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ABSTRACT

Fundamental studies of potential candidates for DC electric power transmission in high
temperature environment, including ETFE, FEP, PTFE, PI and PEEK, are carried out
and presented in form of the series papers containing space charge and conduction as
part I, partial discharge as part II, and the degradation and surface breakdown as part
III. In this part, the space charge at 20kV/mm was measured at 25 °C and with a
thermal gradient at 50 °C. The electrical conductivity was measured at electric fields
ranging from 10kV/mm to 30kV/mm in temperatures ranging from 25 °C to 200 °C.
The experimental results showed that considering the effect of thermal condition and
electric field, FEP has the lowest total amount of space charge accumulation and
electric field distortion among these materials at the measured conditions. PI and
PEEK have the lowest amount of trap-controlled mobility at 25 °C due to deeper
average trap level because of the aromatic rings in the structure. PTFE and PI have the
lowest amount of thermal activation energy and temperature-dependent electrical
conductivity due to the more uniform morphological phase comparing to ETFE, FEP,
and PEEK. The outcomes of this paper serve as a benchmark for the fundamental
researches over high temperature materials for DC applications and lay a basis for Part
IT and Part III.

Index Terms — space charge measurement, electrical conductivity, activation energy,

high temperature DC cable insulation

1 INTRODUCTION
UNDERSTANDING the high temperature material

behavior under DC voltage is an interesting study useful in a
wide range of applications [1]. For DC power transmission
under high temperature operation, the major challenge lies in
figuring out the effect of temperature rise on the reliable
operation of cable insulation. Because the electrical
conductivity of insulation under DC electric field is
temperature and electric field dependent, the spatial gradient
of conductivity could lead to the accumulation of space charge
in the bulk of cable insulation [2]. Moreover, space charge is
easy to accumulate due to the bulk impurity ionization and
charge injection at the electrode-dielectric interface at high
temperature. Space charge can enhance electric field and
increase the possibility of degradation and even catastrophic
failure. Meanwhile, due to electric field distortion, partial
discharge and local arc can result in material degradation,
which may greatly reduce the insulation service life.
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The effect of temperature rise and thermal gradient (TG)
across the insulation on space charge formation and field
enhancement is crucial in characterizing materials as DC cable
insulation. Analyzing the effect of temperature gradient on the
space charge accumulation inside of the bulk insulation has
been conducted [3]. Chen et al have studied the space charge
profiles and field distributions in low density polyethylene
(LDPE) films under different temperature profiles, and DC
stresses [4]. In [5], the effect of temperature on the
conductivity of XLPE has been investigated. Also, Fu et al
analyzed the effect of voltage reversal under TG on space
charge [6]. However, all these materials can only be used in a
temperature of lower than 150 °C, much lower than the
operating temperature of 200 °C or even higher required for
new aerospace applications.

For high temperature materials, Wang et a/ compared the
mechanism of charge injection and accumulation of PE and
PTFE [7]. In [8] and [9], the space charge accumulation of
electron-beam irradiated fluorinated polymers (ETFE and
FEP) and proton irradiated ones were studied, respectively.
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Also, authors of [10] studied the space charge of electron
beam irradiated Pl and PTFE with classical surface potential
measurements and Pulse Electro-Acoustic (PEA). In [11], the
authors compared the space charge distributions in electron-
beam-irradiated FEP obtained with the laser induced pressure
pulse (LIPP) and the laser-intensity-modulation-method
(LIMM) methods. The space charge distribution in PI thin
film was studies in [12] and the effect of space charge on
breakdown of PI was investigated in [13]. However, very few
researchers made a comparative study on different high-
temperature insulating materials.

