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Electrical aging of fluoropolymer cable insulation
materials induced by partial discharge

Emre Kantar, Katharina K. Eie-Klusmeier, Torbjørn Andersen Ve, Marit-Helen Ese, and Sverre Hvidsten

Abstract— This study investigates AC electrical aging
induced by partial discharge (PD) in fluoropolymer cable
insulation materials, namely fluorinated ethylene propy-
lene (FEP) and perfluoroalkoxy (PFA), with the cross-linked
polyethylene (XLPE) serving as the reference material. Uti-
lizing a specialized electrical aging setup and comprehen-
sive surface characterization techniques, we compared the
aging behavior of FEP and PFA to that of XLPE under
identical electrical discharge conditions. Over a three-week
aging process, the stability of phase-resolved partial dis-
charge (PRPD) patterns for FEP and PFA suggested min-
imal changes in surface chemistry and roughness, unlike
XLPE. FTIR and Raman spectroscopy results confirmed
minimal changes in the surface chemistry of FEP and
PFA, while microscopic and profilometric analyses demon-
strated notably fewer PD-induced alterations on their sur-
faces. These findings suggest a gradual aging effect on
the electrical insulating properties of fluoropolymers, likely
due to their resilient carbon-fluorine bonds, contrasting
with the immediate and significant erosion and by-product
formation observed in XLPE upon PD exposure.

Index Terms— Aging, cable insulation, FEP, fluoropoly-
mers, partial discharge, PFA, XLPE.

I. INTRODUCTION

TODAY’S electrical power cable insulation systems pre-
dominantly utilize cross-linked polyethylene (XLPE) and

ethylene propylene rubbers (EPR). These polymers, enhanced
through years of dedicated service, advancements, and rig-
orous research, demonstrate prolonged durability. This is at-
tributed to their outstanding processability, ease of operation,
remarkable dielectric characteristics, and cost-effectiveness in
maintenance across diverse conditions [1], [2]. Nonetheless,
their use is limited by the maximum continuous service
temperature of 90° C, emphasizing the need to incorporate
alternative extrudable materials capable of withstanding higher
temperatures into the design. Viable substitutes include extrud-
able fluoropolymers, which have already found applications in
several high-temperature settings [3]–[7].

The cable insulation, terminations, and joints of high-
voltage power cable systems are critical sections prone to
partial discharges (PDs). The PD phenomenon has been a
major research focus over the past half-century, particularly for
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materials such as XLPE and EPR. During the manufacturing,
transportation, or assembly processes of power cables, defects
capable of triggering PDs at service voltage levels may be
introduced. Additionally, mechanical stresses, thermal stresses,
and environmental stresses can lead to oxidation and chemical
decomposition and affect the development of water and elec-
trical trees as well as space charge accumulation in the insula-
tion [8]. Moreover, different defect types have varying aging
stages and propagation speeds within the insulation, which
can be identified by analyzing PD patterns [9]. Therefore,
understanding how insulation materials age in the presence
of PDs is crucial to the development of insulation systems.

Fluoropolymers, such as polyvinylidene fluoride (PVDF),
perfluoro alkoxy (PFA), fluorinated ethylene propylene (FEP),
and ethylene tetrafluoroethylene copolymer (ETFE), have been
recognized for their excellent electrical insulating properties.
They are often utilized as insulating materials in low-voltage
aviation cables because of their resistance to high tempera-
tures, corrosion, and aging [10]. Their chemical structure is
predominantly made up of carbon-fluorine backbones (C F),
which are known for their high bond dissociation energy and
low polarity [11], ensuring high chemical stability, which is
integral to their electrical insulating capabilities [11], [12].
Their applications extend to various fields due to their out-
standing mechanical and chemical resistance, along with their
high transparency [5]. Like other polymers, fluoropolymers
also age under various environmental and operational condi-
tions. Exposure to electrical stress or radiation can alter their
molecular structure [13].

Until recently, literature on the fundamental dielectric phe-
nomena in fluoropolymers for high-voltage cable applications
was scarce. Only a series of articles has emerged focusing
on DC cable applications, including space charge, conduction,
partial discharge at DC voltage, and degradation during arcing
[14]–[16]. While PD-induced aging phenomena in XLPE are
well documented (see e.g., [17]–[20]), PD-aging in fluoropoly-
mers has not received much attention in the literature. The
main purpose of this work has been to investigate AC electrical
aging induced by PD in two fluoropolymers, FEP and PFA,
using a dedicated electrical aging setup and various surface
characterization techniques. Due to its well-documented aging
characteristics, XLPE was used as a reference material.

II. AGING OF POLYMERIC INSULATION

A. Electrical (PD-induced) Aging of Polymeric Insulation
Electrical discharges (PD) release energy as current pulses,

heat, light, and sound. Dielectric degradation due to PD arises
mainly from ultraviolet radiation, chemical degradation caused
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by dissociation products, physical surface damage by hot
electron and particle bombardment, particularly nitrogen ions,
and the production of high-energy gases causing localized
heating, melting, and deterioration [21]. The interplay between
PD within a cavity and its surrounding dielectric material is
intricate. As the dielectric undergoes aging due to PD, this
aging process, in turn, influences the behavior of the PD
mechanism itself [17]–[19].

In XLPE, the primary components are long-chain hydro-
carbons. These hydrocarbons are largely nonpolar, which is
partly why they are good insulators. When XLPE is exposed
to electrical discharges, reactive oxygen species (ROS) such as
ozone (O3), hydroxyl radicals (OH), and superoxide radicals
(O –

2 ) can form. These ROS can oxidize the hydrocarbon chains
in XLPE, leading to the introduction of polar functional groups
like carbonyl groups (C O) and ketones [22]. The presence
of these polar entities compromises the material’s insulating
properties by altering its dielectric constant, making it more
chemically reactive and thus weakening the mechanical and
electrical breakdown strength of XLPE [21].

