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ABSTRACT 

This article investigates the surface electrical properties of PEEK and XLPE before 
and after the fluorination modification. The samples are tested for surface 
conductivity, surface morphology, and surface anti-aging characteristics. The samples 
are also tested for flashover voltage with ramping voltage under 100 kPa, 20 kPa and 
10 kPa. The results showed that the surfaces of PEEK and XLPE become slightly 
smoother with the increase of fluorination time, and the conductivity increased with 
the increase of fluorination time. After fluorination, the surface of PEEK shows 
significant hydrophilicity, while the surface hydrophobicity of XLPE is slightly 
reduced after fluorination, and there is a trend of recovery with the extension of 
fluorination time. After fluorination, the surface anti-aging performance is 
significantly improved. Compared with the untreated samples, the fluorinated PEEK 
has a higher flashover voltage at 100 kPa, and the flashover voltage is slightly 
increased at 10 kPa and 20 kPa, while the flashover voltage of XLPE after 
fluorination shows a downward trend especially under low pressures. This study 
provides a reference for fluorinated polymers as promising candidates for the 
insulation systems for all-electric aircraft. 

   Index Terms — Surface charge, XLPE, PEEK, fluorination, flashover, all-electric 
aircraft. 

 

1 INTRODUCTION 
ALL-ELECTRIC aircraft uses batteries as the power source 

for the propulsion system where the key electric components 
operate at medium and low direct current (DC) voltage [1, 2]. The 
all-electric aircraft is at a normal atmospheric pressure of 100 kPa 
when it takes off at full load on the ground. After the stratosphere 
reaches the cruising altitude, it will remain at about 35000-40000 
feet, in a low-pressure environment of about 20 kPa. The hybrid-
electric aircraft is designed with one propulsion system powered 
by a battery, and to satisfy the dense output power requirement 
during taking off, there would be very high current flowing in the 
cables, resulting in a temperature of as high as more than 120 °C. 

Working in extreme environments such as low air pressure and 
sudden changes in thermal conditions, the insulation performance 
of the propulsion system requires more robust and special 
assessment [3]. Insulating materials used in aircraft require light 
weight and erosion resistance in the bulk, while when considering 
the electrical property, surface partial discharges and flashover are 
more likely to occur at DC voltage in low-pressure environments. 
Additionally, a large amount of radiation at high altitudes is more 
likely to cause aging and degradation of insulating materials [4]. 
The above concerns require dielectric materials with enhanced 
properties in lighter weight, such as better erosion resistance, and 
stable electrical, chemical and physical properties especially 
under DC voltage at low pressures [5, 6]. PEEK, XLPE and PI 
are three common insulation materials used in all-electric aircraft. 
PI is only used for motor winding insulation, and it is easy to 
accelerate aging under high humidity conditions [7, 8]. XLPE 
and PEEK are common insulating materials in aircraft cables, 
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especially XLPE can better adapt to various harsh 
environments and ensure insulation safety. PEEK is a special 
engineering plastic. Due to its strong chemical inertness and 
corrosion resistance, its reinforced composites are widely used 
in cable original parts, wings and other locations. Polyether-
ether-ketone (PEEK) is a special engineering polymer with 
excellent electrical and thermal properties. It is extremely strong, 
chemically inert and flame-retardant, resistant to high 
temperatures, and has excellent mechanical and insulating 
properties [9]. Cross-linked polyethylene (XLPE) has good 
chemical stability, good resistance to extreme temperature and 
excellent electrical insulation [10], Moreover, high-purity highly 
homogeneous XLPE being developed in the last two decades [10, 
11] has also a better behavior vs. the so-called dimensional effect, 
i.e. the fact that as insulation volume is enlarged, more defects are 
found and breakdown voltage tends to drop [12]. This problem is 
important in all-electric aircrafts, as the cumulated lengths of 
electrical cables are steadily increasing in aircrafts: up to 20 km in 
a helicopter, 40 km in a fighter, 500 km in a civil aircraft [13]. 

The contamination can be introduced in the following 
procedures: Oils may be introduced during the manufacturing 
process. During working, light objects are likely to be attached to 
the insulation surface due to the polarization. Due to the 
temperature variation which ranges from, the surface of insulation 
may accumulate water drops or films. This water attaches more 
dust during working of the aircraft. In terms of density, PEEK has 
1.34 kg/dm3 [14], while the density of XLPE is relatively lower, 
only 0.95 kg/dm3. Excellent insulation and light weight 
characteristics make these two polymers potential candidates in 
light-weight aircraft insulation systems [15].  