In this paper, the potential candidates for DC electric
power transmission in high temperature environment,
including Ethylene tetrafluoroethylene (ETFE), Fluorinated
ethylene propylene (FEP), Polytetrafluoroethylene (PTFE),
Polyimide (PI), and Polyether ether ketone (PEEK) are
studied. These five materials represent the most important
dielectrics used widely for high temperature applications for
military, aerospace, marine, etc. Space charge was measured
at 25 °C and with a TG at 50 °C, both at 20kV/mm, to
understand the effect of temperature rise and TG condition
on charge accumulation in the bulk of the materials. In
addition, the conductivity was measured at 10, 20, and
30kV/mm and in the range of 25 to 200 °C. With this paper
as a starter and also a basis, we have the second part
focusing on partial discharge property under DC voltage for
the high temperature materials [14] and the third part
investigating degradation and surface flashover property of
the same materials [15]. The content of this paper serves as
references for the fundamental researches over high
temperature materials and lays a basis for Part II and Part II1.

2 EXPERIMENTAL
2.1 SAMPLE PREPARATION

The utilized materials are pure polymers of flat plaques,
with thickness between 230-320 um, i.e., PI 230 um, ETFE,
FEP and PTFE 250 pm, and PTFE 320 um. All the samples
are procured from Goodfellow. The samples are kept in the
vacuum oven at room temperature to reduce the external
effects including temperature, humidity, impurity, etc. on the
samples.

2.2 EXPERIMENT DESCRIPTION

The space charge distribution was measured by a Pulsed
Electroacoustic (PEA) instrument. Both sides of samples have
been metalized with 60/40% gold/palladium. A small amount
of silicone oil was applied on the semi-conductive electrode to
improve the acoustic impedance matching. Pulse excitation of
acoustic wave was achieved via the application of 350 V,
10 ns pulse generator with 1 ns rise time. The acoustic waves
were detected by a polyvinylidene fluoride (PVDF) film
sensor of 9 pum in thickness. The output of PEA system was
recorded utilizing a Tektronix DPO5034 oscilloscope with
2.5 GS/sec sampling rate. The test chamber of the PEA system
was housed inside an oven to control ambient temperature. To
generate the TG across the thickness of the flat samples, four
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resistance heaters were placed on the bottom electrode to heat
it up [16]. The resistance heaters were calibrated to provide
AT=1.2 °C/mm TG for space charge measurements in this
paper.

To measure the DC conductivity of bulk materials, a
three-terminal sample holder was designed according to
ASTM 257 Standard [17]. Samples were put in this guarded
stainless-steel electrode system. An oven which can provide
ambient temperature up to 200 °C was used and the
experiment started after the preset temperature was stabilized
for 20 minutes. The polarization current was recorded for
1000s by a Keithley 6514 electrometer and an average quasi
steady state value from 900-1000s of the measurement was
used to obtain the conductivity value.

3 EXPERIMENT RESULTS
3.1 SPACE CHARGE

Color maps in Figure 1 present the space charge distribution
across the sample. The vertical axis describes the thickness of
samples in per unit (P.U.). In this study, P.U. refers to the
location of interest in the thickness direction of sample that is
normalized to the total thickness of sample in which zero and
one correspond to the positions of cathode and anode,
respectively. The horizontal axis is representative of time
during 120 minutes and colors correspond to the charge
density in C/m’. Figure 1(a) shows the space charge
distribution of ETFE. ETFE presents small amount of negative
charge close to the anode. The charge accumulation reaches
2.5 C/m’ after 20 minutes of applying the voltage at 25 °C.
The charge on the electrode-dielectric interface increases to 20
C/m’ during a period of 8 minutes. At 50 °C with TG, as
shown in Figure 1(b), the amount of space charge in the bulk
increases to 5C/m’ which is twice of the charge inside of the
bulk at 25 °C, and the charge at the electrode-dielectric
interface increases to 35C/m’ which is about twice of the
charge at the interface at 25 °C. Moreover, it takes longer time
for the charge at the electrode-dielectric interface to reach the
stable amount at 50 °C comparing to that of 25 °C. The
location of the accumulated negative charge across the ETFE
has a small shift at 50°C with TG compared to the
measurement at 25 °C.