Similar to hydrocarbon polymers, the electrical aging of
fluoropolymers is a complex interaction of their molecular
structure, environmental conditions, and operational stressors.
Both FEP and PFA display similar electrical properties, such
as their dielectric constants, which are 1.9 for FEP and 2.1
for PFA. Both materials have an identical dielectric strength
of 22 kV/mm and share an electrical resistivity of 1016 Ω · m
[23]. The inherent chemical stability provided by the C F
bonds in these polymers makes them intrinsically resistant to
electrical aging [24]. For instance, FEP is reported to resist
oxidation under solely thermal aging stress at temperatures
as high as 140 ° C [25]. However, over prolonged exposure
to electrical stresses, especially at high voltages, even these
robust bonds can deteriorate. The degradation mechanisms in
fluoropolymers, such as PFA and FEP, under electrical stress
often involve the slow breakdown of C F bonds, leading to the
formation of carbon-centered radicals [26]. These radicals may
react with trace impurities or degrade further, forming defects
in the polymer matrix. Over time, accumulated defects alter
the material’s dielectric properties and reduce its insulating
capability [26].

However, the literature still lacks in-depth research on
how PD-induced aging affects the insulating properties of
fluoropolymers, influencing their mechanical and electrical
breakdown strength.

B. Degradation Mechanisms

Research on PD degradation mechanisms has predominantly
concentrated on XLPE (and its derivatives), EPR, and epoxy.
Consequently, the mechanisms detailed herein pertain to the
PD-induced aging of these materials.

Considering a flat cavity or an air gap between dielectric
surfaces containing hydrogen, carbon, and oxygen (either in
gas or solid form), the aging process generally follows the
five steps shown in Fig. 1 [18]. The surface conductivity of
the cavity rises because of chemical reactions due to humidity
and dissociation products of air. Increased surface conductivity

is observed shortly after PD initiation [17], [18], [20], and
often, liquid formations are seen on the cavity surface. As
the aging duration is prolonged, oxygen is regenerated faster
than it is consumed, which likely keeps increasing the surface
conductivity. In addition to oxygen, gaseous by-products such
as CO and CO2 are generated [27]. Dissociation of CO and
CO2 also releases more oxygen [27]. This causes oxidation of
the polymer, and during the polymer oxidation, the polymer
typically undergoes chemical structure alteration with the for-
mation of oxygen-containing groups and experiences changes
such as cross-linking, chain scission, thermal degradation,
discoloration, reduced mechanical properties, altered electri-
cal properties, surface property changes, and potential for
environmental stress cracking [21], [25]. The surface texture
grows rougher not only due to oxidation but also from the
impact of charge carrier bombardment and the accumulation
of PD by-products. Continuous PD results in the formation of
solid by-products like crystals, recognized as hydrated oxalic
acid [28]. Field amplification at crystal points can intensify
PDs, resulting in the formation of pits and the initiation of
tree growth. Ultimately, this growth can cause an electrical
breakdown. In the presence of fillers within the dielectric, the
insulation around these particles is the most susceptible to
degradation [17].

In our study, XLPE, FEP, and PFA will be subjected to
PD aging. The aging mechanisms observed in the FEP and
PFA samples are compared with those of XLPE from both
our experimental findings and existing literature for XLPE.

t

Increased 
surface 
conductivity

Erosion
Crystal growth 
Chemical 
degradation

Treeing

Breakdown

1 2 3 4 5Stage:

Fig. 1. Stages of surface degradation due to PD. Readapted from
Temmen [18].

III. EXPERIMENTAL METHODS AND MATERIALS

This section presents the materials, experimental setup, and
material characterization techniques applied to the samples.

A. Materials and Sample Casting
The experimental setup includes a rod-plane configuration

to initiate PDs in an air gap between two polymer samples,
as indicated in Fig. 2. Cylindrical discs, each 1 mm thick and
100 mm in diameter, were cast from FEP, PFA, and XLPE
materials. Table I presents the casting parameters used for
each material. FEP was cast in two steps, from pellets to
small discs and then to discs of the specified dimensions. PFA
was delivered as thin tapes from the manufacturer and cast
directly into the correct sample dimension. As the processing
of fluoropolymers presents the potential release of toxic fumes
[29], health and safety measures were established and used
during casting. To make XLPE samples, polyethylene (PE)
pellets were initially extruded into thick tapes, which were
subsequently cross-linked during the casting process to pro-
duce discs with the desired dimensions. After casting, samples
for each material were preconditioned in a separate vacuum
chamber for a week at 70 °C.
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TABLE I
TEMPERATURE, TIME, AND PRESSURE SETTINGS FOR THE

COMPRESSION MOLDING OF THE POLYMER SAMPLES.

XLPE FEP PFA

Low
pressure

120 °C
10 min

(2.9 MPa)

290 °C*

30 min
(1.8 MPa)

328 °C*

30 min
(0 MPa)

High
pressure

170 °C
30 min

(18 MPa)

260 °C
2 min

(7.2 MPa)

308 °C
2 min

(7.2 MPa)

* Temperature was set to high-pressure temperature as samples were
inserted to give an initial temperature gradient.

B. Experimental Setup

Fig. 2 illustrates the axisymmetric cross-section of the
aging setup. A cylindrical, disc-shaped, air-filled cavity, 2 mm
in height and 15 mm in radius, was formed between two
polymer samples using a spacer. This spacer, made of the
same polymer as the top and bottom samples, ensures that the
entire disc-shaped cavity, including its walls, consists solely of
the same material. The exposed surfaces of the samples will
then be aged by discharges during the experiments. To avoid
compression of the cavity, a metal spacer was placed around
the polymer spacer. The cavity was positioned between two
electrodes, a ground plane disc electrode at the bottom and
an HV electrode on top. The HV electrode was cast in epoxy
under 15 bar nitrogen pressure to prevent any discharges from
occurring in voids present in the bulk of the material. The
bottom sample was cast directly onto the ground electrode,
while the top sample was glued to the HV electrode after
casting, using an instant adhesive gel. All the metals in the
setup were made from Hastelloy, a nickel alloy characterized
by its high-temperature endurance and exceptional corrosion
resistance, not corroding when in contact with fluoropolymers
[30]. As there is a chance of generating hazardous gases during
the aging of fluoropolymers [29], a plexiglass hollow cylinder
with a connected evacuation tube was placed around the setup
to remove any gases leaking from it.

