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Abstract: Thermal aging is one of the main reasons for the degradation of insulation properties of high
voltage cable. Dielectric properties and breakdown strength are important parameters to reflect the
insulation performance of the cable insulation materials. In the work, the influence of thermal aging
on dielectric and breakdown performance of the cable insulation layer was studied. Firstly, XLPE
cable insulation samples were prepared and the thermal aging treatment was carried out. Secondly,
the microstructure and molecular structure of XLPE samples under different thermal aging time were
analyzed. The dielectric properties and breakdown characteristics of XLPE samples under different
thermal aging times were characterized in macro aspect. Finally, the effects of different temperatures
on the molecular microstructure of XLPE were studied. The results show that with the extension of
thermal aging time, the microstructure of XLPE molecule is destroyed, the macromolecular chain
is gradually cleaved, and the carbonyl absorption intensity increases. At power frequency, the
breakdown strength decreases from 75.37 kV/mm to 62.18 kV/mm, the relative permittivity increases
from 2.44 to 2.51, and the dielectric loss increases from 1.47 × 10−4 to 3.10 × 10−3. The free volume
rate of XLPE molecules increases with the increasing temperature, and the mean square displacement
gradually increases. The work has good guiding significance for the safe operation and condition
assessment of high-voltage cables.

Keywords: high voltage cable; insulating layer; thermal aging; electrical properties; molecular motion

1. Introduction

Cross-Linked Polyethylene (XLPE) has been widely used in high-voltage power supply
systems because of its excellent mechanical and electrical properties [1–4]. In engineering
applications, the cable core heating, the eddy current loss and dielectric loss will cause the
cable insulation to heat up. The cable insulation XLPE is susceptible to aging due to thermal
stress, resulting in a decline in the electrical properties of the insulation material, which can
cause insulation breakdown in severe cases and affect the operation of the power system [5–9].
Therefore, it is of great significance to study the variation law of electrical properties of XLPE in
the process of thermal aging for the stable operation of the power system.

Thermal aging is one of the main reasons for the degradation of insulating materials of
high-voltage cables [10,11]. The electrical properties and microstructure of XLPE insulation
after thermal aging has been studied extensively. Boukezzi et al. studied the effect of
thermal aging on the change of crystallinity of XLPE by X-ray diffraction, and the changing
pattern of crystallinity during thermal aging at different temperatures was analyzed [12].
Meng et al. studied the law of physicochemical and electrical properties of XLPE cable
insulation under the effect of thermal aging and compared the changes in crosslinking
by-product content, breakdown and resistivity properties of XLPE samples with different
aging times [13]. Alghamdi et al. studied the change of mechanical properties of XLPE
samples after accelerated thermal aging to establish the life-stress relationship by Arrhe-
nius model to evaluate the cable life [14]. Li et al. conducted accelerated thermal aging
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experiments on XLPE insulated cables at different temperatures to test the antioxidant
content, crystallinity, thermal degradation characteristics and mechanical properties of
the aging samples by FTIR analysis, differential scanning calorimetry, X-ray diffraction,
thermogravimetric analysis and tensile tests [15]. Zhang et al. studied the effect of crys-
tallinity and antioxidant content on the dielectric strength of XLPE cable insulation in
accelerated thermal aging [16]. Kim et al. studied the change of the Weibull statistical
parameters characterizing the dielectric breakdown of thermally aged XLPE cable samples
with different aging degrees [17]. He et al. studied the change of mechanical properties
and dielectric strength of 10kV crosslinked polyethylene insulated cables at different ag-
ing stages [18]. Kemari et al. studied the physicochemical and dielectric properties of
cross-linked polyethylene insulation samples at four different temperatures ranging from
80 to 140 ◦C and different aging times [19]. Thermal aging will affect the microstructure
of the cable insulation materials, which will lead to changes in macroscopic dielectric and
breakdown properties.

In summary, there are more studies on the physicochemical and electrical properties
of the cable insulation after thermal aging, but there are few reports on the analysis of the
commercial cable insulation and effect of the molecular motion on the electrical insulation
properties. In this paper, the XLPE insulation properties under different thermal aging
times were characterized using Scanning Electron Microscopy (SEM), Fourier-Transform
Infrared Spectroscopy (FTIR), breakdown and dielectric testing devices. The changes in
micro-structure, internal functional groups, breakdown and dielectric properties of cable
insulation materials under the effect of thermal aging were evaluated. Meanwhile, the
crystal structure state was analyzed by building a molecular structure model to simulate
the change of XLPE free volume rate at different temperatures. The work has impor-
tant application value to the insulation condition evaluation and fault analysis of high
voltage cable.