Surface fluorination is one of the most important means to 
adjust the surface insulation properties of polymer dielectrics. 
Due to its advantages such as simple operation, mature process, 
and low cost, surface fluorination provides a feasible way for the 
surface modification of insulation materials [12]. Guo et al. 
believed that direct fluorination treatment can greatly improve the 
flashover voltage of LDPE [16]. Li et al. found that the 
fluorination modification modifies traps on the surface of alumina 
epoxy composites, affecting the morphology and surface 
conductivity of the insulating surface, which result in a boosted 
flashover voltage in both air and SF6 [17, 18]. Fluorination 
treatment has also been found to have the effect of optimizing 
surface electrical properties of EPR, but excessive fluorination 
will weaken the ability to resist electrical tracking. 240-360 
minutes of fluorination can help ethylene propylene rubber (EPR) 
obtain the best surface properties [19, 20]. The surface 
fluorination of PEEK film has been successfully achieved by 
using the reduced polymer (PEEK-OH) as a versatile key-
inter-mediate [21]. Space charge measurements on the surface 
fluorinated PE film revealed that the fluorinated layer can 
effectively block the charge injection [22]. A large number of 
preliminary studies have proved that fluorination modification 
has potential advantages in improving the surface insulation 
performance of PEEK and XLPE. However, no studies have 
been performed to evaluate the electrical properties of these 
two materials after fluorination under low pressure. 

The development of future hybrid-electric aircraft requires a 
significant voltage boosting to satisfy the increase in output 
power and narrow space. For example, an all-electric propulsion 

system for a twin-aisle (e. g. the notional NASA N3-X) aircraft 
requires at least 50 MW during take off. NASA estimates that the 
future hybrid-electric aircraft would need to operate at a 
maximum voltage of 20 kV, and its insulation must be able to 
withstand up to 41 kV. Therefore, it is a desperate need for us to 
find a suitable insulation material that can work at high voltage at 
elevated amplitudes, while the surface property, including Surface 
flashover, Surface conductivity, Leakage current, FTIR spectrum, 
Water contact angle, SEM, EDAX, plays an important role. 

In this paper, some PEEK and XLPE samples were fluorinated 
for various time lengths, the electrical properties of the surface 
were tested before and after fluorination, and the surface 
insulation performance under low air pressure was evaluated. The 
research in this article can provide guidance for the selection and 
performance optimization of novel insulation materials for all-
electric aircraft. 

2 EXPERIMENTAL SETUP 

2.1 SAMPLE PREPARATION 

The experimental samples are PEEK and XLPE square films 
with a thickness of 100 μm and a side length of 25 mm. The 
chemical composition, density, and the operating temperature of 
samples are shown in Table 1 [23]. 
Table 1. Chemical composition, density, and allowable temperatures of samples. 

Mat. Molecular structure 
Density 
(kg/dm3) 

Allowable 
temperature  

 
PEEK  

1.34 -40 °C~250 °C 

 
 

XLPE 
 

0.93 -20 °C~130 °C 

Before surface fluorination, samples were treated by 
ultrasonic processing in absolute ethyl alcohol and distilled 
water for 60 min, and then dried in a vacuum oven for 30 min 
at 70 °C. Surface fluorination was performed with F2/N2 
mixture containing 12.5 % F2 in volume for 15, 30 and 60 min 
at 50  °C and 0.1 MPa. 

2.2 MEASUREMENT DESCRIPTION 

In the flashover test, two finger electrodes were used. The 
distance between the two electrodes was 8 mm. The samples 
were placed on an epoxy board support and pressed tightly below 
two electrodes. The flashover test was performed in a chamber 
and the setup is shown in Figure 1. After air pressure was kept 
stable for 10 min, the voltage was increased at a ramp rate of 500 
V/s, and the occurrence of flashover was detected by a current 
transformer connected to an oscilloscope. The cooling down 
time between each flashover was 5 min. The experiment was 
carried out at 10 kPa, 20 kPa and atmospheric pressure (100 kPa), 
and each sample was measured 10 times at every single pressure. 
The temperature was 15 °C and the relative humidity was 10 % 
when measuring the flashover voltage. 

In the test of the surface conductivity, the temperature was 
14 °C, the relative humidity was 10 %, and the applied voltage 
was 0.83kV/mm. 

 



 

 
Figure 1.Setup of flashover voltage test. 
 