Axisymmetric cross‐section

mm

HV 
electrode

Ground
electrode

Metal spacer

Samples

Polymer spacer

Epoxy

Cavity

Fig. 2. Diagram depicting the axisymmetric cross-sectional view of the
experimental setup for PD aging.

Fig. 3 presents the schematic diagram of the PD mea-
surement circuit used in the experiments. The ‘test object’
corresponds to the setup described in Fig. 2. A 100-kV PD-

free transformer was used coupled with a noise-free signal
generator (50 Hz AC). A 30 MΩ HV resistor was connected
in series with the test object to protect the electrical equip-
ment. The PD measurement system is connected in series
with a coupling capacitor of 800 pF. Both the PD unit and
the capacitor are paralleled to the test object, which has a
capacitance of approximately 3.2 pF. For data acquisition, the
PD measurement system is linked to a computer via an optical
fiber cable. A three-week aging duration was chosen at 50 Hz
AC voltage at 15 kVrms based on the initial experiments.

(3)
(4)

(1)

(2)

(5)

Fig. 3. Experimental setup for PD aging. (1) High voltage AC source.
(2) Current limiting resistor. (3) Test object (sample and the electrode
system). (4) Coupling capacitor. (5) PD measurement system.

A commercial PD acquisition unit was used for collecting
PD data during aging. Preliminary testing of the system
indicated that noise levels were detected at approximately 5 pC
at 15 kVrms with some sporadic peaks of 7–8 pC magnitude.
The PD threshold was, therefore, set to 10 pC to ensure that
all the registered PD originated from the air gap. However,
the contribution of smaller pulses (< 10 pC) was not taken
into account. More explanation for the possible effects of this
will be given in the Discussion section. The measurement
system was calibrated according to IEC 60270 before each
aging experiment.

Two types of data were collected during the aging experi-
ments. First, the following parameters about the voltage and
PD were saved to a trend file every 900 ms: RMS value
of the voltage input (V ), the PD level (the apparent charge
as defined in IEC 60270), and the number of PD events
detected per second. Secondly, stream files containing each
PD event were recorded for five minutes each hour. From this
data, the discharge magnitude (Qa), number of discharges (n),
voltage phase (ϕ), and grid voltage (V ) data could be exported
to MATLAB-compatible files. Numeric (deterministic) PD
parameters, such as the number of the PD pulses, average and
maximum discharge magnitude (99th percentile employed to
eliminate outliers), and discharge energy, were extracted using
the exported PD data.

C. Electric Field Distribution Simulations
The electric field distribution in the setup was calculated

using a FEM software. An axisymmetric FEM simulation
calculation, as illustrated in Fig. 2, was performed at 15 kVrms
AC voltage at the HV electrode while the rest of the metallic
parts were kept at the ground potential. The ’extremely fine’
mesh option was used to calculate the field as accurately at
the interfaces as possible.

The electric field strengths at critical interfaces, such as the
triple point where epoxy, Hastelloy, and the polymer sample
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meet, as well as the interfaces between each sample and the
air gap, were evaluated.

D. Surface Characterization
Different characterization methods were used to evaluate the

degradation of the polymers after three weeks of aging. The
samples were first examined using a microscope and a non-
contact optical profilometer. From the profilometry scans, the
mean surface roughness was calculated by a weighted average
of three scans of each sample at different positions. Each scan
measures 2.3×1.7 mm and was weighted according to the
percentage of data points in the scan. If crystals are detected on
the aged surfaces, all data above a certain height where crystals
were detected was removed to prevent them from dominating
the calculations for the aged surfaces.

Afterward, smaller samples (10 mm in diameter) were
punched out from the aged polymer top and bottom samples
at three different sections (pos.): i. Pos. 1: the actively aged
area (cavity), ii. Pos. 2: the interface between the cavity and
underneath the polymer spacer, and iii. Pos. 3: underneath
the metal spacer. In total, nine samples were punched out
from each polymer sample, as illustrated in Fig. 4. Each
set of samples was then used for the characterization with
FTIR and Raman. One set of samples was stored as a backup
for potential future characterization using another technique,
if necessary. For comparison, equivalent samples were also
punched out from unaged samples. A 670/620 FTIR Imaging
Microscope equipped with a 64×64 focal plane array (FPA)
detector was used in transmission mode to investigate the
chemical composition of both unaged and aged surfaces in
various depths from the surface into the bulk of the material.
For FTIR characterization, the punched-out samples were
initially divided into two half disks. Subsequently, 250-µm-
thick slices were cut from the vertical cross-section of one of
the half disks at four various depths, moving from the aged
surface into the bulk for each sample, as illustrated in Fig. 4.
Characterization was performed at six different radial positions
for each slice. One measurement was set to average over 16
scans in the range 4000 cm-1 to 400 cm-1, with a resolution
of 4 cm-1.

Fig. 4. Sampling of positions 1–3 from the aged samples.

Raman spectroscopy was performed on the aged surfaces of
the samples to complement the FTIR measurements, aiming to

explore the chemical composition of any crystals or other by-
products. The measurements were performed using the WITec
Alpha 300R system with a 532 nm green laser. A laser power
of 5 mW and 7.5 mW were used to reduce fluorescence
interference in the data. Each spectrum was obtained using six
accumulations with a 10 s integration time. All spectra under-
went data processing to eliminate fluorescence and background
interference from the bulk material.