In Figure 1(c), the space charge in the bulk of FEP is less
than 2 C/m’ at 25 °C and the charge density at the electrode-
dielectric interface increases to 25 C/m’. At 50 °C after
40 minutes, the space charge inside of the bulk starts to
appear, which is less than 3 C/m’ and the charge density at the
electrode-dielectric interface increases to 40 C/m’ [Figure
1(d)]. Charge accumulation at the electrode-dielectric interface
for FEP is quick, which takes less than 5 minutes to reach the
stable amount. The space charge distributions in PTFE at
25 °C and at 50 °C with TG are demonstrated in Figures 1(e)
and 1(f). As the results show, at 25 °C, negative space charge
appears after 10 minutes next to the anode and in the middle
of the bulk, which is less than 3 C/m’. The charge at the
electrode-dielectric interface reaches 25 C/m’ in less than
5 minutes. At 50 °C, the amount of charge density inside of
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the bulk does not change significantly and charge at the
electrode-dielectric interface increases to 30 C/m”.
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Figure 1. Space charge distributions under 20kV/mm. (a) ETFE at 25 °C,
(b) ETFE at 50 °C with TG, (c) FEP at 25 °C, (d) FEP at 50 °C with TG,
(e) PTFE at 25 °C, (f) PTFE at 50 °C with TG, (g) PI at 25 °C, (h) PI at 50 °C
with TG, (i) PEEK at 25 °C, and (j) PEEK at 50 °C with TG.
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The charge density distribution of PI, as shown in Figure
1(g), presents that at 25 °C, the negative space charge initiates
after 20 minutes and charge at the electrode-dielectric
interface reaches 10 C/m’ quickly. At 50 °C [Figure 1(h)], the
space charge inside of the bulk deceases, but the charge at the
electrode-dielectric interface enhances to 35 C/m’ after
60 minutes. For PEEK in Figure 1(i), after 20 minutes,
negative space charge up to 5 C/m’ appears in the middle of
the bulk and charge at the electrode-dielectric interface
reaches 15 C/m’ rapidly and shows a slight decrease with
time. At 50 °C, as presented in Figure 1 (j), the space charge
initiates to enhance after 20 minutes at the same position with
25 °C and it increases up to 8C/m’. The charge at the
electrode-dielectric interface increases with time and reaches
25 C/m’ for anode and 20C/m’ for cathode.

From the experimental results represented in Figure 1, it
can be observed that the location of charge accumulation for
FEP and PEEK at 25 °C and 50 °C is the same location
although the fresh sample has been used for each
measurement. For ETFE, PTFE and PI a slight shift in the
location of the accumulated negative charge at 50 °C with
TG compared to 25 °C can be seen.

3.2 ELECTRIC FIELD DISTRIBUTION

The electric field distribution across the materials was
calculated based on the charge density distribution. Without
any space charge accumulation, the electric field distribution
across a plaque sample is uniform, but presence of
accumulated charge would distort electric field and lead to
local electric field enhancement. Figure 2 depicts the electric
field distribution of the materials under 20 kV/mm at 25 and
50 °C with TG during 120 minutes. To clarify the evolution of
electric field more clearly, only electric field distributions at
first second and after 60 and 120 minutes were presented.

As it can be observed, electric field at first second for all the
materials is uniform at 20 kV/mm. After 60 minutes, the
electric field distribution across the sample has been distorted
and local electric field enhancement depending on the position
of accumulated charge can be seen. All materials have electric
field enhancement next to the anode at 25 °C and at 50 °C
with TG although it is more considerable in PEEK and PI. For
PTFE, the electric field enhancement next to both electrodes
can be seen at 50 °C.