The chemical composition of the sample surface was 
measured by FTIR (TENSORn) in the attenuated total 
reflection mode. The surface morphology and cross-sectional 
morphology of the sample before and after fluorination were 
measured by a field emission scanning electron microscope 
(Nova Nano SEM450). An EDAX energy spectrometer EDS 
(OCTANE PLUS) was used for element content analysis. An 
optical contact angle meter (DAS30) was used to measure the 
water contact angle, and 10 different points were selected for 
each sample for the measurement. In the surface aging test, the 
sample was subjected to continuous flashover treatment at 
17 °C and RH = 15% for 1 minute. About 130 times of 
flashover occurred per minute. 

3 RESULT 
Figure 2 shows the FTIR spectrum of original samples and 

samples fluorinated for 15 min, 30 min, and 60 min. As shown 
in Figure 2 (a), the peak at 1645 cm-1 of the PEEK sample 
corresponds to the tensile vibration of the C=O bond. The 
peaks at 1591 cm-1 and 1510 cm-1 correspond to the bone 
vibration of the R-O-R aromatic ring structure. The peak at 
1214 cm-1 corresponds to the asymmetric tensile vibration of 
the R-O-R structure. The peak at 832 cm-1 corresponds to the 
plane bending vibration of C-H in the aromatic ring [20]. No 
new characteristic peaks appeared in samples after fluorination. 
However, as the fluorination time increases, the curve moves 
toward the direction of high wave number, and a blue shift 
occurs, indicating that the chemical groups of the fluorinated 
polymer become more stable. 

Figure 2 (b) shows that for the XLPE, the peak at 2914 cm-1 
represents the -CH3 asymmetric stretching vibration, the peak 
at 2846 cm-1 corresponds to -CH2- symmetric stretching 
vibration, and the peak at 1461 cm-1 corresponds to the -CH2- 
bending vibration. At 718 cm-1, -(CH2)n-(n≥4) in-plane 
rocking vibration appears. The fluorinated samples showed a 
strong absorption intensity between 1000-2000 cm-1 (The in-
plane rocking vibration of the -(CF2)n- group mainly appeared 
at 1090 cm-1, and the bending vibration of the -CF- and -CF2- 
groups appeared at 1734 cm-1), indicating the formation of -
CF-, -CF2-, and -CF3 -groups. 

 
 

 
Figure 2. FTIR spectrum of experimental samples. (a) PEEK and (b) XLPE. 
 

Figure 3 shows the elemental composition of experimental 
samples, namely the atomic ratio of C, O and F of original 
samples and samples fluorinated for 60 min. With the increase 
of the fluorination time, the content of C element decreases, 
and the content of O atoms and F atoms increases. The C atom 
in PEEK decreased from 83.51 % to 78.99 %, the O atom 
increased from 16.49 % to 17.64 %, and the F element 
increased from 0 to 3.38 %. The C atom in the XLPE 
decreased from 99.66 % to 95.1 %, the O atom content 
increased from 0.34 % to 2.87 %, and the F atom content 
increased from 0 to 2.03 %. This observation indicates that 
PEEK had a displacement reaction with fluorine gas. It is 
believed that this is due to the presence of C-H on the benzene 
ring of PEEK, which may replace a small amount of H 
element during the fluorination process.  
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Figure 3. F element content of original sample and fluorinated samples. 

 
Figure 4 shows the SEM images of samples before and after 

the surface aging test. The surface texture of the original 
PEEK sample was uniform and slightly rough. After 
fluorination, especially after 60 min of fluorination, the 



 

 

 
(a) SEM images of PEEK samples before and after aging. 

 

 
(b) SEM images of XLPE samples before and after aging. 

Figure 4. SEM images of experimental samples before and after aging. 

surface of the sample became very smooth and flat. The 
surface morphology of the XLPE samples before and after 
fluorination did not change much. Interestingly, for both 
materials, the local electro-erosion area on the surface of the 
sample after  
fluorination for 15 min under the same electrical aging 
conditions  was lighter, and was replaced by a relatively small 
and dense dot-like substance. The traces of carbonization on 
the surfaces of both materials after 30 min fluorination were 
very inconspicuous, which were basically the same as those of 
the samples before aging. However, local carbonization traces 
can be found on the surface of the 60 min fluorinated samples. 

