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ABSTRACT
Polyether ether ketone (PEEK), polytetrafluoroethylene (PTFE), and polyimide (PI) are widely used in aerospace due to their 
excellent properties. Understanding their aging behavior is essential for long-term performance in extreme environments. This 
study examines the effects of thermal oxidative aging (at 250°C over varying periods) under humid conditions on their chemical, 
structural, thermal, mechanical, and dielectric properties. In PEEK, aging led to solidification and crosslinking phenomenon 
which resulted in increased tensile strength and storage modulus, while elongation at break and tan δ decreased. Dielectric 
permittivity, polarization charge density, and leakage current also declined with aging, while AC breakdown strength increased 
by 1.6% in PEEK. PTFE exhibited surface oxidation, thermal degradation, and a decrease in storage modulus, with an increase 
in loss tangent. Breakdown strength slightly decreased, while dielectric loss and leakage current increased over aging time. PI 
underwent severe mechanical degradation, with tensile strength reduced by 54% and elongation by 16%, along with oxidation-
induced discoloration. Low-mass polar molecules generated in PI during thermal degradation which contributed to the deterio-
ration of its dielectric properties, lead to increased permittivity, polarization, leakage current, and a lower breakdown strength 
observed after aging. These findings provide insights into degradation mechanisms, aiding aerospace material selection for 
extreme environments.

1   |   Introduction

With the aim of limiting fuel consumption, the aeronautical 
market is increasingly moving toward the electrification of 
propulsion systems, either through electric hybridization of air-
craft engines or through a totally electric propulsion system for 
smaller aircrafts. A significant increase in onboard electrical 
power management is expected under these conditions, with the 
electrical distribution and transport system calling on voltage 
and current levels unheard of in the aeronautical industry. The 
initial architectures envisaged for hybrid aircraft propulsion 
systems, for example, require voltage levels of around 1 kV for 
power levels of up to 500 kVA.

The insulating materials used in aeronautics are governed by cur-
rent standards. Several polymer materials meet these standards 
due to advantages like flexibility, low manufacturing costs, and 
excellent dielectric properties. Aircraft insulation materials in ca-
bling systems basically include polytetrafluoroethylene (PTFE), 
ethylene tetrafluoroethylene (ETFE), fluorinated ethylene propyl-
ene (FEP), polyether ether ketone (PEEK), perfluoroalkoxy (PFA), 
and polyimide (PI) [1, 2]. PEEK, a high-performance engineering 
material, offers high strength, modulus, insulation stability, frac-
ture toughness, and dimensional stability. It has recently found 
wide applications in aerospace, automotive, and nuclear cable in-
dustries. PTFE has been used as aircraft wiring insulation since 
the 1970s and more extensively since 1990 [3]. Its C  F bonds give 
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it excellent electrical properties, low surface energy, and chemical 
resistance [4–8]. For air and spacecraft applications, understand-
ing its dielectric response to thermal exposure is important due to 
the extreme operating temperatures. PIs exhibit impressive chemi-
cal and thermal stability. However, PIs are seldom used in modern 
aircraft due to their rapid degradation under combined exposure 
to moisture, heat, and mechanical stress [1, 9].

The aging and degradation of insulation materials is a complex 
process influenced by a combination of internal and external fac-
tors [10–13]. There are several external environmental factors that 
affect the cabling system during the service operation of aircraft. 
During the service operation of aircraft, a wide range of operating 
conditions is applicable, for example, temperature ranges from 
−85°C to 300°C, pressure ranges from 1 to 0.2 atm, a wide range of 
humidity, combined with an environment with a lot of vibrations. 
Among the factors which causes the insulation degradation of air-
craft cabling system, thermal aging is the primary factor causing 
material property degradation and potential failure.

Several studies have been done on the aging degradation of cable 
insulating material. Researchers have studied the phenomenon of 
crosslinking and thermal degradation reactions occurred under 
different conditions of heat treatment which is related mainly to 
the thermal degradation stability of PEEK [14–16]. Danyu et al. 
[17] studied the influence of thermal oxidative aging on the in-
sulation properties and crystallization behavior of PEEK. The 
results showed decrease in mechanical, thermal, and insulation 
properties of PEEK. Similarly, X. Huang et al. [18] have studied 
the thermal aging of PTFE in the fluid state that resulted in the 
deterioration of its electrical insulating performance. S. W. Li et al. 
[19] studied the effect of thermal aging on electrical and mechan-
ical properties of PTFE. It was observed that the relative permit-
tivity of PTFE decreased as a result of aging. Although extensive 
research has been conducted on the dielectric properties of PI ma-
terials [20–22], investigations into the influence of thermal aging 
on dielectric performance remain limited, with existing findings 
often exhibiting uncertainty and inconsistency. In addition, re-
searchers have studied the negative effects of moisture absorption 
(absorbing up to 3 wt.% of water from atmospheric humidity) in 
PI which limits its dielectric properties. It has been observed that 
absorbed water is associated with increased dielectric permittiv-
ity, decreased electrical resistivity, and potential mechanical fail-
ures such as cracks, delamination, and loss of adhesion [23–26]. 
Although studies concerning the aging under environmental con-
ditions, for example, heat and humidity have been done for the 
materials (PEEK, PTFE, and PI) used in cable insulation, there are 
very few studies that presents a comprehensive investigation on 
the combined effect of thermal oxidative aging with humidity on 
the physiochemical and insulating properties of these materials in 
aircraft operational environment. So, it is important to study the 
degradation behavior of these material (PEEK, PTFE, PI) under 
thermal aging and humidity.

This research presents a comprehensive study of the effect of 
thermal oxidative aging and humidity on the degradation behav-
ior of PEEK, PTFE, and PI materials for the service evaluation 
of their usage as insulation materials for aircraft cabling system. 
The influence of thermal oxidative aging with humidity on the 
structure and properties (chemical and physical structure mor-
phology, optical properties, thermal properties, mechanical, and 

insulating properties) of PEEK, PTFE, and PI, is studied. The ex-
perimental results could be a practical reference in relevant fields 
of research and may offer valuable guidance for design consider-
ations and production of PEEK, PTFE, and PI materials for future 
engineering applications.

2   |   Experimental and Methodologies

2.1   |   Materials

PEEK and PI materials in the form of films were obtained from 
Shenzhen Jinyuanbao Plastics Materials Co. Ltd. PTFE films 
were received from Shanghai Daoguan Rubber & Plastics Co. 
Ltd. The thickness and width of these film are 0.1 mm and 
50 mm, respectively. The molecular structures of PEEK, PTFE, 
and PI provided by the companies are shown in Figure 1. The 
relative permittivity of PEEK, PTFE, and PI at room tempera-
ture is 3.9, 2.1, and 3.2, respectively.

2.2   |   Thermal Oxidative Aging With Humidity

The films of PEEK, PTFE, and PI with 0.1 mm thickness were cut 
first in dimensions of 50 × 200 mm (width × length). The samples 
were attached to the wire mesh shelves of the oven as shown in 
Figure 2. A minimum distance of 5 cm between samples and the 
oven walls were maintained to avoid contact and ensure smooth 
airflow between samples (Figure 2). The wire mesh shelves were 
then inserted into the oven set at 250°C for thermal oxidative 
aging. The aging profile is highlighted in Figure 3. After a ther-
mal oxidative stress of 20 h, the oven temperature was reduced 
to 90°C and the samples were subjected to a humidity shower of 
3 h at 90% relative humidity (RH). The RH% was provided and 
maintained by the chamber, ensuring precise control of humidity 
levels throughout the aging period. After the humidity exposure, 
the oven temperature was raised to 250°C again and the thermal 
oxidative stress continued as shown in Figure 3.