3.3 CONDUCTIVITY

Figure 3 shows the result of electrical conductivity of all the
samples at 10, 20, and 30 kV/mm, each at 25, 50, 100, 150,
and 200 °C, respectively. At 25 and 50 °C, the electrical
conductivity of all the materials at different electric fields are
in the range of 10" to 107%(S/m). PI shows the highest
electrical conductivity at 25 °C under 10, 20 and 30 kV/mm
and at 50 °C under 20 and 30 kV/mm. With temperature rise
above 50 °C, the intensity of electrical conductivity is more
distinct. For instance, the range of the electrical conductivity
for PEEK and ETFE is 10" to 10°®*(S/m), for FEP and PI is
10" to 10"'(S/m), and for PTFE 10 to 107°(S/m). At
100 °C and 150 °C, ETFE has the highest electrical conductivity



226 M. A. Baferani et al.: High Temperature Insulation Materials for DC Cable Insulation — Part I: Space Charge and Conduction
_A 1E-8
E 30
£ (a) 1E-9
220 — = 3
2 ~1E-101
10 g
E L2 1E-11
20 : ‘ > i
0 02 04 06 08 1 0 02 04 06 08 1 Z1E-12
Position (P.U.) Position (P.U.) g
A A é 1E-13
230 30 1S
£ (o) (d) O |E-144
-
220 — 20 A,_\q,% =
3 \ 1E-15
: \
2" 10 \ 1E-161
2 0 - 25 50 100 150 200
= 0 02 04 06 08 1 0 02 04 06 08 1 o
Position (P.U.) Position (P.U.) Temperature (°C)
(@
T30 30
gl @ (®
Z29 fvvv
z
=10 ~1E-10
£ g 1E-10
20 > <
0 02 04 06 0 02 04 06 08 1 >
Position (P.U.) Position (P.U.) Sl
230 30 b=l
e (h) E
Z2 20 © 1E-14 1
z
Ew 10
E »
=0 0 02 04 06 08 1 0 02 04 06 08 1 v 25 50 100 150 200
Position (P.U.) Position (P.U.)
Temperature (°C)
230 30f . (b)
E G 0)
%20 20
=
Ew 10
BT 0r 05 o8 1 0 oz oa s s 1T P
Position (P.U.) Position (P.U.)

Figure 2. Electric field distributions under 20kV/mm for: (a) ETFE at 25 °C,
(b) ETFE at 50 °C with TG, (c) FEP at 25 °C, (d) FEP at 50 °C with TG,
(e) PTFE at 25 °C, (f) PTFE at 50 °C with TG, (g) PI at 25 °C, (h) PI at 50 °C
with TG,( i) PEEK at 25 °C, and (j) PEEK at 50 °C with TG.

under 10, 20, and 30 kV/mm. It shows clearly the increase of
electrical conductivity in ETFE from 50 to 200 °C. At 200 °C,
PEEK exhibits an electrical conductivity close to ETFE under
10 kV/mm, but higher than ETFE under 20 and 30 kV/mm.

For the step of temperature rise from 25 to 50 °C, all
materials have a slight decrease in electrical conductivity
except for PEEK under 10 and 20 kV/mm as well as for PI
under 30 kV/mm. This may be due to the possible presence of
moisture inside of the materials from the manufacturing
process. After 50°C with the increase of temperature to
200 °C, the electrical conductivity of all materials was
enhanced with different slopes. In general, the increase of
electrical conductivity for PTFE is the least while for PEEK is
the most. The rate of electrical conductivity enhancement and
the range of temperature for maximum slope of change are
different for the materials. ETFE, FEP, and PI have the
maximum electrical conductivity growth in the range of 50 to
150 °C, but for PEEK this increase is highest in the step of
150 to 200 °C. PTFE shows more uniform slope from 50 to

50 100 150 200

Temperature (°C)
©
Figure 3. Conductivity in the range of 25 °C to 200 °C under different electric
field: (a) 10 kV/mm, (b) 20 kV/mm, and (c) 30 kV/mm.

200 °C comparing to the other materials investigated. It shall
be noted that both PI and PEEK contain conjugating aromatic
ring structures with m-bonds, while ETFE, FEP and PTFE
are all family members of full or partial fluorocarbons with
c-bonding chains.