Figure 5 shows the surface conductivity of experimental 
samples. The surface conductivity of PEEK before 
fluorination was 7.8×10-16 S. It can be seen that as the 
fluorination time increases, the surface conductivity of PEEK 
increases first, but the increase is small. The highest surface 
conductivity of the sample after fluorination for 60 minutes 
was 2.4×10-15 S. The conductivity of the original XLPE was 
1.4×10-16 S, and the conductivity of the XLPE sample 
increased proportionally to the fluorination time. The longer 
the fluorination time results in higher surface conductivity. 
The highest conductivity of the 60 min-fluorinated sample was 
2.8×10-15 S. 
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Figure 5. Surface conductivity of experimental samples. 
 

Figure 6 shows the Weibull distribution of the flashover 
voltage of experimental samples at 100 kPa, 20 kPa and 10 
kPa. Table 2, 3, and 4 represent the values of α and β 
parameters of the Weibull distribution of flashover voltage at 
100 kPa, 20 kPa, and 10 kPa, respectively, where α is the scale 
parameter, and β is the shape parameter. Before fluorination, 
the flashover voltage of samples at 10 kPa was slightly lower 
than the flashover voltage at 20 kPa, and all of the values were 
much lower than the flashover voltage at 100 kPa. Because the 
β parameter of XLPE is larger than that of PEEK under the 
condition of 100 kPa, the breakdown voltage of PEEK is much 
more dispersed than that of XLPE. But under the condition of 
20 kPa, the shape parameter of PEEK is larger, and the 
breakdown voltage of XLPE is much more dispersed than that 
of PEEK. Under the condition of 10 kPa, the shape parameters 
of the two materials are close to each other, and their 
breakdown voltage scatter is basically the same. In addition, 
PEEK has a lower flashover voltage, especially at low 
pressures. 
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(a) Flashover voltage at 100 kPa. 

(b)  
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(b) Flashover voltage at 20 kPa. 
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(c) Flashover voltage at 10 kPa. 

Figure 6. The flashover voltage of experimental samples at 100 kPa, 20 kPa, 
and 10 kPa. 
 
Table 2. The values of alpha and beta of the Weibull distributions at 100 kPa. 

Experiment 
samples 

 Original F_15min F_30min F_60min 

PEEK 
α  26.05 28.97 28.52 26.68 
β 11.14 34.28 49.46 27.90 

XLPE 
α 29.31 28.97 28.80 28.45 
β 27.17 39.28 29.08 36.68 

 
Table 3. The values of alpha and beta of the Weibull distributions at 20 kPa. 

Experiment 
samples 

 Original F_15min F_30min F_60min 

PEEK 
α 7.498 7.195 6.972 7.916 
β 15.81 23.65 50.16 8.337 

XLPE 
α 7.744 7.369 6.945 7.027 
β 32.23 19.61 14.27 29.96 

 
Table 4. The values of alpha and beta of the Weibull distributions at 10 kPa. 

Experiment 
samples 

 Original F_15min F_30min F_60min 

PEEK 
α 5.434 5.946 5.303 5.369 
β 19.27 6.305 8.297 23.52 

XLPE 
α 5.952 5.319 5.207 5.297 
β 12.49 21.69 18.67 24.15 

 
After fluorination, the flashover voltage of PEEK increased, 

but the flashover voltage showed no clear relationship with the 
fluorination time. The flashover voltage of the untreated 
PEEK under 100 kPa was between 22 and 26 kV, and the 
flashover voltage increased significantly after fluorination, 
especially for the samples fluorinated for 15 min and 30 min, 
which was higher than 26 kV. As the air pressure decreased, 
this improvement after fluorination became less evident. In 
contrast to PEEK, fluorinated XLPE seemed to exhibit lower 
flashover voltages compared with the original sample. This 
characteristic was consistent under different pressures and was 
more pronounced as the pressure decreased. Under low 
pressure, it is challenging to identify which sample is better, 
especially at 10 kPa. The flashover curves of 60 min-
fluorinated and nonfluorinated samples were almost identical. 

4 DISCUSSION 
Both PEEK and XLPE have sufficiently low surface 

conductivity before the fluorination. With the increase of 
fluorination time, the surface conductivity increases. This 
finding is different from that of epoxy resin before and after 
fluorination based on our previous research, where an 
increased surface conductivity of up to two orders of 
magnitude was obtained after short time fluorination, followed 
by a decreasing trend of surface conductivity with the increase 
of fluorination time [18].  