2. Sample Preparation and Experimental Methods
2.1. The Preparation of the Insulation Layer Sample

Firstly, the XLPE insulation base material used for commercial high-voltage cables
was placed in a drying oven for 30 min to remove the moisture. Secondly, the insulation
base material was evenly placed in a 10 mm × 10 mm mold and preheated at 130 ◦C for
6 min using a flat plate vulcanizing machine and then cross-linked at 180 ◦C for 15 min.
Finally, the insulation material was cooled and molded at 25 ◦C. The XLPE samples with a
thickness of 0.3 mm were prepared.

2.2. Thermal Aging Treatment

A thermal aging system was used to perform thermal aging treatment on the sample.
In order to make the sample uniformly heated, the sample was placed in the way of vertical
suspension. The aging temperature was set to 120 ◦C, and the aging time was set to 0 h,
168 h, 720 h, and 1440 h, respectively.

Figure 1 shows the flowchart of XLPE insulation sample preparation and thermal
aging process. It can be seen from the figure that the color of XLPE insulation sample
gradually changes from transparent to dark brown as the aging time increases.

2.3. SEM Testing

The micro-structure of sample at different aging time was observed by Scanning
Electron Microscope (Phenom-World, Eindhoven, The Netherlands). First, the sample was
brittle in liquid nitrogen, and then the section was sprayed with gold by an ion-sputtering
instrument (Haifuda, Beijing, China). Finally, the micro-structure was observed under the
scanning electron microscope.
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Figure 1. XLPE insulation layer preparation and thermal aging flowchart.

2.4. Infrared Spectroscopy Testing

An FTIR spectrometer (Bruker, Saarbrücken, Germany) was adopted to test the func-
tional group structures of XLPE sample under different aging time. The samples were
cleaned with anhydrous ethanol to remove impurities before the experiment; the samples
were placed in an oven at 60 ◦C to eliminate the moisture. The test spectra were in the
range of 500~4000 cm−1.

2.5. Breakdown Strength Testing

In this paper, an AC voltage with a step-up rate of 500 V/s was used. According to
IEC60243-1-2013, “When measuring the short-time electrical strength of a solid insulation
layer at industrial frequency, the voltage should be stepped up continuously at 50 Hz
AC until breakdown of the sample occurs, and the breakdown voltage value should be
recorded”. In order to prevent tip discharge during the experiment, XLPE samples were
made into 100 mm diameter circles using a punching machine before the test. Simultane-
ously, the samples were placed in the drying oven at 60 ◦C to reduce the moisture. During
the experiment, the sample was completely placed in dimethyl silicone oil to prevent the
air breakdown, and the boost rate was set at 500 V/s. Each group of aging samples was
tested ten times to measure the thickness of the breakdown point and calculate the power
frequency breakdown strength. Two-parameter Weibull distribution was used to analyze
the breakdown test results. Where the expression of the two-parameter Weibull distribution
density function is [20]:

F(t;α,β) = 1 − exp[(t/α)ˆβ] (1)

where, t is the variable, which is the experimentally acquired breakdown strength. α is the
scale parameter, which represents the breakdown strength at a failure probability of 63.2%.
β is the shape parameter, which characterizes the range of the measured data.

2.6. Frequency Domain Dielectric Properties Testing

The dielectric properties of XLPE sample under different aging time were tested using
a broadband dielectric impedance spectrometer (Novocontrol, Frankfurt, Germany) at
different frequencies and temperatures. The sample was cleaned with anhydrous ethanol
before testing and placed in an oven at 60 ◦C for drying. The sample diameter was
20 mm, the thickness was 0.3 mm, the testing frequency was 10−1~106 Hz, and the testing
temperature was 25 ◦C.
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3. Experimental Results and Analysis
3.1. Micro-Structure Analysis

The micro-structure of the insulation layer of XLPE with different aging times is shown
in Figure 2. The micro-structure of XLPE with unaged treatment is shown in Figure 2a,
which reveals that the cross-section of the insulation layer is uneven, and there are more
cross-linked and crystal zones with complete and continuous cross-chain structures. The
micro-structure of XLPE after aging for 168 h and 720 h is presented in Figure 2b,c. With the
increase in aging time, the convex part decreases gradually and the chain structure becomes
sparse. The micro-structure of XLPE aged for 1440 h is shown in Figure 2d, thermal aging
leads to the destruction of the chain structure integrity of the insulation sample. When
using liquid nitrogen low temperature brittle fracture and observing the insulation sample
section, the brittleness of the insulation samples increases due to the long aging time. The
texture of the fracture surface of the insulation sample that resulted in aging for 1440 h
was less than that of the other aging times. The integrity of the crystal zones is destroyed
and the spacing between the crystal zones is increased. This illustrates that thermal aging
destroys the internal cross-linked network of XLPE, which results in a cracked and sparsely
dispersed molecular chain structure.
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Figure 2. Micro-structure of the insulation layer under different aging time. (a) The unaged insulation
layer; (b) the insulation layer aged for 168 h; (c) the insulation layer aged for 720 h; (d) the insulation
layer aged for 1440 h.