IV. RESULTS AND DISCUSSION

For the experimental analysis, we aged several samples of
each material to replicate the effects of PD-induced electrical
aging. After aging, we evaluated these samples to discern those
that most accurately demonstrated the typical aging behaviors
of each material. Thus, the results discussed herein reflect the
general response of each material to electrical aging.

A. Electric Field Simulation

The electric field distribution in critical sections of the
axisymmetric setup, shown in Fig. 5, employs a jet col-
ormap. Fields below 2.6 kV/mm—-the threshold for electron
avalanches, i.e., discharges [31]-—are omitted to accentuate
areas of higher field strength. Notably, the highest field, around
7.2 kV/mm, concentrates inside the cavity. Fields at interfacial
surfaces, such as the HV electrode’s curvy edge, epoxy encase,
cavity wall, and the top and bottom samples, slightly exceed
2.6 kV/mm. It is important to note that the theoretical PD
inception voltage (PDIV) for the 2 mm cylindrical cavity,
calculated to be 4.1 kV/mm at 1 bar and 20 °C based on
a detailed discharge model [32], is closely aligned with the
observed PDIVs, ranging from 7.9 to 8.3 kV.

The tangential field distribution at the critical interfaces is
plotted in Fig. 6, with a focus on interfaces at the top sample
and the air gap, the bottom sample and the air gap, and at the
triple point where the epoxy, HV electrode (Hastelloy), and the
top sample intersect. Each field line shown corresponds to the
distribution along the line depicted in the same color below.
Additionally, field distribution at the void surfaces normal to
the electrical field at the cavity wall, measured 0.1 mm inside
of the polymer spacer, is depicted at the inlet of Fig. 6. The
highest value is noted at the edge of the wall (at 1 mm), about
4 kV/mm, an edge effect due to high field strength at different
permittivities near the HV electrode. It indicates that the field
strength exceeds 2.6 kV/mm, suggesting that discharges can
occur at the cavity walls.

B. PD aging

Three different types of plots displaying the discharge
activity are shown in this section. Trend plots, phase-resolved
PD (PRPD) plots and some PD parameters using the extracted
data (ϕ,Qa, V ) are presented.

1) Trend plots: Figs. 7a–7c show the trend plots for the
aging of XLPE, FEP, and PFA, respectively. The blue dotted
line represents the average value of the registered discharges
every 900 ms, and the dashed black line shows the moving
average (with a window size of 500 data points) of these
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Fig. 5. Electric field distribution in the setup.

Fig. 6. Variation of electric field strength as a function of radial position
at critical interfaces. The vertical dashed line represents the boundary
delineated by the cavity wall.

values. The red line shows the number of PDs per second
(PDs/s) at the given PD magnitude.

In the case of XLPE in Fig. 7a, the PD magnitude was
oscillating between 200–1200 pC in the first 200 h, after which
a declining trend was observed, and the PD magnitude settled
around 50 pC. The number of PDs/s significantly increased
after 240 h, and this increased activity lasted around 100 h. At
the end of the aging, both the PD data and PDs/s settled down
to their lowest magnitudes of 45 pC and 190, respectively.

A similar trend was observed for the PFA sample in Fig.
7c, where there were PDs with magnitudes as high as 3000
pC. The declining trend started earlier in the PFA than it did
for XLPE, after about 100 h, and settled around 500 pC. The
PD magnitude remained stable until 425 h, after which there

(a) XLPE

(b) FEP

(c) PFA
Fig. 7. The trend plots display the apparent discharge magnitudes
(raw and moving average data) and number of PDs over three weeks
as functions of time at 15 kVrms. (a) XLPE. (b) FEP. (c) PFA.

was a relative increase up to 2000 pC. The number of PDs/s
followed the PD magnitude pattern with some lag.

Unlike the XLPE and PFA, there was not a declining PD
trend in the case of FEP, where the PD magnitude remained
stable around 500 pC until the last 24 h, after which it
more than doubled, as shown in Fig. 7b. The number of
PDs/s followed the PD data quite accurately during the entire
aging period. These trend plots will be benchmarked with
PRPD plots in the next section, and possible mechanisms will
discussed.

2) PRPD plots: PRPD plots of each sample represent the
PD events taking place in the entire 5-minute duration. These
data were analyzed, and the evolution of the PD patterns was
evaluated. The representative patterns before aging (0 h), at
10 days (360 h), and at the end of the aging (504 h) are
shown in Figs. 8a–8i for each material. The surfaces of the
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top and bottom samples were subjected to approximately the
same field strength, as verified by the field lines in Fig. 6.
The small variation occurs because of the different diameters
of the metallic electrodes.

Referring to Figs. 8a–8c for XLPE from 0 h to 504 h, the PD
clusters became significantly fewer and narrower. There were
fewer PD events observed during the positive voltage cycle
compared to the negative cycle. The increased availability
of electrons from the bottom electrode, owing to its larger
surface area following the voltage polarity reversal, might
have facilitated the formation of more electron avalanches, as
suggested in [33]. During the negative cycle, the maximum
PD magnitude appears to exceed that of the positive cycle.
This could be due to an enhanced electric field along the
electron avalanche pathway in the air gap, which may allow
some avalanches to extend farther, leading to a greater PD
charge magnitude [33].

The PD inception voltage is influenced by both the external
field applied and the field generated by surface charges left
from preceding PD events [17]. There are several conse-
quences of increased surface conductivity (Stage 1 in Fig. 1).
First, it causes the spread of charges from previous PDs over
a larger area, reducing the local field these charges generate.
This results in a quicker recovery of the electric field within the
cavity, enabling it to discharge again. Second, this increased
conductivity provides a source of potential initiation electrons
held in shallow traps. Third, if the cavity walls become
highly conductive, they may prevent the accumulation of a
sufficiently strong internal field, quenching cavity discharges.
This decrease in the statistical time lag for the initiation
electron’s release implies that PDs can commence immediately
when the external field surpasses the minimum inception field,
thereby contracting the PD phase pattern/distribution [17].