The flashover voltage is one of the core parameters for 



 

assessing the insulating property. The flashover voltage can be 
affected by the voltage boost rate, gas type, pressure, sample 
characteristics, temperature, and humidity, etc.  Between the two 
materials, PEEK has a lower flashover voltage, and the flashover 
voltage after different fluorination time is more scattered. On the 
contrary, the flashover voltage distribution of XLPE before and 
after fluorination is more concentrated. The difference between 
the two materials is clearer under atmospheric pressure. This 
observation is mainly determined by the characteristics of the 
materials. During the voltage ramping, there are complex 
physical electric field-driven processes at the bulk of the 
insulation, e.g., the homo charge injection, which is significantly 
important in mitigating the electric field strength in the triple 
junction [24]. Additionally, the homo-polar charges 
transporting along insulation bulk and surface are key 
elements affecting the “analogous ineffective region”, 
especially under temperature gradient [25]. The difference in 
the flashover voltage can be explained by the irregularity of 
the surface charge behavior of samples with different charge 
transport behaviors. In other words, the breakdown voltage of 
a gas gap is based on Paschen’s law. However, when an 
insulation is involved, the charge behavior inside the solid 
insulation before flashover occurs has particular influence 
based on the field- and temperature-dependent electric 
properties, including polarization, electrical conductivity, 
permittivity, nonlinear conduction, and other physical 
parameters.  

The water contact angles of PEEK and XLPE before and after 
fluorination were measured as shown in Figure 7. The water 
contact angle of the original PEEK was around 73.44°, showing a 
water repellency property. After fluorination, the water contact 
angle of PEEK dropped rapidly. As the fluorination time 
increased, the water contact angle increased from 4° to 7°. The 
water contact angle of the original XLPE sample is around 106.1°. 
However, the water repellency of the XLPE decreased after 
fluorination, and with the extension of the fluorination time, the 
water contact angle increases from the initial value of 72° to 88°. 
After fluorination, the hydrophilicity of PEEK is greatly 
improved, which indicates that a local continuous water film on 
the PEEK surface is easier to be formed. The randomly formed 
water film distorts the local field strength and affects the 
flashover voltage distribution, which we believe is the reason for 
the large dispersion in flashover voltage for PEEK before and 
after fluorination. After surface fluorination, the water contact 
angle of the material changes obviously, especially for PEEK 
material, the hydrophilicity of the material after fluorination is 
significantly enhanced. For XLPE materials, the change of 
water contact angle is not as obvious as PEEK, but the 
hydrophilicity is also enhanced. The decrease of water contact 
angle is due to the introduction of polar groups such as CHF 
groups and oxygen-containing groups in the fluorination 
process, and high polar groups are further formed with the 
increase of the number of broken chains. Because the size of 
fluorine atom is larger than that of hydrogen atom, the 
introduction of fluorine atom into the surface layer increases 
the molar volume of molecules, which changes the surface 
structure of the sample. In addition, fluorination reaction is 
always accompanied by molecular chain breaking. These 
physical and chemical changes lead to the changes in electrical 

properties on the surface of materials. The measurement 
results of surface conductivity also increase with the increase 
of fluorination time. The increase of conductivity can inhibit 
the accumulation of surface charge and accelerate the 
dissipation of charge, thus affecting the flashover 
performance. 
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Figure 7. Water contact angles of experimental samples. 
 

At 20 kPa, the flashover voltages of PEEK and XLPE are 
reduced by 4-5 times compared with the atmosphere pressure 
condition, but the flashover values at 10 kPa and 20 kPa are not 
much different. Under low pressure conditions, the relative 
density of gas molecules near the triple joint decreases, resulting 
in a longer free travel length of electrons. As a result, the 
probability of sufficient kinetic energy accumulated between two 
adjacent collisions is increased, and the flashover voltage is 
decreased more easily. As a consequence, the weights of factors 
determining the flashover voltage at low pressure depend more 
on the gas property such as the gas adsorption energy and the 
gas molecular ionization energy, and the contributions of 
factors from the solid phase, i.e. charge injection, charge 
transport, are greatly reduced. This explains why the flashover 
voltage before and after fluorination of PEEK at low pressure is 
very similar. For XLPE, the flashover voltage decreased after 
fluorination. The reason might be due to the increase in the 
horizontal electric field component which is due to the increase in 
the surface conductivity after fluorination. As has already been 
known that an increase in the horizontal electric field component 
along the insulation surface causes the streamers more likely to 
develop into an arc.  

