frequency, which had higher
values than for the pure samples. The DSC results displayed two exothermic crystallization peaks,
representing two crystalline phases. In addition, the DSC results showed that the blended samples were
physically bonded, and no occurrence of co-crystallization was detected in the polymer compounds.
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