Additionally, enhanced surface conductivity inhibits the
formation of simultaneous PD locations [17], [18]. The PRPD
patterns shown in Figs. 8a–8c exhibit this behavior. In Stage
2 in Fig. 1, crystal formation can occur, with PDs igniting at
the tips of any crystals. Consequently, field enhancement at the
crystal tips leads to a lower local PDIV, yet the PD magnitude
stays minimal, owing to the confined size of the affected area.
Surface characterization results in Section IV-C will reveal if
it was the case for the XLPE.

In the case of FEP, different patterns were observed. As
can be seen in Fig. 8f, in the final hours, a shift in the PD
pattern was noted, transitioning from a turtle-like to a rabbit-
like appearance. PD clusters did not become narrower or fewer
than for XLPE. Similar Qa was observed throughout the aging
except for the rabbit-like clusters. On the contrary, the PD
density increased significantly, as shown by the color bars in
Figs. 8d–8f. The trend plot depicted in Fig. 7b also captured
this significantly increased PD activity. Similar trends were
also observed for the PFA.

As mentioned in Section II-A, while the cavity surface
undergoes aging due to PDs, its physical and chemical charac-
teristics are altered, which in turn influences the PD patterns.
Micro-cracks and crystal formation, resulting from changes in
chemical composition (such as oxidation or the creation of
new functional groups), might explain the intensified and/or

locally enhanced PD activity and the alterations in the PRPD
distributions. The accumulation of space charges in the poly-
mer material over time can significantly distort the local
electric field, leading to the formation of more branched,
rabbit-like discharge patterns. This effect becomes increasingly
pronounced as the polymer ages, altering its ability to trap and
release charges [17].

In [34], a study on the aging process of cavities within the
solid insulation of power cables was conducted, dividing the
process into three distinct phases. During the initial phase,
the onset of streamer discharge causes the decomposition of
gas trapped within the cavity. This leads to a decrease in
the pressure of the gas contained and an increase in the
conductivity of both the gas and the cavity surface. These
findings, illustrated as Stage 1 in Fig. 1, are in agreement
with those of many researchers, such as [20], [27], [35]–[39].

In a high electric field with elevated local temperatures, the
breaking of the strong C F bonds of FEP and PFA might lead
to partial oxidation processes (as explained in Section II-B)
[25]. This could potentially result in the formation of CO and
CO2. The shift from a turtle-like pattern to a rabbit-like form
could then be caused by the increase in the concentration of
CO and CO2, which are electronegative gases and can absorb
free electrons that would otherwise contribute to the discharges
[34], [40]. Therefore, as the time gap between consecutive
discharges extends, PD is initiated at higher voltage levels,
consequently elevating the PD charge value [40]. Typically,
these substantial PD events emerge close to the voltage zero
crossing point within each half cycle, resulting in the formation
of a rabbit-like pattern [27], [38].

Another mechanism can be linked to varying rates of charge
de-trapping from surfaces that are negatively and positively
charged [41]. Specifically, the initial discharge following a
reversal in voltage polarity is triggered by the release of
free electrons from the surface that is negatively charged.
Meanwhile, the free electrons for subsequent pulses within the
same half cycle originate from the surface that is positively
charged [40], [41]. Electrons are emitted from negatively
charged surfaces at a slower rate than from positively charged
surfaces. This results in a higher discharge intensity for the
first pulse compared to subsequent ones, a phenomenon that
manifests as the so-called slow component in the PD pulse.

Several hours following the application of voltage, a transi-
tion to a rabbit-like PD pattern from a turtle-like one was
noted in [42]. In their study, they aged polyethylene (PE)
samples using an experimental rig that was based on the
CIGRE Method II, which is akin to the setup utilized in
this work. In a rabbit-like pattern, as described above, the
initial PD pulse after the polarity reversal tends to be larger
than its successors and may be separated into fast and slow
components in the time domain. They argued that the fast
component’s time constant is primarily linked to streamer
development, whereas the slow component results from the
migration of residual charges on the insulating surface, which
reflects the effective surface conductivity in PD-induced aging.
They further investigated the impact of charge migration across
the cavity surface by studying a similar cylindrical air gap
with and without metal surfaces (only on one surface and
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(a) XLPE 0 h (b) XLPE 360 h (c) XLPE 504 h

(d) FEP 0 h (e) FEP 360 h (f) FEP 504 h

(g) PFA 0 h (h) PFA 360 h (i) PFA 504 h
Fig. 8. PRPD plots from the aging of XLPE, FEP, and PFA. Each registered discharge is plotted as a point and color bars show concentrations of
PDs. The apparent discharge magnitude is indicated on the left axis, while the voltage is plotted on the right y-axis. The number of hours of aging
is indicated below each plot.

both surfaces). Their findings revealed that in the scenario
of a cylindrical cavity with metallic surfaces on both ends,
the slow component was absent, while it reappeared when
one of the surfaces was insulating. Therefore, the movement
of residual charges on the insulating surface was believed
to govern the rabbit-like pattern formation. The change in
surface conductivity as a result of aging can be considered
the key driver for the pattern transition from turtle-like to
rabbit-like. These findings have been verified by other studies
[43], [44]. In [44], it was experimentally shown in the case
of electrode-bound cavities (EBC) that the surface charge can
move readily into the electrode and decay more intensely than
for a dielectric-bound cavity because charge can be absorbed
by the electrode [43], [44].