Compared with the flashover voltage, the arc aging resistance 
characteristics of PEEK and XLPE after fluorination were greatly 
improved as shown in Figure 2. To further verify this finding, a 
continuous aging test for 4 minutes was performed and the 
leakage current and flashover voltage was measured every minute 
To be frank, the aging performance of samples was checked by 
the leakage current after samples were arc aged for different time 
duration. However, we admit that the long-term aging 
performance of the insulation also plays a significant role in 
determining the insulating properties, including surface insulation 
performance under elevated DC and AC application, as well as 
polarity reversal test, etc. These measurements should also be 
considered and performed in the future. Figure 8 shows the 
measurement results of the leakage current of samples after 



 

aging with continuous flashover for different time duration. As 
shown in Figure 8 (a), the original PEEK exhibits a steadily 
increasing leakage current as the aging time increases. The 
leakage current of the fluorinated PEEK is relatively unstable 
after aging for a short time, while the leakage currents of the 
30-minute and 60-minute samples decrease slightly with the 
extension of the aging time, and are eventually lower than the 
leakage currents of the original sample. As shown in Figure 8 
(b), excepted the 60-minute fluorinated XLPE which shows a 
relatively stable leakage current after aging, the overall 
fluorinated XLPE shows a decreasing trend of leakage current 
with prolonged aging time, while the leakage current of the 
original XLPE shows firstly a slight decrease at 2 min aging 
and then continuous increase after the aging test at 3 min and 
4 min. 
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Figure 8. Leakage current v.s. aging time duration of PEEK and XLPE. 
 

PEEK, XLPE and PI are three common insulation materials 
used in all-electric aircraft. In our previous research, it was found 
that the arc resistance of PI material was greatly reduced under 
the condition of high temperature and surface pollution, which 
will limit the application of PI material in a harsh environment. At 
high temperatures, the surface flashover voltage of PI material 
will decrease by about 20% compared with PEEK and 
XLPE.PEEK material is not sensitive to temperature due to its 
strong chemical inertia. Even at the high temperature of 150 ℃, 
its arc erosion resistance is still higher than that of other insulating 
materials. When there are pollutants on the surface, the arc 
resistance times of PI are reduced by 86% compared with those 

without pollutants. On the contrary, the arc resistance times of 
PEEK materials are not affected by surface pollutants [23]. XLPE 
material is a common insulating material for ground and 
submarine cables. It has good chemical stability and resistance to 
extreme environments. It is also a special insulating material for 
electric aircraft cables. 

It is not accurate to judge the surface anti-aging performance 
only by the changes in the surface morphology. Based on the 
results from Figure 4 and Figure 8, 15, and 30 minute-fluorinated 
PEEK and XLPE show unstable performance in their arc aging 
resistance property. However, the performance of 60 minute-
fluorinated PEEK shows good anti-aging performance, which is 
verified by a relatively stable decrease of leakage current with the 
aging time, while for XLPE, samples fluorinated for 60 min 
shows a reasonably stable leakage current. We presume that the 
improvement of the aging resistance for 60 minute-fluorinated 
samples is due to the sufficient change in the surface chemical 
composition. Additionally, the blue shift of the absorption peak 
displayed by FTIR indicates that the chemical group of PEEK has 
become more stable after 60 minute-fluorination as has already 
been verified in Figure 2. It should be noted that the reason why 
the fluorinated PEEK does not show the C-F structure in FTIR is 
that the C-F peak overlaps with some chemical group peaks of 
the sample itself at 1000 - 1100 cm-1. 

5 CONCLUSION 
In this paper, the physical, chemical, and electrical 

properties of PEEK and XLPE after various fluorination times 
are reported. The focus of this work is experimental research 
on the surface characteristics of materials. However, the 
research on the bulk characteristics and corrosion resistance 
are equally important for insulation performance. We will 
study the material properties and corrosion resistance in the 
next work. Major conclusions are as follows.  

(1) After the fluorination, the electrical conductivity, water 
contact angle, arc aging resistance and flashover voltage of 
experimental samples can be modified. With the increase of 
the fluorination treatment time, the surface conductivity of 
PEEK and XLPE increased up to more than one order of 
magnitude, and the surface of PEEK became smoother, while 
the XLPE surface basically showed no significant changes. 

(2) For PEEK, at 100 kPa, the flashover voltage can be 
increased significantly after fluorination, and a slight increase 
of flashover voltage can be found at low pressures. However, 
for XLPE, the flashover voltage of fluorinated samples 
showed a decreasing trend at 100 kPa, 20 kPa, and 10 kPa. For 
PEEK materials, both 15 min and 60min samples can increase 
the flashover voltage. The 15 min sample lifting effect is the 
best at 10 kPa, and the 60 min sample lifting effect is better at 
20 kPa. 