During aging, samples were collected from oven at intervals 
(24 h, 72 h, 120 h, 170 h) and allowed to cool down in ambient 

FIGURE 1    |    Chemical structures of (a) PEEK, (b) PTFE, and (c) PI. 
[Color figure can be viewed at wileyonlinelibrary.com]
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conditions which are finally subjected to testing. The surface 
temperature range read by IR thermometer during collection of 
samples from oven was between 200°C and 235°C.

2.3   |   Fourier Transformed Infrared (FTIR) 
Spectroscopy

FTIR spectra were recorded in the range of 4000–400 cm−1 
using a Nicolet iS50 FTIR (Thermo Fisher Scientific, USA) in 
transmittance mode. The resolution was set to 4 cm−1, with each 
spectrum representing the average of 30 scans. Atmospheric 
background spectra were measured and automatically sub-
tracted from the sample spectra.

2.4   |   Microscopic Morphology

SEM was performed using SU8600, Hitachi, Japan coupled with 
energy dispersive spectrometer (EDS) Ultim Max 170 provided 

by Oxford Instruments, UK to obtain microstructure morphol-
ogy and elemental composition data of the surface and cross-
section of PEEK, PTFE, and PI films. The samples were coated 
with gold to limit charging effect and are subjected to a volt-
age of 10 kV. A polarized optical microscope namely Olympus 
BX53 with DP-26 digital camera is also used to study the optical 
morphology. Samples are placed between two polarizing filters 
(crossed) for careful objective observation.

2.5   |   Mechanical Properties

The samples were cut in dumbbell shape and the tensile strength 
(MPa) and elongation (%) are tested. The test is completed at am-
bient atmospheric conditions with a tensile rate of 15–20 mm/
min. Five specimens of each sample type are tested consecu-
tively and measurements are taken and average is calculated 
with error. Dynamic mechanical analysis (DMA) was also per-
formed at a frequency of 1 Hz using a TA Q800 analyzer to inves-
tigate the molecular dynamics of samples.

2.6   |   Differential Scanning Calorimetry (DSC) 
and Thermogravimetric Analysis (TGA) Analysis

DSC and TGA was done using DSC/TGA equipment provided 
by Mettler-Toledo, Switzerland. A sample weighing in a range 
of 20–30 mg is heated at a heating rate of 20°C/min in inert en-
vironment (N2) from room temperature to 700°C to obtain DSC 
and TGA curves. The crystallinity (Xc) of aging sample is calcu-
lated according to the formula.

where ΔHm corresponds to the enthalpy of melting and ΔHmo 
defines the melting enthalpy of fully crystallized PEEK taken 
as 130 J/g [17].

(1)Xc =
ΔHm

ΔHmo

× 100%

FIGURE 2    |    Illustration of samples attachment to aging oven mesh 
tray. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3    |    Temperature and humidity profile for aging. [Color figure can be viewed at wileyonlinelibrary.com]
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2.7   |   Optical Properties

Optical UV–vis spectra of samples is measured using full wave-
length UV–Vis–NIR spectrometer LAMBDA 1050+, provided 
by PerkinElmer, UK. The spectra is measured at ambient condi-
tions in a wavelength range of 200–800 cm−1.

2.8   |   Dielectric Properties

Dielectric properties including relative permittivity, dielectric 
loss (tan δ), polarization charge density, leakage current density, 
and AC breakdown strength are recorded. Relative permittivity 
and dielectric loss were measured using a Novocontrol Concept 
80 broadband dielectric analyzer at room temperature, covering 
a frequency range from 10−1 to 106 Hz. The relative permittivity 
of samples was also recorded with the frequency of 50 Hz over 
a broad temperature range from 25°C to 200°C with a heating 
rate of 1°C/min using multi-frequency LCR meter (E4980AL). 
The polarization charge density and leakage current density 
measurements were acquired via a ferroelectric tester system 
(PolyK, USA) using an ion sputtering instrument to spray gold on 
the sample, with an effective polarization area of 3.14 mm2. The 
polarization charge density and leakage current density were 
measured at (25°C and 200°C) and (50 MV/m and 100 MV/m), 
respectively. For AC breakdown strength measurement, sam-
ples are prepared into a circular form with an optimal diameter 
and subjected to testing using an AC dielectric strength tester. 
The dielectric breakdown strength is recorded, and five mea-
surements are performed to determine the average value.

3   |   Results and Discussion

3.1   |   PEEK

3.1.1   |   FTIR Analysis

The change in the chemical composition of PEEK with aging 
time captured in region (2000–600 cm−1) is highlighted in 
Figure  4. FTIR spectra shows the characteristic peak at 
1650 cm−1, which is related to the aromatic stretching vibration 

of carbonyl group (CO bond). Characteristic peaks at 1597, 1410, 
and 1489 cm−1 indicate the aromatic skeletal vibration of phenyl 
rings (Ф). The asymmetric stretching vibration bands of the di-
phenyl ether group were observed at 1280, 1220, and 1185 cm−1. 
Peaks at 1151 and 1096 cm−1 are associated with the deforma-
tion bands of aromatic hydrogen in-plane. Afterward, the peak 
at 1310 cm−1 can be ascribed to the bending motion of C  C and 
(  O)  C groups [27]. Peak at 923 cm−1 is attributed due to aro-
matic out plane bending [28]. Peaks at 769, 864, and 832 cm−1 are 
out-of-plane bending modes of the aromatic hydrogen (C  H in 
aromatic ring). The stretching vibrations at 1160 and 1010 cm−1 
correspond to Ф  O or Ф  CO stretching vibrations. The changes 
in the 1280/1310 cm−1 intensity ratios are indicative of changes 
in the crystallinity of PEEK [29, 30], and the variations around 
1110 cm−1 show crosslinking mechanisms take place [31, 32]. 
Lastly, the decrease in the aromatic C  H peaks around 835, 766, 
and 673 cm−1 indicates the damage of molecular chains and pos-
sible occurrence of surface carbonization observed in the aged 
samples of PEEK [33, 34].

Under different aging durations, no new absorption peaks ap-
peared in the PEEK IR spectra, and the positions of the char-
acteristic peaks remained unchanged, indicating that no new 
functional groups were formed. However, the peak intensities 
did change. The relative crystallinity (RC) of PEEK samples at 
different aging times can be calculated using Equation  (2), as 
outlined in the literature [35].

where A1280 represents the peak area of 1280 cm−1 (corresponding 
to the diphenyl ether group), and A1310 represents the peak area 
of 1310 cm−1 (corresponding to the C  C and (  O)  C groups). 
Figure  4b demonstrates that the ratio of the 1280 cm−1 and 
1310 cm−1 bands decreases quickly during the initial phase of the 
aging process, followed by a slower decrease at later stages. This 
behavior is attributed to oxidation of the sample surface, which is 
faster in the early stages, resulting in a sharp reduction in relative 
crystallinity. As aging progresses, the rate of material oxidation 
stabilizes, and the combined influence of potential crosslinking 
structures and thermal oxidative aging leads to a gradual decline 

(2)Rc =
A1280
A1310

× 100%

FIGURE 4    |    (a) FTIR spectra of PEEK samples with aging time; (b) Rc variation with aging time. [Color figure can be viewed at wileyonlinelibrary.
com]
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in the relative crystallinity (Rc) of the PEEK samples. It is worthy 
to say that the aging in PEEK is mainly dominated by thermal 
oxidative stress.

3.1.2   |   Microscopic Morphology

Surface SEM results highlighted in Figure  5 show that ther-
mally affected regions appear sporadically on the surface of 
aged PEEK samples in small areas. The surface of pristine PEEK 
appeared smooth however, aged samples have adopted a rough 
appearance with aging progress. Surface roughness and some 
local heterogeneities, identifiable as microvoids or pits, for ex-
ample, some holes also appear suggesting thermal degradation 
and potential embrittlement which can be attributed to oxidative 
fracture and surface carbonization of PEEK polymer. The phe-
nomenon is observed in FTIR results that detected the possible 
occurrence of surface carbonization.