As illustrated in Fig. 1 in a later stage of aging in the cavity,
transitioning from streamer-like large amplitude pulse PDs to
glow discharges with lower amplitudes can be observed due

to the changes in the electric field distribution, induced by the
increased surface conductivity, humidity, and temperature [35],
[45], [46]. At this stage, both the magnitude and intensity of
PD pulses decline swiftly, occasionally dropping beneath the
sensitivity/threshold level for PD detection, only to reappear
after several hours [38]. This behavior was observed in the
case of XLPE but not for FEP and PFA in Fig. 8. Despite
being exposed to the same electric field for the same duration,
PD magnitudes and numbers in the cases of FEP and PFA
did not start to decrease during the entire aging period. As
mentioned above, the reason could be that oxygen and other
electronegative gases were not consumed entirely, which may
be due to the still active regeneration of such reactive species.
It is also reported that a rabbit-like pattern persists until the
cavity surface undergoes substantial degradation or erosion
[44]. This could suggest that the FEP and PFA surfaces did not
undergo significant erosion by the time the aging experiments
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were finalized after 504 h.
Further exploration of how residual space and surface

charges, along with changes in surface conditions, contribute
to PD propagation is needed. Hence, the surface charac-
terization findings in the following section are essential to
corroborate the previously discussed hypotheses.

3) PD parameters as functions of time: The number of the
PD pulses, maximum and average PD magnitude, and PD
energy are shown in Figs. 9a–9d. In the case of XLPE,
relatively large maximum PD magnitudes were observed in
the beginning, but they rapidly decreased in the first few
hours and settled around 40–50 pC, as previously discussed
with the PRPD plots. Higher PD activity (more PDs with
higher discharge energy and PD magnitude) was observed
between 140–240 h, as can be seen in the plots Figs. 9a–
9d, which is also observed in the trend plot Fig. 7a. The
research conducted in [38] and [27] on the aging of LDPE
and PE, respectively, revealed that the gas volume initially
declined rapidly to approximately 75–80% before rising to
about 82–95% after 10–30 minutes, followed by a slow and
steady decrease thereafter. Although the cavity we studied was
not fully sealed, we can still discuss our observations regarding
the generation and consumption of oxygen and electronegative
gases and their effects on the PD parameters. The relatively
large discharges observed initially for XLPE in Figs. 7–9 could
have led to a reduction in oxygen concentration, influencing
the inception time or the time lag of PD, as oxygen molecules
capture free electrons [27], [38], [39], [44]. The average PD
magnitude for XLPE indicates a decreasing trend (shown by
the dashed line in Fig. 9c, agreeing with this hypothesis.

On the other hand, the average PD magnitude did not
show a considerable change in the entire period for FEP
and PFA (Fig. 9c). Similar trends to those noted for XLPE
were observed only in the final few days. Trend plots in
Figs. 7b–7c also suggest that a significant change for FEP
occurred at the final 24 h of the experiment while it started
at the final 100 h for PFA. The observed increases in the
number of PDs, maximum PD magnitude, and PD energy
in the final part signify that the majority of the discharges
were of low magnitude, which did not affect the average PD
magnitude significantly. Lastly, the discharge energy levels,
PD magnitudes, and number of PDs are significantly higher
for FEP and PFA than for XLPE. The average discharge energy
for XLPE (0.6 mW/s) is around one-tenth of those for FEP
(5.8 mW/s) and PFA (6.7 mW/s), as can be seen in Fig. 9d.
These suggest that the discharges were governed by different
mechanisms or that the aging stages of the cavity surfaces were
different in the case of fluoropolymers, as discussed above. It
is likely that the chemical and physical characteristics of FEP
and PFA during the aging were different than those of XLPE,
affecting the PRPD patterns and PD parameters.

C. Surface Characterization

After three weeks of aging, the polymer samples were
examined using a profilometer, FTIR, Raman spectroscopy,
and a light microscope. The results are presented in the
following sections.
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Fig. 9. PD parameters: number of the PD pulses, maximum and
average discharge magnitude, and discharge energy.

Fig. 10 displays the image of an aged XLPE top sample. The
cavity area, approximately 30 mm, is easily distinguishable
due to significant erosion, highlighted by a discolored region.
The top right inlet image, taken using a digital microscope,
reveals noticeable pitting marks and crystals. In contrast, the
area where the cavity wall meets the polymer spacer (bottom
right inlet image) shows fewer and less dense pitting marks,
less erosion, and only a few crystals. The unaged region
beneath the polymer and metal spacers exhibits no signs of
pitting, erosion, or crystal formation. Similar patterns were
observed in FEP and PFA samples, although the discolored
areas were less evident. For the sake of brevity, only the XLPE
sample is illustrated here.

Fig. 10. Aged cavity area of an XLPE top sample.

1) Profilometry: Table II shows the calculated mean surface
roughness of Pos. 1 to 3 as shown in Fig. 4. For all the
materials, calculations at Pos. 3 did not show any differences
from calculations of unaged samples; thus, samples from Pos.
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3 can be considered references. Calculations presented in
Table II indicate that XLPE and FEP exhibit greater surface
roughness at Pos. 1 compared to Pos. 3. In contrast, the surface
roughness values for PFA at Pos. 1 and 3 are somewhat similar.
Furthermore, for the fluoropolymers, the surface roughness at
Pos. 2 is found to be less than that at Pos. 3.

The results for XLPE and FEP show that there is an
increase in the measured mean surface roughness for the aged
center (Pos. 1). These types of calculations cannot distinguish
between the presence of peaks, for example, crystal growth,
or the presence of valleys, for example, pitting. A digital filter
in the software was employed to remove the crystals from
the XLPE surface before the calculations. However, there is a
possibility that smaller crystals were still part of the data set
used, which could have led to higher roughness calculations.
Additionally, abrupt steps in height, such as at the edge of a
crystal, are difficult to scan and could have led to a lack of
data at the crystal edges.