(3) PEEK and XLPE fluorinated for 15 minutes and 30 
minutes are not stable in their anti-aging performance, and 60 
minute-fluorinated samples show the best performance in the 
leakage current test. For XLPE materials, from the electrical 
aging results, the 30 min sample has the best electrical aging 
resistance. 

The research in this article provides a reference for 
insulating materials selection for the propulsion system of all-
electric aircraft. The main focus of this work is on basic 



 

electrical performance and flashover characteristics under 
ramp voltage, which shows some interesting findings. 
However, this is far from enough for evaluating altitude-ready 
insulating materials to be used in the all-electric aircraft. 
Breakdown voltage, partial discharge, especially electrical 
parameters under DC voltage need to be paid attention to. In 
addition, the investigation of material properties and aging at 
higher temperatures are also critically needed.  

6 ACKNOWLEDGMENT 
The authors would like to thank the support by the Young 

Scientists Fund of the National Natural Science Foundation of 
China under NSFC Grant No. 51907047 and supported by 
State Key Laboratory of Reliability and Intelligence of 
Electrical Equipment (No. EERI_PI2020002), Hebei 
University of Technology. 

REFERENCES 
[1] H. Chikaraishi, “Extra-low-voltage DC power supply for large-scale 

superconducting coil for fusion device,” IEEE Trans. Appl. Supercon., 
vol. 26, no. 4, Art. ID:0606204, 2016.  

[2] Q. Huang et al, “Research on the traction power supply system of low 
voltage DC sliding contact line for electric mining truck,” International 
Conference on Power and Energy Engineering. (ICPEE), 2020, pp. 190-
194.   

[3] C. Xue et al, “Design of coil winding insulation voltage testing and  
corona signal extraction system,” Chinese Automation Congress. (CAC), 
2019, pp. 3691-3695. 

[4] A. N. Hammoud et al, “Performance of partially fluorinated polyimide 
insulation for aerospace applications,” Proceedings of 1995 Conference 
on Electrical Insulation and Dielectric Phenomena. (CEIDP), 1995, pp. 
262-265. 

[5] C. W. Extrand, “Mechanical and electrical properties of poly (ether ether 
ketone) (PEEK) with various conductive fillers,” Electrical 
Overstress/Electrostatic Discharge Symposium Proceedings. 
(EOS/ESD), 2000, pp. 161-165. 

[6] D. D. Avrov et al, “Silicon carbide as a material for high temperature 
posistors,” International High Temperature Electronics Conference. 
(HITEC), 1998, pp. 318-319.  

[7] R. DeIasi and J. Russell, “Aqueous degradation of polyimides,” J. Appl. 
Polym. Sci., vol. 15, no. 12, pp. 2965-2974, Dec. 1971. 

[8] M. Borghei and M. Ghassemi, “Insulation materials and systems for 
more and All-Electric Aircraft: A review identifying challenges and 
future research needs,” IEEE Trans. Diel. Electr. Insul., vol. 7, no. 3, pp. 
1930-1953, Sept. 2021.  

[9] X. Y. Sun et al, “Experimental analysis of high temperature PEEK 
materials on 3D printing test,” International Conference on Measuring 
Technology and Mechatronics Automation. (ICMTMA), 2017, pp. 13-16. 

[10] G. Mazzanti and M. Marzinotto, Extruded Cables for High-Voltage 
Direct-Current Transmission: Advances in Research and Development, 
Pwr. Engineering Series, Wiley-IEEE Press, 2013. 

[11] M. Marzinotto and G. Mazzanti, “The statistical enlargement law for 
HVDC cable lines. Part 1: theory and application to the enlargement in 
length,” IEEE Trans. Diel. Electr. Insul., vol. 22, no. 1, pp. 192-201, 
Feb. 2015. 

[12] M. Marzinotto, C. Mazzetti, and G. Mazzanti, “A new approach to the 
statistical enlargement law for comparing the breakdown performances 
of power cables – Part 2: application”, IEEE Trans. Diel. Electr. Insul., 
vol. 15, no. 3, pp. 792 – 799, Jun. 2008.  

[13] G. Millet et al., “Aircraft electrical wiring monitoring system,” Proc. Int. 
Conf. Embedded Real Time Software and Systems, Toulouse, France, 
2014. 

[14] J. P. Jhang, “The optimal parameter design of erospace aluminum alloy 
weldment via soft computing,” International Conference on Natural 
Computation. (ICNC), 2011, pp. 861-864. 