The main chemical components highlighted using EDS mapping 
in Figure 6 show an increase in carbon content and reduction 
in oxygen content. This suggests that the oxidative degradation 
process may have led to preferential loss of oxygen-containing 
volatile by-products (mainly CO2, CO), leaving a carbon-rich 
surface layer. The surface EDS elemental data are also enlisted 
in Table 1a. It can be seen from results that the carbon forming 
property of PEEK has increased which is also an indicative of 
increase in the restricted amorphous region of PEEK.

The cross-sectional SEM micrographs are shown in Figure 7. It 
can be seen from the results that the aging of PEEK has led to 
noticeable structural changes, as evidenced by SEM images, and 
image analysis. Image analysis in Figure 7c,d highlights rough-
ness, defects, and structural heterogeneity. The results indicate 
more pronounced texture differences across the surface with 
pits and uneven surface distribution. The rectangular-marked 
region in Figure 7b highlights the probable depth and localized 
nature of thermal degradation. In the aged sample, for example, 

PEEK 170 h, the noticeable degradation can be seen, with a max-
imum depth measurable from the surface cracks and internal 
layers. This is consistent with thermal oxidative degradation, 
which may spread internally over time. The surface irregularity 
in aged PEEK indicates prominent thermal oxidative degrada-
tion, which may lead to loss of mechanical integrity (potential 
embrittlement can occur). Carbon to oxygen (C:O) ratio slightly 
increases in the aged sample (from 82.93% to 83.29%), indicat-
ing a higher concentration of carbon-rich structures, reflecting 
carbonization and formation of a brittle surface layer. The cross-
sectional SEM EDS results of PEEK in Table 1b are consistent 
with surface SEM EDS results.

The optical photos from POM in Figure 8 show some pinholes 
that appeared on the surface of aged PEEK sample. The POM 
results and visible inspection show reduction in surface gloss 
of PEEK and increase in surface roughness with aging time. 
Combining with chemical composition analyses from FTIR of 
all samples, a reasonable interpretation could be obtained that 
the appearances of surface defects and degradation is due to the 
changes of molecular chain that mainly includes the damage of 
C  H bond of benzene rings and ether bond of main chains and 
possible carbonization of surface.

3.1.3   |   Mechanical Properties

Thermal oxidative aging impacts the mechanical properties 
such as tensile strength and breaking elongation of polymers. 
The effect of aging on tensile strength and breaking elongation 
of PEEK is shown in Figure 9a. Stress and strain curve of PEEK 
samples are presented in Figure  9b. It can be seen clearly that 
the tensile strength increases slowly with increase in aging time. 
In the aging time range (0–170 h), the tensile strength increases 
110–114.5 MPa. On the other hand, elongation at break shows 
reduction with the progress of aging. The breaking elongation re-
duced 24.5% in aging time frame (0–170 h). The tensile strength 
and breaking elongation of PEEK are primarily related to their 

FIGURE 5    |    Surface SEM of PEEK samples with aging time.
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crystalline structure. Considering semi-crystalline polymers like 
PEEK, the material mainly consists of crystalline, amorphous, 
and restricted amorphous regions [36]. During the initial phase of 
thermal aging process, the molecular chains in both amorphous 
and crystalline regions begin to degrade. This leads to a more or-
dered state in the amorphous regions, while the restricted amor-
phous regions increase under high-stress conditions. As thermal 
aging progresses, preferential crosslinking might have occurred 
in these high-stress amorphous regions, resulting in an increase 
in tensile strength and a reduction in breaking elongation [17]. 
The results are indicative of increase in brittleness and hardness 
of PEEK during aging process.

The variation of DMA storage modulus and tan δ of PEEK sam-
ples as a function of temperature is shown in Figure  9c and 
Figure  9d, respectively. Figure  9d indicates that the glass tran-
sition temperature (Tg) of PEEK, defined as the temperature at 

the peak of tan δ, occurs at 153.4°C, corresponding to (α) relax-
ation that closely aligns with the previously reported value [37]. 
The storage modulus for all PEEK samples exhibits a gradual and 
progressive decline with increasing temperature, with a notable 
reduction observed in the temperature range of 140°C–200°C, 
corresponding to the material's glass transition. This decrease 
in modulus is attributed to energy dissipation processes associ-
ated with the cooperative movements of polymer chains [38]. 
It is also evident from DMA results that the storage modulus of 
PEEK shows a slight increase with aging time (0–170 h) in the 
lower-temperature region (below Tg). The curves gradually con-
verge and decrease at higher temperatures near and beyond Tg. 
The increase in storage modulus in aged samples of PEEK un-
veils the increased load-carrying capacity and visco-elastic stiff-
ness increasing mechanism of polymer [39]. Thermal oxidative 

TABLE 1A    |    EDS surface scan data of PEEK samples.

Elements

EDS elemental 
weight (%) Weight (%) sigma

PEEK 
(0 h)

PEEK 
(170 h)

PEEK 
(0 h)

PEEK 
(170 h)

C 78.89 81.35 2.28 0.36

O 19.97 18.65 0.68 0.36

TABLE 1B    |    EDS cross-section scan data of PEEK samples.

Elements/
ratio

EDS elemental 
weight (%) Weight (%) sigma

PEEK 
(0 h)

PEEK 
(170 h)

PEEK 
(0 h)

PEEK 
(170 h)

C 82.93 83.29 0.10 0.11

O 17.07 16.71 0.10 0.11

C:O ratio 
(atomic)

6.47 6.64

FIGURE 6    |    EDS elemental scan of PEEK samples: (a) fresh (surface), (b) aged 170 h (surface), (c) fresh (cross-section), and (d) aged 170 h (cross-
section). [Color figure can be viewed at wileyonlinelibrary.com]
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aging may have resulted crosslinking in the amorphous regions 
of PEEK, leading to increased stiffness at lower temperatures. 
This restricts molecular mobility, causing a higher storage mod-
ulus in the glassy region. Moreover, the softening of the material 
is dominated by the relaxation of amorphous chains around Tg. 
Crosslinking in these regions delays and mitigates this transition 
slightly, as reflected in the smaller modulus drop.

The tan δ of materials reflects the balance between the viscous 
and elastic phases in polymer-based systems. The tan δ (damp-
ing peak), typically observed in the glass transition region, is 
associated with the motion of side groups, low molecular weight 
units, or molecular chains in the polymer. A higher damping 
peak indicates greater molecular mobility [40]. It can be seen 
from Figure  9d that the tan δ peak (α-relaxation) of PEEK 
decreases in height and shifts toward higher temperatures 
(153.4°C–156.0°C) with aging (from 0 to 170 h). The relaxation 
process is highly sensitive to molecular dynamics and the state 
of the amorphous regions. Crosslinking in PEEK reduces the 
intensity of relaxation peak (tan δ), as the crosslinked regions 
restrict chain movement [41]. As aging progresses, oxidation 
and crosslinking stiffen the amorphous regions in PEEK, and 

reduces the segmental motion of the amorphous chains, requir-
ing more thermal energy to achieve the glass transition. The 
broadness of the peak in tan δ curves also appears to increase 
slightly with aging which suggests increased heterogeneity in 
the amorphous regions of PEEK caused by crosslinking, which 
creates a range of relaxation times.

The increased storage modulus and reduced tan δ peak as a re-
sult of aging of PEEK indicate enhanced rigidity and reduced 
damping, making the PEEK more resistant to deformation 
under mechanical stress. However, the reduced damping ca-
pacity may increase brittleness in PEEK as observed in study of 
mechanical properties.

3.1.4   |   DSC and TGA Analysis

TGA was used to study the thermal stability of PEEK samples 
when subjected to aging. The thermal weight loss curves are drawn 
in Figure  10a, and the TGA characteristic parameters including 
the initial decomposition temperature at 5% weight loss (T5%), 
maximum decomposition temperature (Tmax), and residual weight 

FIGURE 7    |    Cross-sectional SEM of PEEK samples: (a) PEEK 0 h, (b) PEEK 170 h, (c) high contrast PEEK 170 h, and (d) Sobel edge detection PEEK 
170 h.