The PFA results do not seem to show an increase in surface
roughness for Pos. 1 compared to Pos. 3. However, Pos. 1
for PFA proved difficult to scan. Generally, for the edges and
unaged samples, the percentage of data points measured was
well above 90%. For the aged PFA center, it dropped to as
low as 40%. There is a possibility that only the data points
at similar heights were registered, making the surface appear
less rough than it really is. The markings from the casting
molds special to PFA could have caused this problem. With
some PFA samples, there seemed to be small dents remaining
from the casting process. Such dents would influence the
surface roughness calculations. Furthermore, the mean surface
roughness calculations performed do not distinguish between
different types of height differences on a surface. If there are
elements of curvature or waviness on the surface, these will
be included in the calculations unless they are filtered away.

Since the samples taken from Pos. 2 are at the edge of
the cavity, it is anticipated that the surface roughness appears
somewhere between the aged center at Pos. 1 and the unaged
edge at Pos. 3. For XLPE, this is the case. The calculated
surface roughness combines both aged and unaged areas.
However, for both fluoropolymers, Pos. 2 has a lower surface
roughness than Pos. 3. One possible explanation is that there is
waviness and markings on the surface from the casting molds
causing variations over a few hundred nm at different positions
in a region with the same level of aging.

Fig. 11 presents representative 2D profiles of the unaged
and aged surfaces. The variations in the surface of the 2D
profiles are in agreement with the roughness data in Table II.

TABLE II
MEAN SURFACE ROUGHNESS (Sa) MEASURED ON AGED SAMPLES

FROM POS. 1 TO 3 WRT. FIG. 4. UNITS IN NM.

Position XLPE FEP PFA

1 3251 1199 534

2 957 147 334

3* 357 203 503

* Equivalent to an unaged sample/reference.

Fig. 11. 2D profiles of aged and unaged samples. Different height
scales are used to feature the roughness profiles clearly.

The unaged surfaces look roughly the same, but variations
can be seen more clearly for the PFA sample due to the
different scaling of the height axis. Aged XLPE has the largest
variations in height, and the profile covers several crystals,
where the largest has a height close to 50 µm.

The first row in Table III shows 3D images generated from
the profilometry data for XLPE, FEP, and PFA, respectively. In
all images, the aged center appears rougher than the unaged
surface. There are lines shown on the unaged surfaces that
resulted from the molds used during casting. These lines are
no longer visible for the aged surfaces, further indicating that
aging has caused alterations to the surfaces. The application
of filters, such as a data restore filter for interpolating missing
data points to the raw data sets, results in images that provide a
representational view of 3D profiles. Looking at actual images
of the surface through microscopy is, therefore, also important.

Images of the center of the aged XLPE sample are shown
in Table III at the second row. Crystals were observed on
the surface after aging, which is expected based on the PD-
aging mechanisms introduced in Sections II-B and IV-B.
Both the size and concentration of the crystals appeared to
decrease with radial distance from the center of the sample.
Furthermore, the surface beneath the crystals appeared more
uneven at the center than around the crystals further from the
center.

The FEP surface at the center appeared to have bumps on the
surface, making the surface more uneven than before aging.
There were also small spots that appeared like crystals, as
shown in Table III. However, comparing the crystals on the
FEP to those on XLPE, they are much smaller than the ones
on the XLPE sample. Whereas the crystals and erosion of the
XLPE surface appear to be evenly distributed at the center
of the sample, for FEP, there appear to be clusters of small
crystals, as seen in Table III.

Table III includes the center of the PFA sample after aging,
where the central surface exhibits less erosion compared to
the FEP sample. Additionally, small spots resembling crystals
were observed and analyzed with Raman spectroscopy.
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TABLE III
SURFACE CHARACTERIZATION RESULTS OBTAINED USING PROFILOMETER, MICROSCOPE, FTIR, AND RAMAN SPECTROSCOPY.
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2) FTIR: The row labeled ‘FTIR’ in Table III presents the
FTIR results from the center of each aged sample (Pos. 1). It
includes a plot from an unaged sample (U) alongside plots that
represent different depths into the bulk of the aged samples,
with depth levels ranging from 1 to 4, with 4 being the deepest
point, as displayed in Fig. 4. For the XLPE samples, there
is an observed increase in absorption at several wavelengths
from the deepest point (4) towards the sample surface (1),
where slice 4 showed the most similarity to the unaged surface
(U). In contrast, the fluoropolymers (FEP and PFA) exhibit no
significant differences in absorption across these wavelengths.
Samples from Pos. 3 showed identical results to that of an
unaged sample; therefore, they can also be regarded as a
reference.

Fig. 12a shows the FTIR spectra of XLPE from the aged
center (Pos. 1) and an unaged sample for the carbonyl region.
The aged sample shows increased absorption in this region
compared to the unaged sample, and several new peaks can
be identified in the spectrum. The absorption at these peaks
decreases with the distance from the center and with the depth
into the bulk. A new peak appeared at 1276 cm-1. There
was also slightly more absorption between 3500 cm-1 and
3000 cm-1 for the aged sample. The strong transmittance likely
caused the truncation of the signals. The significant differences
in absorbances and the appearance of new peaks indicate the
presence of oxalic acid (crystals) or similar by-products on the
surface, as depicted in Stage 3 of Fig. 1.

In the FTIR spectroscopic analysis, the comparison between
unaged and aged FEP and PFA samples (Pos. 1) revealed no
significant spectral changes. Therefore, Fig. 12b presents the
spectra obtained only from the aged samples.

100015002000250030003500
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100015002000250030003500
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%
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Fig. 12. FTIR results for (a) Unaged and aged XLPE samples. (b)
Aged FEP and PFA samples. No significant differences were observed
between unaged and aged FEP and PFA.

3) Raman Spectroscopy and Microscope: We analyzed un-
aged and aged samples through Raman spectroscopy and light
microscopy, with representative images presented in Table III.