4 DISCUSSION

4.1 SPACE CHARGE
AND ELECTRIC FIELD DISTORTION

Space charge accumulation can distort electric field
distribution, which may lead to potential breakdown of
insulation. However, not all kinds of charge accumulation can
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have a significant impact on breakdown while this impact can
become larger at high temperatures [18, 19]. In this part, the
relation between space charge accumulation and electric field
distortion under temperature rise and TG is discussed. In
general, the testing temperature has significant effects on
space charge dynamics like enhancement of ionic dissociation,
charge injection, charge mobility and electrical conductivity of
dielectrics. To clarify the effect of increasing temperature on
charge density at the electrode-dielectric interface and in the
bulk, the maximum charge density during polarization time
has been plotted in Figure 4 for further discussion.
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Figure 4. Maximum charge density: (a) at the negative electrode-dielectric
interface, (b) at the positive electrode-dielectric interface, (c) inside of the
bulk.

As it can be seen from Figures 4(a) and 4(b), the charge
density at the electrode-dielectric interface of all the materials
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enhances with the increase of temperature in both polarities.
This states that charge injection enhances with raising the
temperature in both polarities and the injected electrons and
holes are trapped at the -electrode-dielectric interfaces.
Considering both polarities, charge density at the electrode-
dielectric interface of PTFE has the least enhancement which
shows less change in charge injection with temperature rise for
this material.

Moreover, the maximum trapped charge density inside of
the bulk during 120 minutes has been presented in Figure 4(c)
which is negative charge. At 25 °C, the maximum of space
charge for PI and PEEK are higher than ETFE, FEP and
PTFE. Considering the charge density at the electrode-
dielectric interfaces, it seems that the injected electrons from
the cathode were transported across the sample and captured
by traps. The aromatic structures of PI and PEEK might
provide deep traps which result in the enhanced amount of
trapped charge in the bulk at 25 °C [20, 21].

With the temperature rise, the maximum trapped charge
inside of the bulk for ETFE, PEEK and FEP have observable
enhancement. The maximum charge density changes slightly
for PI and PTFE. It means that change of charge density inside
of the sample for PI and PTFE is less dependent on the
temperature rise in the range of 25 °C to 50 °C. This should be
correlated to the morphology of these materials. In Section
4.3, the reason for this observation would be discussed with
more details.

To understand and compare the results of electric field
distortion due to space charge accumulation with temperature
rise, maximum electric field (MEF), E,., and MEF
enhancement (MEFE) factor, £, are used as two indices:

f = EmaxzFoe o 1009, (1)
Epc

where E,,,. is MEF and Ep¢ is the nominal electric field and

f1is MEFE factor in percentage.

The MEF and f for the materials have been depicted in
Figures 5(a) and 5(b), respectively. Comparing all the
materials, FEP with MEF of 21.1 kV/mm at 25 °C and
20.5 kV/mm at 50 °C with TG and MEFE of less than 10%
has the lowest electric field distortion. On the other hand,
PEEK shows the maximum electric field enhancement of
26 kV/mm and 23.1 kV/mm at 25 °C and 50 °C, respectively.
PTFE has the MEF of 22.9 kV/mm at 25 °C and 23 kV/mm at
50 °C which are almost equal.

By comparing the calculated electric field distribution, the
METF of all the materials except PTFE decreased at 50 °C with
TG. For ETFE, FEP, PI, and PEEK, the charge density at the
electrode-dielectric interfaces increased more severely as
shown in Figures 4(a) and 4(b) compared to the charge
enhancement inside of the bulk, Figure 4(c). This possibly
implies that although the charge injection increases with
temperature rise, the major part of the injected charge was
trapped at the electrode-dielectric interfaces and the minor part
of that was trapped inside of the bulk when they were moving
across the sample.
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Figure 5. (a) Maximum electric field, and (b) maximum electric field
enhancement under 20 kV/mm at 25 and 50 °C.