FIGURE 8    |    POM of PEEK samples with aging time. [Color figure can be viewed at wileyonlinelibrary.com]
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percentage hereby defined as carbon residue rate (Rw) are listed in 
Table 2. These are important parameters to assess the thermal sta-
bility of polymers. The characteristic TGA curve of PEEK fresh and 
aged sample is shown in Figure 10a. Rapid and substantial weight 
loss observed from 500°C to 650°C. During thermal decomposition 
of PEEK, by-products observed were mainly CO and CO2 with a 
few phenolic decomposition products has been reported [42–44].

It can be seen from TGA curve that the initial decomposition 
temperature of PEEK has decreased due to aging and the car-
bon residue yield (Rw) of the PEEK has increased from 46.8% 
to 48.4%, which is indicative of the carbonization of PEEK ma-
terial. The derivative thermogravimetric (DTG) curve shown in 
Figure 10b and the corresponding data listed in Table 2 show 

that the maximum decomposition temperature of PEEK has 
decreased as a result of aging. This is attributed to the enhance-
ment of thermal oxidative aging at higher temperature which 
causes degradation reaction to occur inside PEEK. As a result, 
the thermal stability of PEEK reduces due to destruction of mo-
lecular chain at higher temperature [45, 46].

FIGURE 10    |    Thermal analysis curves of PEEK samples: (a) TGA, (b) DTG, and (c) DSC. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2    |    TGA and DTG data of PEEK samples.

Aging time (h) T5% (°C) Tmax Rw

0 576.8 602.2 46.8

170 573.2 600.6 48.4

FIGURE 9    |    Mechanical properties of PEEK samples with (a) aging time, tensile stress, and elongation, (b) stress versus strain curves, (c) DMA 
storage modulus versus temperature, and (d) DMA tan δ versus temperature. [Color figure can be viewed at wileyonlinelibrary.com]
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In order to study the effect of aging on the crystalline and melt-
ing behavior of PEEK, DSC test was performed. The DSC heat-
ing curve is shown in Figure 10c. The parameters of DSC curve, 
maximum melting temperature (Tp), peak area (ΔHm), and test 
crystallinity (Xc) obtained from analysis are listed in Table  3. 
The test crystallinity Xc of PEEK samples was calculated using 
Equation  (1). The thermal properties reflected from DSC endo-
thermic melting peak observed around 320°C–350°C in PEEK 
samples indicate that the thermal aging does not exert significant 
influences on the melting and crystallinity of PEEK. However, a 
reduction in melting point and crystallinity is observed. The peak 
area ΔHm also decreases as a result of thermal aging of PEEK.

It has been observed that the melting point of a polymer crystal 
is affected by lamellar thickness during the process of polymer 
crystal change [47]. Therefore, the lamellar thickness of PEEK 
samples is calculated using Thompson–Gibbs relationship 
which is given as follows:

where L defines the lamellar thickness, Tm is melting temperature 
of PEEK polymer crystal, Tom is equilibrium melting temperature 
which is 385°C, ΔHo

m is 130 J/g, and �e is the surface energy of crys-
tal which is 180 × 10−7 J/cm2. The values of lamellar thickness are 
listed in Table 3. It is evident from the results that the lamellar 
thickness has reduced due to aging. During DSC analysis, the heat 
absorbed by the crystalline material during melting process is en-
tirely utilized to disrupt the crystal lattice structure. The greater 
the lattice energy, the more heat is usually required to induce melt-
ing. So, the decrease in melting point of PEEK as a result of aging 
indicates that internal molecular chains (mainly aromatic C  H 
bond as discussed in FTIR and SEM) of PEEK material was de-
structed and oxidized at high temperature which causes decrease 
in the Van der Waals force between polymeric chains [14, 48]. The 
internal crystal structure of the PEEK material was damaged due 
to degradation and carbonization and the regularity of the whole 
molecular chain was reduced. This process increases the crystal 
defects in sample and results in reduction of lamellae thickness, 
eventually reducing melting point [17].

3.1.5   |   Optical UV–Vis Spectrum Analysis

In order to study the influence of aging on the optical proper-
ties of PEEK, UV–vis spectrum is recorded. It has been reported 
that UV–vis can be used as a useful technique to check degra-
dation as a result of aging and can be related to the dielectric 

and insulating properties of the material [48]. It also highlights 
the changes in the electronic excitation states between the en-
ergy levels of a material. To analyze the changes in electronic 
excitation states, optical band gap of PEEK samples is calculated 
based on the following relationship.

where α, hv, n, B, and Eg represent the absorption coefficient, 
photon energy, nature of electronic transition, proportionality, 
and optical energy band gap, respectively. The value of band gap 
can be obtained by extrapolating the linear part of the plot of 
(αhν) with photon energy as shown in Figure 11b.

UV–vis absorption spectra of fresh and aged PEEK samples is high-
lighted in Figure 11a. It can be seen from spectra that there is no 
bathochromic or hypsochromic shifts observed as a result of aging. 
The values of optical band gap reflect no markable changes in the 
electronic excitation states between energy levels of PEEK due to 
aging. The virgin PEEK appears glossy brown in color, however the 
aged samples show no obvious color change. However, reduction 
in glossiness with increase in roughness is observed in PEEK-aged 
samples as previously mentioned in SEM results. This could be the 
reason for a slight increase in the absorption of light in the visible 
range (400–800 nm) observed in aged samples of PEEK. Since, no 
noticeable changes were observed in the UV–vis spectra of PEEK, it 
reflects that the effect of thermal aging on dielectric and insulating 
properties of PEEK cannot be studied using this technique.

3.1.6   |   Dielectric Analysis

The broadband dielectric spectroscopy (BDS) results of PEEK 
are shown in Figure 12a and Figure 12b. It can be seen from 
Figure 12a that the dielectric constant of PEEK decreases pro-
gressively with aging (0–170 h). The frequency dependency is 
minimal, suggesting that the primary dielectric relaxation pro-
cesses are not strongly frequency-dependent in the range mea-
sured. The dielectric polarization ability of PEEK is decreased 

(3)L =
2�e
ΔHo

m

Tom
Tom − Tm

(4)(�hv)n = B
(

hv − Eg
)

TABLE 3    |    DSC data of PEEK samples.

Aging time (h) Tp (°C) ΔHm (J/g) Xc (%) I (nm)

0 330.1 27.0 20.7 22.58

24 328.6 25.5 19.6 21.98

72 328.0 24.3 18.7 21.75

120 327.5 22.5 17.3 21.56

170 327.0 20.7 15.9 21.37
FIGURE 11    |    UV–vis spectra of PEEK samples: (a) spectra; (b) Tauc 
plot. [Color figure can be viewed at wileyonlinelibrary.com]
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as a result of aging. The suppression of dielectric polarization 
in PEEK and diminishing of glass transition observed in DMA 
results, are closely related to the occurrence of crosslinking in 
PEEK due to aging. PEEK exhibits two distinct relaxation peaks 
in its dielectric spectrum as shown in Figure  12b, indicating 
the presence of two types of bound charges with different char-
acteristic frequencies namely space charge polarization which 
occurs in the low-frequency range of 10−2–102 Hz and orien-
tational polarization usually observed in the high-frequency 
range of 105–1010 Hz [49]. Due to the aging process, the relax-
ation dynamics changes, and the low-frequency relaxation 
processes are suppressed prominently as evidenced by changes 
in the frequency response of tan(δ) shown in Figure  12b. At 
low frequencies (usually 10−1–10 Hz), the energy dissipation is 
usually considered in terms of conductivity loss and polariza-
tion loss which is reduced due to aging. As aging progresses 
(from 0 to 170 h), the rigid network inside PEEK suppresses 
low-frequency relaxation processes (space charge polarization 
is reduced due to restricted carrier movement) thereby reducing 
dielectric loss. Overall, the BDS results of PEEK indicate that 
thermal oxidative aging induces crosslinking in PEEK, leading 
to a reduction in molecular dynamics, lower dielectric con-
stant, and suppressed energy dissipation (tan δ). This behavior 
is consistent with the formation of a rigid crosslinked network 
that limits dipolar orientation and relaxation processes. These 
findings can be correlated to the material's enhanced mechani-
cal stability (rigidity) but reduced flexibility due to aging as ob-
served in the analysis of mechanical properties.