Analyses for Raman spectroscopy were performed using the
punched-out samples from the specified positions (Pos. 1–3)
from the top and bottom samples, as illustrated in Fig. 4. The
results from Pos. 3 were analogous to an unaged sample; thus,
the Pos. 3 samples can be considered as references. In Table
III, the row labeled ‘Raman on crystals’ specifically focuses on
the crystal-like artifacts found in aged areas. Red waveforms
indicate the average outcomes of six measurements, with each
measurement displayed as a faint color in the background.

The sample’s surface appeared significantly grainy around
the cavity area, as shown in Fig. 10. The roughness of the
surface can be attributed to the impact of charged particle
bombardment, as discussed in Section IV-B. Observations of
an aged XLPE sample from Pos. 1 revealed diverse crystal for-
mations in terms of shape and size (30–150 µm) as can be seen
in the ‘Microscope’ row of Table III). Raman analysis iden-
tified these crystals as hydrated oxalic acid (C2H2O4·2H2O),
with peaks at 478, 560, 855, 1490, 1628, 1728, and 3440
cm-1 (‘Raman on crystals’ row in Table III), corroborating
with findings from [28]. Additionally, the portions of the aged
and eroded surface free of crystals (Pos. 1) were scrutinized
using Raman spectroscopy. Comparisons of samples from Pos.
2 and 3 and an unaged sample revealed no formation of
new chemical bonds, as can be seen in the ‘Raman’ row of
Table III), suggesting that the surface modifications outside
the cavity area, if any, were predominantly physical rather
than chemical.

On the spectra of the XLPE sample, a new peak around
1720 cm-1 was observed in the case of samples taken from
Pos. 1 (aged) and Pos. 2 (close to the cavity wall) with it
being more prominent for the aged sample (shown in the inlet
of the Raman figure in Table III). It signifies the presence of
C O bond (carbonyl group), reminiscent of oxidation [47],
[48]. The FTIR results for XLPE, as displayed in Fig. 12a and
Table III, also reveal pronounced carbonyl absorption around
1720 cm-1, indicative of an increased level of oxidation. This
observation is consistent with findings reported in [49].

In the case of FEP samples, the aged cavity area also dis-
played evident signs of erosion and melted patches containing
crystals. Compared to the XLPE samples, both the number of
crystals and the extent of erosion in the FEP samples were
considerably less, as demonstrated by the microscope images
in Table III. These crystals were measured to be approximately
40–80 µm in diameter. The Raman spectra taken from Pos. 1–
3 on these samples indicated notable differences. Specifically,
distinct peaks associated with C H bonds were identified at
1063, 1129, 1416, 1440, 1463, 2885, 2848, and 2930 cm-1 in
the crystals present on the surface, as exhibited in Table III.
Conversely, Raman analysis at Pos. 1 on areas without visible
crystals revealed no significant spectral deviations compared
to Pos. 2 and 3.

The microscope images of PFA samples showed similar
surface degradation as the FEP samples, with defined melted
bumps and eroded surface in the cavity area (Table III). The
aged cavity area displayed much fewer and smaller crystals
compared to the XLPE and FEP samples (Table III). The
Raman spectra of these crystals showed C H bond vibrations
around 1063, 1129, 1416, 1440, 1463, 2885, 2848, 2930 cm-1.
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Similar to XLPE and FEP, Raman analysis of PFA surface
sections without crystals (Pos. 1) showed no deviation from
Pos. 2 and 3, as shown in Table III.

Besides profilometry and microscopy, Raman and FTIR
analyses indicated that XLPE samples underwent significant
aging, characterized by oxidation and chemical changes that
extend from the surface to the bulk of the material. Conversely,
PD-aged FEP and PFA samples showed consistent chemical
stability, with peak patterns matching those of unaged samples,
indicating fluoropolymers’ higher resistance to electrical PD
aging than XLPE. These findings closely match the aging
mechanisms discussed in Section IV-B.

V. CONCLUSION

This study, investigating the effects of PD-induced aging
on fluoropolymer insulation materials, with a particular focus
on FEP and PFA compared to XLPE as the reference, has
revealed that FEP and PFA exhibit superior durability under
identical electrical discharge conditions. Throughout the three-
week aging process until the last few hours, the main body
of the PRPD data for FEP and PFA remained relatively
stable, suggesting minimal alterations in surface chemistry
and roughness. In the last few hours, however, there was
a shift from turtle-like to rabbit-like patterns in PRPDs for
FEP and PFA, hinting that surface conductivity started to
increase. Conversely, for XLPE, reductions in both the number
of discharges and width of PD clusters were observed within
the first few hours, indicating a rapid rise in the surface
conductivity, which resulted in significant erosion and crystal
formation over the extended duration of the experiment.

Microscopic and profilometric analyses showed that FEP
and PFA surfaces underwent fewer PD-induced changes, as
indicated by a lower concentration of degradation by-products,
such as crystal-like structures. On the other hand, XLPE
surfaces suffered significant pitting and erosion and exhibited
widespread crystal formations. The FTIR and Raman spec-
troscopy results underlined the chemical robustness of FEP and
PFA, likely due to their carbon-fluorine bonds, which resulted
in reduced material degradation and by-product formation
compared to XLPE.

The PD aging process, characterized by the development
of specific PD patterns and alterations in surface roughness
and chemical composition, indicated a gradual aging effect
on the electrical insulating properties of fluoropolymers. Un-
like XLPE, which suggested significant erosion after just a
few hours of PD exposure, FEP and PFA only signaled an
increase in surface conductivity after 500 hours of exposure.
In conclusion, this study contributes to a better understanding
of the electrical aging behaviors of fluoropolymer insulation
materials in high-voltage cables. Future research will delve
into high-temperature PD aging and degradation mechanisms,
including more extended aging durations.
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