This alteration in maximum electric field across the sample
can be the result of the ratio of charge density in the bulk to
the charge density at the electrode-dielectric interface.
Moreover, the position of charge accumulation across the
sample can influence the amount and position of electric field
enhancement. Considering the results of space charge
accumulation and calculated electric field distribution at
25 and 50 °C, FEP has the best performance among the 5
different materials. As well, ETFE and PEEK show the worst
space charge accumulation among these materials at 25 and at
50 °C with TG.

4.2 DEPOLARIZATION,
MOBILITY AND TRAP LEVEL

Space charge accumulation is the result of trapping of charge
carriers in shallow and deep traps inside of the bulk. In addition to
the charge accumulation, transport and dissipation of charge
carriers are in relation with the trapping and de-trapping processes
of charge carriers [22]. When the traps are deep, the charge
carriers would spend longer time in the traps and it decreases
the mobility of charge carriers. As a result, the depolarization
measurement after polarizing process and calculation of the
apparent trap-controlled mobility could provide a rough
approximation of mobility of trapped charge carriers [23] and
it is useful for material characterization. To reach the trap-
controlled mobility, the space charge under depolarization
process was recorded for 30 minutes after 120 minutes
polarizing at 25 °C. The apparent trap-controlled mobility,
(1), can be calculated by using Equation (2) and having ¢(?)
which is the average of charge density with time, 7 [24].

_ 2e dq(®)
u(t) - q(t)z dt (2)
Furthermore, trap level depth can be estimated by Equation (3)
[24]:

kT
eR2

) A3)

in which k3 is the Boltzmann constant, R is the mean distance
between localized states (5x107), e is the electron charge,
v =kT/h is the attempt to escape frequency and /% is the
Planck constant.

@(t) = kpTln(u-

Table 1 presents the average of trap-controlled mobility and
trap level depth based on depolarization measurement for the
materials polarized under 20 kV/mm during 1500 s at 25 °C
after 120 minutes polarization.

Table 1. The average of trap-controlled mobility
and trap level depth of materials for 1500s.

Materials Trap-controlled mobility (m%(V-s)) Trap level (eV)
ETFE 2.90x1012 0.733
FEP 6.67x10™"2 0.739
PTFE 3.84x102 0.734
PI 9.17x10™ 0.749
PEEK 1.83x1078 0.756

As it can be seen, the trap-controlled mobility of charge
carriers for ETFE, FEP, and PTFE are in the range of 10"
m?*/(V-s) and higher than PI and PEEK. PI with the trap-
controlled mobility of 9.17x10™"* m?*(V-s) has the lowest
mobility among these materials. In addition, the average of
trap level of ETFE, FEP, and PTFE in comparison to PI and
PEEK are lower. This is due to the aromatic rings in the
backbone of PI and PEEK structure which can enhance the
depth of traps and lead to the reduction in trap-controlled
mobility [19]. In other words, the depolarization process is
slower for PI and PEEK than ETFE, FEP and PTFE, because
the average trap level for PI and PEEK is higher and the
trapped charge would stay longer in the traps.

4.3 THERMAL ACTIVATION ENERGY

The space charge measurement from PEA instrument shows
the total accumulated space charge. The measured space
charge can be due to the conductivity gradient across of the
dielectric, ionization of the impurities, and charge carrier
injection. The space charge as a result of the conductivity
gradient can be calculated by the following equation [2]:

— _ Tfotrdp Zoér
p=—"22 0 op v (2) )
where p is the generated space charge (C/m’), o is electrical
conductivity (S/m), E is the electric field (V/m), g, is
dielectric constant and & is the permittivity of vacuum.

Because of the fact that dielectric permittivity is not
strongly dependent on temperature, the temperature coefficient
of the electrical conductivity and its gradient are responsible
for the aforementioned part of space charge formation as in
Equation (4). As a result, the low dependency of the electrical
conductivity to temperature and hence a reduced electrical
conductivity gradient can reduce the space charge formation.
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The electrical conductivity is a function of electric field and
temperature for polymer dielectrics with an Arrhenius type
relationship [25]:

o(T) = o exp (72) 5)

where g, is the base conductivity, ¢ is the thermal activation
energy, g is the electronic charge, and 7 is the absolute
temperature. This equation can be utilized to fit the
experimental results to calculate the activation energy of
materials. The activation energy indicates the dependency of
the material’s electrical conductivity to the temperature rise.
The higher the activation energy, the more temperature-
dependent the electrical conductivity becomes. Table 2
presents the calculated activation energy by fitting the
experimental results of electrical conductivity with Equation
(5) at three different electric fields of 10, 20, and 30 kV/mm.