3.2. Fourier Infrared Spectroscopy

The FTIR spectra of the insulation layer at different thermal aging times is shown
in Figure 3a. Symmetric and asymmetric stretching vibrational peaks of methylene at
wavenumbers 2915 cm−1 and 2848 cm−1. The carbon-hydrogen bending vibration peaks in
the wavenumber 1500~400 cm−1. The shear vibration peaks of methylene at 1462 cm−1

and 1472 cm−1. At 720 cm−1 is the plane rocking vibration peak of methylene. The peaks
of these three absorption peaks increase significantly with the expansion of thermal aging
time, implying that the carbon-hydrogen bonds within XLPE are broken under the action of
thermal aging, producing methylene groups and leading to the growth of absorption peaks.
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The double bond stretching vibration region is within the wave number 2000~1500 cm−1,
and the obvious carbonyl (C=O) stretching vibration peak appears at 1727 cm−1 after
168 h of aging. Owing to the thermal aging process, XLPE is subjected to thermal action
and oxidation reaction, weak bonds of molecules are broken, and the oxidation reaction
produces peroxide radicals as well as hydrogen peroxide, which further reacts to produce
carbonyl groups.
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To characterize the aging state of XLPE sample at different aging times, the carbonyl
index is used to describe it quantitatively. The carbonyl index is the ratio of the car-
bonyl stretching vibration peak at 1727 cm−1 to the intensity of the absorption peak at
2915 cm−1 [21]. The patterns of carbonyl index change in XLPE after thermal aging are
shown in Figure 3b. The carbonyl index increases with aging time. The carbonyl index
is 15.13% at 0 h and increases to 50.14% at 1440 h. This indicates that under the action of
thermal aging, the weak bonds of XLPE macromolecular chains are broken and substances
containing carbonyl groups are generated. Therefore, with a longer aging time, the more
serious the thermal oxygen effect damages XLPE, and the larger the carbonyl index.

3.3. Effect of Thermal Aging on Breakdown Strength

The change in breakdown strength of XLPE at different aging times is shown in
Figure 4. The Weibull distribution parameters of the XLPE breakdown strength at different
thermal aging times are shown in Table 1. As can be seen from Figure 4, the breakdown
strength of XLPE gradually decreases as the aging time increases. The breakdown strength
of XLPE with unaged treatment is 75.37 kV/mm. The breakdown strength of XLPE at
168 h is 68.56 kV/mm, a reduction of 9.03%. The breakdown strength of XLPE at 720 h is
63.37 kV/mm, a reduction of 15.92%, and it is 62.18 kV/mm at 1440 h.

Table 1. Weibull distribution parameters for XLPE breakdown strength at different thermal ag-
ing time.

Aging Time/h α/kV·mm−1 β

0 75.37 35.0
168 68.56 54.5
720 63.37 22.4

1440 62.18 25.5
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As the aging time increases, the breakdown strength of XLPE gradually decreases. The
reason for this is that thermal aging breaks the XLPE macromolecular chain, resulting in
the destruction of the crystal zones in XLPE and its transformation into amorphous zones.
Under the action of the electric field, the carriers in XLPE migrate mainly on the surface of
the crystal zone and in the amorphous zone, and the disruption of the crystal zone makes
it easier for the carriers to migrate, resulting in a significant decrease in the breakdown
strength. The breakdown strength of the XLPE was tested by applying an AC electric field.
When the applied voltage is at the negative half-cycle, the negative charges injected into
the sample is trapped by the trap, and when the polarity is reversed, the positive charges
injected into the sample compound with the negative charges to produce energy. As the
thermal aging time increases, the molecular chains inside the XLPE sample break due to
thermal oxygen ageing, the number of traps and traps levels in the dielectric increase, the
field strength threshold required for charge injection is reduced. Therefore, it leads to an
increase in the amount of injected charge, which makes the compound reaction of positive
and negative charges become more intense, thus generating more energy and causing a
significant decrease in the breakdown strength of the thermal aging XLPE sample.