The variation of dielectric permittivity of PEEK with tempera-
ture is shown in Figure 12c. It can be seen that the dielectric per-
mittivity decreases as a result of increase in temperature. Also, 
a reduction in dielectric permittivity of PEEK is recorded as a 
result of aging. The dielectric constant of PEEK reduces from 
3.9 to 3.1 with the progress of aging (0–170 h) measured at room 
temperature. A similar decrease is recorded at high tempera-
ture, for example, at 200°C.

In order to access the change in dielectric permittivity of PEEK 
with temperature and aging, the polarization charge density of 
samples is measured at 20°C and 200°C and shown in Figure 13. 
It can be seen that the polarization charge density of PEEK sam-
ples reduces when temperature is increased from 20°C to 200°C. 
Also, the polarization charge density is reduced in PEEK as a re-
sult of aging. This shows that the resultant charge accumulation 
become difficult and the polarization ability is reduced in PEEK 
as result of aging especially at high temperature. With the prog-
ress of aging, crosslinked structure may appear in PEEK that 
will restrict orientation and relaxation of dipoles, thereby reduc-
ing the polarization ability of PEEK. At a later stage of aging, 
PEEK solidified and carbonized which may result in tight chain 
arrangement which may have further limited the polarization 
inside PEEK. Thinking of the conventional polymers where 
dielectric permittivity increase as a result of aging [50–52], the 
reduction in dielectric constant in this research is a bit odd. 
However, similar results of decrease in dielectric permittivity 
have been reported already in the literature [48, 53].

FIGURE 12    |    Dielectric properties of PEEK samples with aging time: (a) dielectric constant, (b) dielectric loss, (c) dielectric constant versus tem-
perature, and (d) AC breakdown strength. [Color figure can be viewed at wileyonlinelibrary.com]
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Leakage current measurement has been made to access changes 
in conductivity of PEEK as a result of aging. The leakage cur-
rent is closely associated with the conductivity of the material. 
The variation of leakage current density with aging is shown 
in Figure 14. It can be seen that leakage current density is in-
creased under the action of higher electric field strength. Also, 
the leakage current density of PEEK has reduced as a result of 
aging. The relationship of leakage current density (J) and con-
ductivity (σ) under e-field (E) is given as follows:

Also, the conductivity (σ) can be written in terms of charge 
amount (q), charge carrier mobility (μ), and charge density (n) 
as follows:

According to the relationships given in Equations  (5) and (6), 
decrease in leakage current density (J) means reduction in con-
ductivity (σ) of material. The lower values of leakage current 
density (J) observed in the aged samples of PEEK specify that the 
charge transport is hindered by the degradation that may result 
in crosslinking network inside the PEEK which is conductive to 
increase the hardness, brittleness, and carbonization of polymer. 
This structure will limit the charge carrier mobility and resultant 

conductivity and leakage current density of PEEK is reduced. The 
crosslinked structure is not conductive to dielectric polarization 
and conductivity of PEEK [17, 48].

The variation of AC breakdown strength of PEEK due to aging 
is shown in Figure 12d. The breakdown strength of PEEK ex-
hibits a progressive increase with aging duration with maxi-
mum recorded for samples aged for 170 h (1.6% increase). This 
phenomenon can be attributed to the structural modifications 
induced by thermal oxidative aging in PEEK, primarily involv-
ing crosslinking. As the aging process progresses, crosslink-
ing in PEEK occurs, leading to a reduction in the mobility of 
charge carriers within the polymer matrix. This restricted elec-
tronic movement results in an increased dielectric strength, as 
a higher voltage is required to initiate electrical breakdown. 
Furthermore, the literature also suggests that aging also 
causes gradual solidification and carbonization of the polymer, 
which enhances its electrical insulating properties  [17]. This 
could also be the reason for increased breakdown strength as 
the structural rigidity of PEEK is increased with aging (as ob-
served in DMA analysis), which consequently suppresses the 
conductive pathways inside PEEK.

3.2   |   PTFE

3.2.1   |   FTIR Analysis

The change in chemical morphology of PTFE as a result of 
aging (0–170 h) is recorded in the form of characteristics FTIR 
spectra and shown in Figure 15. Peak at 1200 cm−1 corresponds 
to the   CF2   anti-symmetric expansion vibration. Peak at 
1146 cm−1 is referred to the symmetric expansion and contrac-
tion vibration of   CF2  . The band observed at 1793 cm−1 corre-
sponds to the presence of (  CF  CF2) double bond end groups 
[54]. The characteristic peaks captured at 718, 738, and 778 cm−1 
are due to wagging and rocking modes of CF2 groups present 
in the amorphous regions of PTFE [55, 56]. The change in the 
intensity of these bands is correlated with the changes in crys-
tallinity of the PTFE. It can be seen that bands intensity of these 
bands decrease with aging time. These changes are indicative of 
a possible decrease in the amorphous part, which can be related 
to increase in crystallinity of PTFE during aging process. It can 
be seen from Figure  15 that the peak intensities at 1200 cm−1 

(5)J = σE

(6)σ = qn�

FIGURE 13    |    Polarization of PEEK samples with aging time at room temperature and 200°C. [Color figure can be viewed at wileyonlinelibrary.
com]

FIGURE 14    |    Leakage current of PEEK, PTFE, and PI samples with 
aging time. [Color figure can be viewed at wileyonlinelibrary.com]
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and 1146 cm−1 is decreased with increasing aging time which is 
indicative of the reduction in the number of   CF2 groups during 
aging; meanwhile, a peak at 1793 cm−1 appeared as a result 
of   CF  CF2 functional groups, as shown in Figure 15b. The re-
sults illustrate that these terminal functional groups are already 
present in unaged PTFE sample, which could be formed during 
the production process of PTFE material. However, an increase 
in peak intensities is observed with increase in thermal oxida-
tive aging time. The increase in (  CF  CF2) terminal double 
bond groups is attributed mainly to products of chain scissions 
(breakage of the C  C and C  F bonds) and oxidation reactions 
by oxygen present in air during the thermal oxidative aging, 
which leads to the formation of double bonds by bond retraction 
[18, 54]. The occurrence of chain scission can cause a decrease 
in the molecular weight, reduction in density, and an increase of 
the free volume of PTFE polymer [18, 57]. It is worthy to say that 
no moisture ingression is seen in chemical composition due to 
hydrophobicity of PTFE and the aging in PTFE is mainly domi-
nated by thermal oxidative stress.

3.2.2   |   Microscopic Morphology

Thermal degradation refers to the breaking of molecular chains 
in engineering plastics when subjected to elevated temperatures 

over extended periods. The stability of a molecular chain is di-
rectly influenced by the bond energy of its constituent chemical 
bonds, with higher bond energies conferring greater resistance 
to degradation.