[15] H. Suzuki et al, “Water-tree characteristics in low-density PE under 
simulated inverter voltages,” IEEE Trans. Dielectr. Electr. Insul., vol. 5, 
no. 2, pp. 256-260, Apr. 1998.  

[16] B. H. Guo et al, “Influence of surface modification by direct fluorination 
on dielectric flashover characteristics in vacuum,” International 
Conference on Electrical Materials and Power Equipment. (ICEMPE), 
2017, pp. 552-555. 

[17] C. Y. Li et al, “The control mechanism of surface traps on surface 
charge behavior in alumina-filled epoxy composites,” J. Appl. Phys., 
vol. 49, no. 44, Art. ID: 445304, Oct. 2016. 

[18] C. Y. Li, J. L. He, and J. Hu, “Surface morphology and electrical 
characteristics of direct fluorinated epoxy-resin/alumina composite,” 
IEEE Trans. Dielectr. Electr. Insul., vol. 23, no. 5, pp. 3071-3077, Oct. 
2016. 

[19] B. X. Du, Z. L. Li, and J. Li, “Effects of direct fluorination on space 
charge accumulation in HTV silicone rubber,” IEEE Trans. Dielectr. 
Electr. Insul., vol. 23, no. 4, pp. 2353-2360, Aug. 2016. 

[20] R. J. Men et al, “Effect of long term fluorination on surface electrical 
performance of ethylene propylene rubber,” High. Volt., vol. 4, no. 4, 
pp. 339-344, Dec. 2019. 

[21] B. J. Marchand, G. Pantano, and O. Noiset, “Surface fluorination of 
PEEK film by selective wet-chemistry,” Polymer, vol. 38, no. 6, pp. 
1387-1394, Mar. 1997. 

[22]  Q. Y. Zhang et al. “Bis-cycloheptyl-fused bis (imino) pyridine-cobalt 
catalysts for PE wax formation: positive effects of fluoride substitution 
on catalytic performance and thermal stability,” Dalton Transactions, 
vol. 49, no. 27, pp. 9425-9437, Jul. 2020. 

[23] C. Y. Li et al, “High temperature insulation materials for DC cable 
insulation-part iii: degradation and surface breakdown,” IEEE Trans. 
Dielectr. Electr. Insul., vol. 28, no. 1, pp. 240-247, Feb. 2021.  

[24] C.Y. Li et al, “Modulated insulation surface conductivity for partial 
discharge mitigation,” under review by Appl. Phys. Lett..  

[25] C. Y. Li et al, “The potentially neglected culprit of DC surface 
flashover: electron migration under temperature gradients,” Scientific 
Reports, vol. 7, no. 1, Art. ID: 3271, Jun. 2017.  

 
Yunqi Xing (M’19) received the Ph.D. degree in 
electrical engineering from Tianjin University, China, 
in 2017. Now he is an Associate Professor at the 
School of Electrical Engineering, Hebei University of 
Technology, China. His research interests are focused 
on new dielectric materials, extreme environment 
insulation technology and the reliability improvement 
for GIS/GIL. 
 
 
Davide Fabiani (M’98–SM’16) received the M.Sc. 
and Ph.D. degrees (Hons.) in electrical engineering, in 
1997 and 2002, respectively. He is currently an 
Associate Professor with the Department of Electrical 
Electronics and Information Engineering, University 
of Bologna. He has authored or coauthored about 180 
articles, most of them published in the major 
international journals and conference proceedings. 
His research interests include development, 
characterization, and diagnosis of electrical insulation 

systems for applications in electrical and electronic apparatus. He is an 
Associate Editor of the TRANSACTIONS ON DIELECTRICS AND 
ELECTRICAL INSULATION and the IET High Voltage Journal. He is 
currently a member of DEIS AdCom and has been the Chair of the Meetings 
Committee, since 2016. 
 

Giovanni Mazzanti (M’04, SM’15, F’21) is an 
associate professor of high-voltage engineering and 
power quality at the University of Bologna, Italy. 

His research interests are reliability and diagnostics 
of HV insulation, power quality, renewables, and 
human exposure to EMF. He is a consultant to 
TERNA (the Italian TSO). He authored or 
coauthored more than 290 published papers, and the 

book Extruded Cables for HVDC Transmission: Advances in Research and 
Development, Wiley-IEEE Press, 2013. He is a member of IEEE PES and 
DEIS, IEEE DEIS TC on “Smart grids”, CIGRÉ Joint Working Group 
B4/B1/C4.73 and the chair of IEEE DEIS Technical Committee (TC) on 
“HVDC cable systems”. 

 