3.4. Effect of Thermal Ageing on The Dielectric Properties

The change rule in the relative permittivity of the insulation layer at different aging
times is shown in Figure 5a. The relative permittivity of the insulation layer tends to
decrease slightly with the increasing aging time until 720 h. The relative permittivity of
XLPE at 50 Hz is used as a comparison and the relative permittivity at 0 h is 2.44. The
relative permittivity of the XLPE sample at 168 h is 2.42, a reduction of about 0.82%. The
relative permittivity of the XLPE sample at 720 h is 2.41. The relative permittivity of the
XLPE sample at 1440 h is 2.51. It can be concluded that the relaxational polarization intensity
of the XLPE sample does not change significantly before 720 h. The relative permittivity
constant of XLPE is essentially unchanged. The relative permittivity of the XLPE sample at
1440 h increases significantly at lower frequencies and decreases rapidly with increasing
frequency. This is because thermal aging causes a large number of polar groups to be
generated in XLPE, which increases the strength of the relaxational polarization and leads
to an increase in the relative permittivity. As the relaxational polarization needs takes a long
time to establish, with the increase in electric field frequency, the relaxational polarization
is not established in time at high frequencies, resulting in a large increase in the relative
permittivity of the 1440 h at lower frequencies and an insignificant increase in the relative
permittivity at higher frequencies.
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The change rule in the dielectric loss of the insulation layer at different aging times
is shown in Figure 5b. The dielectric loss of XLPE at 50 Hz is used as a comparison and
the dielectric loss at 0 h is 1.47 × 10−4. The dielectric loss of the XLPE sample at 168 h is
2.02 × 10−4, an increase of about 37.41%. The dielectric loss of the XLPE sample at 720 h
is 2.67 × 10−4, an increase of about 81.63%, and it is 3.10 × 10−3 at 1440 h. The dielectric
loss of the insulation layer tends to increase slightly with the increasing aging time until
720 h. However, the dielectric loss is related to the conductivity loss of the free charge and
the relaxational polarization process [22]. It can be seen that before 720 h, XLPE is in a
re-crosslinked state and only part of the crystal region is disrupted. At this time, thermal
oxygen aging has not yet produced more polar groups, the polarization phenomenon is
not obvious, the influence on the dielectric loss of insulation is little. The dielectric loss of
the XLPE sample at 1440 h increases significantly. This is because of the decrease in the
crystal zone due to prolonged thermal aging, the weakening of the interaction forces after
the breakage of macromolecular chains, the increase in the mobility of molecular chains,
and the increase in the polarization strength due to the production of a large number of
polar groups. Meanwhile, the free volume of XLPE molecules becomes larger, the ion
mobility increases and the electrical conductivity gradually increases, which also leads to
the increase of dielectric loss.

The dielectric loss of XLPE sample with the same aging time shows a trend of de-
creasing and then increasing with frequency. This is because at lower frequencies, elec-
trons or ions in the XLPE under the action of electric field gather at the interface to form
space charges thus causing interfacial polarization, which decreases with increasing fre-
quency [23]. Meanwhile, as the frequency increases, the turning-direction polarization
gradually cannot keep up with the change of electric field, and the electric dipole needs
to overcome the intermolecular force when turning-direction, thus generating loss, but
this loss is small at lower frequencies. Thus, interfacial polarization plays a dominant role
in the dielectric loss of XLPE at lower frequencies, so at lower frequencies the dielectric
loss gradually decreases with increasing frequency. When the frequency increases to a
certain value, the relaxational polarization cannot keep up with the change in frequency
and hysteresis occurs, and the relaxational polarization intensity increases significantly,
leading to an increase in dielectric loss.

As the aging time increases, the dielectric constant and dielectric loss of XLPE will
show an increasing trend. For the dielectric itself, some new functional groups will be
generated after aging, resulting in an increase in the polarity of the dielectric. For high
voltage cables, the increase in dielectric constant will lead to distortion of electric field,
which will cause partial discharge. The increase in dielectric loss will generate a large
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amount of Joule heat. Due to the special characteristics of the cable structure, the heat
cannot be dissipated in time, which will lead to a further increase in the internal temperature
of the cable, accelerating the thermal aging of high-voltage cables, reducing the insulation
performance of the insulation layer, thus affecting the service life of high-voltage cables.
The quantitative relationship between the dielectric parameter variation and the cable life
will be further studied.

3.5. Effect of XLPE Molecular Microstructure

The electrical properties of XLPE high voltage cables are closely related to the mi-
crostructure. In order to characterize the changing state of XLPE microscopic molecular
structure at different temperatures, based on the XLPE molecular structure [24], the XLPE
molecular structure model was established as shown in Figure 6a. To build a stable molecu-
lar structure, the XLPE model needs to be optimized in energy. From Figure 6b, it can be
observed that the energy gradually decreases from 2920.97 kcal/mol with the increase of
optimization steps and stabilizes around 40.29 kcal/mol, which indicates that the XLPE
molecular structure reaches the most stable state.
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(b) energy changes in the molecular structure of XLPE.