For instance, PTFE, which contains small fluorine atoms, ex-
hibits high C  F bond energy, leading to its exceptional chemi-
cal stability. Additionally, thermal degradation is affected by the 
purity of the polymer; materials with structural instability or 
impurities are more prone to degradation. To study the effect on 
aging on microscopic morphology of PTFE, SEM micrographs 
are taken at same magnifications. It can be seen from Figure 16 
that microscopic morphology changes as a result of aging. The 
surface morphology shows deterioration and degradation voids 
can be seen. A loose structure with a hole type morphology in-
dicate that the increase in free volume of polymer is observed. 
As discussed earlier in FTIR, the degradation of polymer chain 
in form of chain scission can reduce the polymer density and 
result in an increase in free volume of PTFE which is also high-
lighted in microscopic morphology of PTFE. Although PTFE 
aging temperature in this research is below the melting point of 
PTFE, however, prolonged exposure to high temperatures, com-
bined with the presence of oxygen and humid conditions, can 
induce surface morphological changes in PTFE. These changes 
alter its surface properties, likely resulting from the degradation 

FIGURE 16    |    Surface SEM of PTFE samples with aging time.

FIGURE 15    |    FTIR spectra of PTFE samples with aging time. [Color figure can be viewed at wileyonlinelibrary.com]
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of molecular chains during thermal oxidative aging. The loss 
of small molecules weakens the interactions between polymer 
chains, leading to a looser structure. The elemental weight per-
centages also change as a result of aging which is highlighted 
in Figure  17. It can be seen from EDS data listed in Table  4a 
that the fluorine content is increased and the carbon elemental 
content is reduced as a result of aging. The changes in the EDS 
elemental content values are also indicative of degradation of 
main chain of PTFE (breakage of C  C bond) as discussed in 
FTIR results. The increase in fluorine content detected by EDS 
on surface may act as shield layer and prevent PTFE from fur-
ther oxidization in matrix [57].

The cross-sectional SEM micrographs of PTFE samples are shown 
in Figure 18. Results show obvious structural changes, as high-
lighted from SEM and image analysis. These changes can be at-
tributed to chain scission and surface oxidative degradation. The 
fresh PTFE sample in Figure  18a displayed a smooth and ho-
mogeneous surface with minimal defects. In contrast, the aged 
sample in Figure 18c exhibited a rough and uneven texture, with 

prominent cracks and fissures. The PTFE-aged sample seems 
more fragmented and less cohesive compared to the fresh PTFE 
sample. Sobel edge detection in Figure 18e reveals structural dam-
age with irregularities and disrupted regions, showing a greater 
density of cracks and structural inconsistencies. The SEM results 
in Figure 18d indicate the formation of voids and microstructural 
gaps. These voids result from the loss of molecular weight due to 
chain scission. The increased free volume also reflects the reduced 
packing efficiency of the polymer, which compromises its me-
chanical properties. The EDS mapping results in Figure 17 reveal 
a reduction in carbon content and a relative increase in fluorine 
content in the aged PTFE samples. The cross-sectional SEM EDS 
results in Table 4b are consistent with surface SEM EDS results. 
Carbon to fluorine (C:F) ratio is reduced due to aging. This chem-
ical shift suggests that thermal aging caused selective degradation 
of the carbon backbone, likely due to cleavage of C  C bonds. This 
degradation process is consistent with oxidative degradation path-
ways observed in PTFE.

The morphological and chemical changes observed in the aged 
samples are indicative of thermal oxidative degradation. The 
increased porosity and roughness are direct consequences of 
these processes, reducing the material's overall stability and 
performance.

The optical morphology of aged PTFE from POM in Figure 17 
also shows pinholes and a loose structure representation due to 
aging. As aging progresses, visible microcracks and voids can 
also be seen in Figure 19, which suggest mechanical degrada-
tion. These changes are possibly caused by thermal stress and 
oxidation. The optical photos also show slight change in color 

FIGURE 17    |    EDS elemental scan of PTFE samples: (a) fresh (surface), (b) aged 170 h (surface), (c) fresh (cross-section), and (d) aged 170 h (cross-
section). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4A    |    EDS surface scan data of PTFE samples.

Elements

EDS elemental 
weight (%) Weight (%) sigma

PTFE 
(0 h)

PTFE 
(170 h)

PTFE 
(0 h)

PTFE 
(170 h)

C 28.09 26.43 0.27 0.41

F 71.91 73.57 0.27 0.41

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.56858 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [13/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/


14 of 27 Journal of Applied Polymer Science, 2025

of PTFE which could be a sign of surface oxidation but visual 
inspection shows no obvious color change.

3.2.3   |   Mechanical Properties

Aging under thermal oxidative conditions can affect the me-
chanical properties of insulation materials. To study the 
change in mechanical properties of PTFE as a result of aging, 
tensile strength and elongation (%) is recorded and shown in 
Figure  20a. Stress and strain curve of PTFE samples are pre-
sented in Figure 20b. It can be seen from Figure 20a that tensile 
strength of PTFE shows a decline with progress of aging. The 
tensile strength of PTFE finally reduced to 26 MPa at the end of 
aging period. The change in breaking elongation of PTFE due 
to aging is highlighted in Figure 20a. A slight increase in the 
breaking elongation observed at the beginning of aging period 
(0–72 h) can be correlated to the damage degree of PTFE molec-
ular chains which is particularly low in the beginning of aging 
period. With the progress of aging period, the breaking elonga-
tion tends to decrease after 72 h which can be associated to the 
enhancement in the damage degree of PTFE molecular chains 
[58]. After 170 h, the breaking elongation of PTFE reaches to the 

value of 293%. As a part of conclusion, it can be said that the 
reduction in mechanical properties of PTFE as a result of aging 
was attributed to the destruction of molecular chain mainly in 
form of breaking (scission). This phenomenon also weakens 
the intermolecular forces and result in reduction of molecular 
weight of PTFE, decreasing its mechanical properties.

DMA results (storage modulus and loss tangent) for PTFE sam-
ples are shown in Figure 20c,d. The high values of storage mod-
ulus are observed in the PTFE at lower temperatures (< 100°C) 
which are attributed to the restricted motion of polymer chain 
segments, as most of the polymer remains frozen at low tem-
perature due to the tight packing of atoms. This enables the ma-
terial to store more energy, resulting in elevated modulus values 
[59]. However, modulus decreases with increasing temperature 
across all regions, which is attributed to the enhanced mobility 
of components, leading to a loss of their closely packed config-
uration and a significant reduction in storage modulus near the 
glass transition temperature of PTFE (α transition temperature, 
which is related to molecular mobility of the amorphous phase 
of PTFE) [60]. It can be seen from DMA results in Figure 20c 
that the storage modulus decreases as the aging time increases 
(from 0 to 170 h), particularly at higher temperatures. Thermal 
oxidative aging causes chain scission in PTFE resulting in small 
fragments, reducing the overall molecular weight. This leads to 
fewer entanglements and reduced stiffness, which lowers the 
storage modulus.

Tan δ curves of PTFE samples are shown in Figure 20d. It can be 
seen from the results that the height of the tan δ peak increases 
with aging time and the peak position slightly shifts to lower 
temperatures (from 127.4°C to 126.5°C) with aging (0–170 h). 
Thermal oxidative aging results in chain scission in PTFE creat-
ing shorter chains and voids which facilitates segmental motion 
of polymer chains. The amorphous regions of polymer experi-
ence less restriction and molecular mobility is enhanced conse-
quently. Shorter chains also require less thermal energy to achieve 

FIGURE 18    |    Cross-sectional SEM of PTFE samples: (a and b) PTFE 0 h, (c and d) PTFE 170 h, and (e) Sobel edge detection PTFE 170 h.

TABLE 4B    |    EDS cross-section scan data of PTFE samples.

Elements/
ratio

EDS elemental 
weight (%) Weight (%) sigma

PTFE 
(0 h)

PTFE 
(170 h)

PTFE 
(0 h)

PTFE 
(170 h)

C 32.25 27.34 0.11 0.26

F 67.75 72.66 0.11 0.26

C:F ratio 
(atomic)

0.75 0.60
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mobility, leading to a decrease in the temperature required for 
segmental motion (i.e., decrease in Tg). Reduced stiffness and 
modulus suggest that the PTFE high-load bearing capability is 
compromised after aging (PTFE becomes less rigid).