Table 2 Activation energy of the materials at different electric fields.

Activation energy (eV)

Materials

10kV/mm 20kV/mm 30kV/mm
ETFE 0.262 0.304 0.323
FEP 0.223 0.245 0.220
PTFE 0.087 0.092 0.109
PI 0.087 0.198 0.195
PEEK 0.267 0.380 0.378

As it can be understood from the activation energy results,
the conductivity of PTFE and PI with 0.087 eV activation
energy at 10 kV/mm has the lowest dependency to
temperature and PEEK has the highest activation energy with
0.267 eV at 10kV/mm which shows its direct dependency to
temperature comparing to the other materials. The low
activation energy of PTFE and PI especially at 10 kV/mm,
which is close to the electric field of DC power cables at
normal operational condition, makes them proper candidates
in terms of electrical conductivity. Moreover, it can be seen
that generally the activation energy of materials increases with
electric field rise although the activation energy at 30 kV/mm
is less than 20 kV/mm for FEP, PEEK and PI. It appears that
under higher electric field the electrical conductivity becomes
more temperature-dependent.

To understand the possible reason for the difference in
activation energy, it should be considered that the level of
crystallinity is an important parameter in electrical
conductivity of polymeric insulations. ETFE, FEP, and PEEK
are semi-crystalline with different level of crystallinity, but PI
is highly amorphous and PTFE is highly crystalline. The level
of crystallinity has large effect on the trap level and the trap
distribution of polymers and can influence the electrical
conductivity of materials. It can be stated that on the interface
of crystalline and amorphous phase, the charge carriers face
the energy barriers which block the charge transport inside of
the bulk. As a result, at the interface of crystalline and
amorphous phase of the semi-crystalline dielectrics, the
density of trap distribution is higher and it is more dependent
on temperature. This fact can determine the temperature-
dependency of conductivity of the materials. PTFE is highly
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crystalline and PI is highly amorphous and the reason of the
lower activation energy of these materials is their uniform
phase. In other words, the trap density of these materials is not
dependent on temperature significantly. On the other hand,
ETFE, FEP and PEEK are semi-crystalline and this causes that
the electrical conductivity of these materials are temperature-
dependent and the activation energies are higher. In Section
4.1, it was mentioned that the maximum negative charge
density of PTFE and PI has less change when temperature
rises from 25 to 50 °C. This also can be due to the less
dependency of the trap density of PTFE and PI to temperature
since their morphological phase is more uniform.

5 CONCLUSIONS

In this paper, five main candidates for utilizing as DC cable
insulation for high temperature application, ETFE, FEP,
PTFE, PI and PEEK, have been studied. The main conclusions
are as follows:

(1) From 25 to 50°C, the space charge density at the
electrode-dielectric interface of all the materials enhances
which presents charge injection enhancement with
temperature rise. As well, the electrical conductivity grows
with temperature rise especially from 50 to 200 °C, although
the dependency of electrical conductivity to temperature is
considerably different among the materials.

(2) FEP presents the lowest space charge accumulation and
electric field distortion across the film sample polarized under
20 kV/mm at both 25 and 50 °C with TG, while PEEK shows
the highest amount of space charge at the same conditions.

(3) From the depolarization characterization at 25 °C, the
average of trap level for PEEK and PI are higher compared to
ETFE, FEP, and PTFE. Deeper trap levels of PI and PEEK
lead to lower trap-controlled mobility for these materials.

(4) PTFE and PI have the lowest activation energy and the
electrical conductivity of these materials has the least
dependency on temperature.
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