XLPE is a semi-crystalline polymer and the percentage of crystal and amorphous zone
affects its electrical properties. Therefore, the variation of the free volume rate of XLPE at
different temperatures was investigated. The cell model of XLPE was established based on
the optimized XLPE molecular chain, as shown in Figure 7a. According to the crystal cell
model, different operating temperatures were set to 25 ◦C, 90 ◦C, and 120 ◦C, respectively.
The variation pattern of the free volume rate at different temperatures is shown in Figure 7b,
which shows that the free volume rate is 34.50%, 34.82%, and 35.06% at 25 ◦C, 90 ◦C, and
120 ◦C, respectively. The percentage of free volume of XLPE increases gradually with the
increase in temperature. Since the melting temperature of XLPE is around 104 ◦C [25], the
high temperature of 120 ◦C destroys the crystal structure of XLPE and leads to an increase
in the free volume of XLPE molecules.
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4. Discussion

Cable insulation material XLPE is a kind of high polymer with both crystalline and
amorphous regions. It is susceptible to degradation by thermal aging, and the deterioration
of XLPE will occur first in the weak bonds of macromolecules. The carbon and hydrogen
bonds break first to produce hydrogen peroxide, which further reacts to produce carbonyl
groups. Therefore, the change in carbonyl index can be used to determine the degree of
aging of running XLPE cables. Meanwhile, the generation of carbonyl groups enhances the
charge accumulation, resulting in enhanced interfacial polarization at low frequencies, so
the larger the dielectric loss at low frequencies, the more serious the aging of the cable.

When the temperature of XLPE exceeds the melting temperature, the XLPE crystals
melt, resulting in the transformation of the crystal zone into an amorphous zone. The color
of XLPE insulation sample appearance after thermal aging gradually deepens with the
growth of aging time, and the insulation sample becomes hard and brittle. It can also be
judged from the reduction of texture in the fracture surface of XLPE after aging observed
by SEM that the molecular chains of XLPE break after aging, the cross-linked structure is
destroyed and the activation energy decreases.

In summary, XLPE undergoes degradation during thermal oxygen aging and generates
new polar groups and the polar group is one of the factors affecting the dielectric properties,
so the dielectric constant and dielectric loss increase at 1440 h of aging. Meanwhile, as the
aging degree increases, the thermal decomposition reaction inside XLPE becomes more
serious, and the molecular chain structure is broken and the crystal zone is destroyed, so
that the breakdown strength decreases.

High-voltage XLPE insulating compounds mainly consist of low-density polyethylene
(LDPE), base resin, dicumyl peroxide (DCP) and antioxidant. Additives have an important
influence on the insulation performance of high-voltage cables. At present, more scholars
have studied the effect of voltage stabilizers and antioxidants on the insulation performance
of high-voltage cables. We will continue our research on the effect of additives on the aging
characteristics of long-term operating cables in the future.

5. Conclusions

The microstructure, dielectric properties and breakdown strength of high voltage cable
insulation materials with different aging degrees were studied, and the aging mechanism
of cable materials was analyzed by molecular simulation. The conclusions are as follows.

(1) In the early stage of sample aging, the chain structure is complete and continuous,
and in the process of accelerated thermal aging, the chain structure gradually cracks
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and sparsely. At the same time, the absorption peaks of polarity in XLPE increased
with the increase of aging time, and the carbonyl index increased.

(2) In the process of thermal aging, the macromolecular chain of XLPE is broken, the crys-
tal zone is destroyed, and the amorphous zone is increased, resulting in the breakdown
strength decreasing with the increase of aging degree. The dielectric loss gradually
increases with the increase of aging time. Meanwhile, long-term thermal aging causes
an increase in polar groups, leading to an increase in the dielectric constant.

(3) With the increase in temperature, the proportion of free volume of XLPE increases
gradually. When the temperature is higher than the melting temperature of XLPE, the
crystal structure of the sample is destroyed.

As an insulation system composed of multiple materials and multi-layer structures, the
insulation safety of high-voltage cables is not only related to the main insulation materials,
but also closely related to the semi-conductive shielding layer materials and multiple
interface structures. In the future, the aging performance of high voltage cable insulation
will be comprehensively evaluated from the multiple aspects such as the insulation material
and the semi-conductive shielding material.
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