3.2.4   |   DSC and TGA Analysis

The TGA and DTG curves of PTFE unaged and aged samples 
have been shown in Figure  20. In PTFE, the bond energy of 

C  F bonds (507 kJ/mol) is higher than that of C  C bonds which 
is 348 kJ/mol, meaning the weaker C  C bonds will break first 
when exposed to high temperatures. The mechanism for PTFE 
pyrolysis most likely involves end-chain scission of C  C bonds, 
producing radicals and forming TFE monomers through an 
“unzipping reaction” [61]. As a result, small molecules usually 
evaporate into the gas phase during heating process, which 
leads to a reduction in sample weight. It can be seen from TGA 
curves in Figure 20a that PTFE appears stable with no weight 
loss observed until 488°C. After this temperature, the thermal 

FIGURE 19    |    POM of PTFE samples with aging time. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 20    |    Mechanical properties of PTFE samples with aging time: (a) tensile and elongation, (b) stress versus strain curves, (c) DMA storage 
modulus, and (d) DMA tan δ. [Color figure can be viewed at wileyonlinelibrary.com]
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degradation of PTFE starts and a weight loss of 5% (T5%) is ob-
served in PTFE around 532°C. There is no significant change 
in weight loss (%) of PTFE as a result of aging. PTFE finally 
loses all its weight around 620°C which is almost same for aged 
PTFE. Similarly, the maximum decomposition of PTFE shows 
no significant difference during aging as highlighted in Table 5.

In order to study the change in melting and crystallization be-
havior of PTFE as a result of aging, DSC melting curves are 
measured and shown in Figure 21c. The DSC data is listed in 
Table 6. It can be seen that there is a slight increase in the peak 
melting temperature (Tp) of PTFE as a result of aging. It can 
be observed from the results that the melting temperature and 
shape of the DSC melting curve of PTFE are not significantly 
influenced by aging. The area under the endothermic melting 
peak (melting enthalpy ΔHm), which is related to the degree of 
crystallinity, is higher in aged PTFE when compared with un-
aged PTFE samples. The degree of crystallinity PTFE as a result 
of aging is increased. This phenomenon can be attributed to the 
formation of smaller molecules which resulted from end-chain 
scission of macromolecules during aging. This process may lead 
to a reduction in molecular weight, and can increase chain mo-
bility and/or promote crystallization process within the polymer 
amorphous regions. The behavior of PTFE observed in DSC ex-
periments is consistent with the results discussed in FTIR.

3.2.5   |   Optical UV–Vis Spectrum Analysis

UV–vis can be used to access the change in optical characteris-
tics of polymers due to aging. As mentioned previously, it high-
lights the changes in the electronic excitation states between 
the energy levels of a material which can be correlated to the 
electrical properties of a material. The UV–vis spectra of PTFE 
samples is shown in Figure 22. The spectra of PTFE shows no 
red or blue shift as a result of aging. However, increase in ab-
sorption is recorded especially in the UV region in aged samples. 

Chain scission reduces the molecular weight of PTFE, result-
ing in smaller polymer fragments or monomers. These smaller 
fragments may have the capability to absorb more light espe-
cially in the UV region (typically in 200–300 nm). In addition, 
as discussed in SEM results, aging can lead to the formation of 
pinholes, voids, and imperfections in PTFE. This would cause 
increased scattering of light in the visible region, leading to in-
crease in absorbance across the entire spectrum, especially in 
the visible region (400–800 nm).

It has been reported in literature that the occurrence of vari-
ous phenomena such as chain scission, structural disorder, and 
formation of free radicals can decrease the optical band gap of 
polymer [57]. To study the change in optical band gap as a re-
sult of PTFE aging, optical band gaps of PTFE samples (unaged 
and aged) were calculated using Equation  (4) and highlighted 
in Figure 22b. It can be seen that the band gap of PTFE has re-
duced from 5 to 4.8 eV as a result of aging. The increase in absor-
bance and reduction of optical band gap of PTFE indicate that 
localized electronic states were induced between energy levels 
of PTFE. The presence of such localized states acts as hopping 
sites of electronic carriers which may promote motion of charge 
carriers along polymer chains. In order words, the electrical 
conductivity of PTFE can be affected as a result of aging.

3.2.6   |   Dielectric Analysis

PTFE is considered as nonpolar or apolar dielectric materials. 
The main contribution to the relative permittivity of PTFE is 
usually considered to be the electronic polarization [62]. As said 
earlier, the C  F bond in PTFE exhibits exceptional stability but 

TABLE 5    |    TGA and DTG data of PTFE samples.

Aging time (h) T5% (°C) Tmax Rw

0 532.0 588.6 0

170 531.7 589.0 0

FIGURE 21    |    Thermal analysis curves of PTFE samples: (a) TGA, (b) DTG, and (c) DSC. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 6    |    DSC data of PTFE samples.

Aging time (h) Tp (°C) ΔHm (J/g) Xc (%)

0 326.2 35.1 42.8

24 327.0 36.3 44.2

72 327.3 36.0 44.0

120 328.0 37.5 45.7

170 328.4 39.0 47.5
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due to high electronegativity of fluorine in PTFE, the intermo-
lecular forces of PTFE become relatively low. This allows the 
PTFE to expand when heated owing to its high coefficient of 
linear expansion.

BDS results of PTFE are drawn in Figure  23a,b. The results 
show that the dielectric constant of PTFE decreases consistently 

with aging time, reflecting structural degradation such as chain 
scission in PTFE. Chain scission reduces molecular weight and 
introduces free volume, lowering the overall polarizability of the 
material. This phenomenon is evident in the steady reduction 
in the dielectric constant of PTFE from 0 to 170 h of aging. The 
tan δ (dielectric loss) results in Figure 23b reveal further insights 
into the molecular dynamics of aged PTFE. The increase in tan δ 
with aging indicates enhanced molecular mobility and energy 
dissipation, particularly at lower frequencies. Aging has facili-
tated localized motions in PTFE which promoted the relaxation 
process in PTFE due to increased localized mobility as discussed 
in DMA analysis. Conductivity loss in PTFE is increased which 
is more prominent at the later stage of aging (120–170 h) which 
may be due to electronic conduction dominated by electronic 
carriers (electrons and holes). The variation of the relative per-
mittivity of PTFE with progress of aging is shown in Figure 23c 
with a temperature sweep (20°C–200°C). The relative permittiv-
ity of all samples decreases with increase in temperature. Also, 
the relative permittivity of PTFE recorded at room temperature 
decreases from 2.1 to 1.9 with the progress of aging (0–170 h), 
and a similar trend is observed at high temperature, for example, 
200°C. This clarifies that the electronic polarization ability of 
PTFE reduces due to aging as evident from polarization charge 
density plots in Figure 24. As mentioned earlier, the chain scis-
sion in PTFE due to aging can cause the decrease in density and 
molecular weight of polymer. Thermal expansion of PTFE also 
occurs in PTFE which results in less number of molecules per 
unit volume [19]. Due to aging, the free volume of PTFE also 

FIGURE 22    |    UV–vis spectra of PTFE samples: (a) spectra; (b) Tauc 
plot. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 23    |    Dielectric properties of PTFE samples with aging time: (a) dielectric constant, (b) dielectric loss, (c) dielectric constant versus tem-
perature, and (d) AC breakdown strength. [Color figure can be viewed at wileyonlinelibrary.com]
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increases which results in less number of molecules in a unit 
volume responsible for polarization in PTFE. As a result, the 
polarization charge density and relative permittivity of PTFE 
decreases.

Leakage current density measurements of PTFE unaged and 
aged samples have been done and the result are drawn in 
Figure 14. It can be seen from results that there is no signifi-
cant difference in the leakage current density of PTFE in the 
beginning of aging. As mentioned before, the apolar nature 
of PTFE makes it susceptible only to electronic polarization 
which is not conductive to energy dissipation in PTFE. Since 
the conductivity of PTFE is very low, therefore no significant 
differences can be seen at early stage of aging. At a later stage 
of aging, the leakage current increases in PTFE and similar 
trend is recorded for 50 and 100 MV/m field strengths. The in-
crease in the leakage current density can be related to increase 
in the conductivity of PTFE by the relationship mentioned in 
Equations  (5) and (6). In general, the electrical conduction 
property in polymers like PTFE is dominated by electronic 
carriers (electrons and holes) at low temperatures. These elec-
tronic carriers usually impart a strong positive dependence on 
electric field intensity [50]. The increase in the conductivity of 
PTFE at a later stage of aging can be correlated to the plentiful 
generation of electronic localized states as mentioned earlier 
in UV–vis analysis. These localized states can act as hopping 
sites for electronic carriers and can promote charge carrier 
motion and transition along PTFE polymer chains from one 
molecule to other via electronic hopping process [57]. Thus, 
aging increases charge mobility in PTFE which increases the 
conductivity and leakage current of PTFE.

The effect of thermal oxidative aging on the AC breakdown 
strength of PTFE is shown in Figure  23d. It can be seen that 
the thermal oxidative aging has a slight impact on the AC 
breakdown strength of PTFE as evidenced by a slight decline 
in dielectric performance over increasing aging duration. The 
breakdown strength of PTFE reduces from 102 to 101.1 kV over 
the aging period (0–170 h). The observed reduction in break-
down strength is primarily attributed to the degradation of the 
PTFE polymer matrix through chain scission, which disrupts 
the molecular structure and weakens the dielectric integrity of 
PTFE. As thermal exposure progresses, PTFE undergoes vol-
ume expansion, leading to a decrease in molecular density. This 

reduction in the number of molecules per unit volume results in 
an increased mean free path for charge carriers, thereby facili-
tating electron impact ionization. Consequently, the likelihood 
of electrical breakdown is enhanced in PTFE, as the material 
becomes more susceptible to localized dielectric failure. The ex-
perimental trend aligns with existing literature, which suggests 
that aging leads to structural deterioration, making the PTFE 
more prone to electrical degradation [19].

3.3   |   PI

3.3.1   |   FTIR Analysis

In order to study change in the chemical morphology of PI, 
FTIR spectra of PI samples is recorded. The change in FTIR 
spectra of PI during aging is highlighted in Figure  25. The 
FTIR spectra shows several characteristic peaks that corre-
sponds to imide functional groups (C  N at 1372 cm−1, and 
C  O at 721 cm−1) in PI. The peaks around 825 and 885 cm−1 
bands are associated with hydrogen out-of-plane vibrations of 
the aromatic rings. These peaks show an obvious decreasing 
trend during aging which means that the aromatic rings of PI 
can be subjected to possible oxidation and imide ring struc-
ture can encounter degradation due to aging. In addition, the 
broad characteristic peak of ether functional group (C  O  C at 
1100–1000 cm−1) also shows a decreasing tendency with aging 
progress. In comparison, the stretching vibration peaks of C  C 
bond in the benzene ring observed at 1496 cm−1 and functional 
group (  CONCO at 1711 cm−1) keep relatively stable, which in-
dicates that these two functional groups exhibit comparatively 
higher stability during the thermal aging. Increase in band 
transmittance around 3500 cm−1 as highlighted in Figure 25b 
suggests the formation of OH groups which is indication of 
moisture ingression in PI [63].

The relative changes of the 1230 and 3500 cm−1 bands are indic-
ative of the possible cleavage of the aryl ether bonds and deteri-
oration of imide ring structure in PI. Overall, the FTIR results 
highlight scission of ether bonds with possible breaking and 
oxidization of some of C  H bonds in aromatic rings while the 
imide ring structure in PI can be subjected to degradation. It is 
worthy to say that the aging in PI is imparted both by thermal 
oxidative stress and humidity.

FIGURE 24    |    Polarization of PTFE samples with aging time at room temperature and 200°C. [Color figure can be viewed at wileyonlinelibrary.
com]
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3.3.2   |   Microscopic Morphology

The change in surface morphology of PI as a result of aging is 
highlighted in Figure 26. It can be seen from Figure 26 that the 
surface morphology of PI unaged appears smooth with no no-
ticeable imperfections. In contrast, the surface morphology of 
aged PI shown in Figure 26 shows microvoids, pits, and imper-
fections. A granular type morphology can be seen in SEM of PI-
aged samples. Some tiny crack paths with a size of few microns 
also appear in PI samples with aging progress indicating ther-
mal stress-induced damage. These microcracks can propagate 
with further aging and promote moisture ingress in bulk, com-
promising the material structural and dielectric properties. The 
EDS surface elemental analysis in Figure 27 shows an increase 
in oxygen content which can be referred to the surface oxidation 
of PI during aging, as mentioned previously. In contract, EDS 
data in Table 7a show a slight reduction in carbon content with 
decrease in nitrogen content, observed due to aging.

SEM cross-sectional micrographs of PI samples are shown 
in Figure  28. The aged sample of PI in Figure  28c shows sig-
nificant degradation (marked in red), with clear evidence of 
surface roughening, microcracks, and peeling. This suggests 
oxidation-induced material embrittlement. These voids act as 

stress concentration points, accelerating crack propagation, 
and mechanical deterioration. The aged sample of PI shows 
material fragmentation and increased roughness as evident in 
Figure 28e, consistent with oxidative degradation. The observed 
surface peeling suggests a breakdown of the polymer back-
bone and formation of low-mass polar molecules in PI during 
thermal aging. The marked region in the aged PI bulk shown 
in Figure  28d are likely oxidation by-products, impurities, or 
moisture-induced residues from degradation processes. The el-
emental analysis via EDS shown in Figure 27 provides insight 
into the chemical changes induced by thermal oxidative aging 
in PI. The EDS cross-section data in Table  7b show that car-
bon content has decreased from 72.27% to 71.60%, suggesting 
oxidation-induced degradation of PI polymer backbone. The de-
cline in C:N atomic ratio (from 13.10 to 11.60) further supports 
the degradation of aromatic rings in diphenyl ether structures, 
which typically occurs during oxidative aging. The decrease in 
C:N atomic ratio aligns with literature reports that aromatic ring 
degradation in diphenyl ether units contributes to this reduction 
[64]. The C:O atomic ratio decreased from 4.52 to 4.47, further 
supporting the idea that oxidative degradation of the polymer 
backbone took place during aging. Overall, SEM observations 
are indicative of noticeable degradation of PI polymer bulk 
(chain scission) and oxidation-induced embrittlement. These 

FIGURE 25    |    FTIR of PI samples with aging time. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 26    |    SEM of PI samples with aging time.
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chemical and structural changes may deteriorate mechanical 
performance of PI.

The optical photos in Figure 29 show surface of aged PI shows 
developed dark spots and voids both in horizontal and ver-
tical directions in aged samples. The surface of samples in 
Figure 29 appears mostly uniform with minor imperfections, 
suggesting that aging has not caused extensive surface rough-
ness. However, small scattered defects or impurities are visi-
ble in aged samples, which may be early signs of degradation. 
The POM and visual inspection also highlighted the change in 
color of PI films. It can be seen from results that the color of 
original PI sample has changed from light brown to brown and 
the transparency is reduced also. The slight change in color 
and the reduction in the transparency of PI observed as a re-
sult of aging can be referred to the formation of microvoids and 
oxidation of aromatic rings (as said in FTIR). Similar results 
were observed about the morphology analysis of PI in literature 
reported previously [65].

3.3.3   |   Mechanical Properties

The effect of aging on the mechanical properties (tensile 
strength and elongation [%]) of PI is shown in Figure 30. A clear 
decrease of tensile strength with progress of aging can be seen. 
After 170 h of thermal oxidative aging, PI loses 54% of its tensile 
strength. The breaking elongation (%) also decreases gradually 
with aging. The elongation at break (%) finally reduced to 16% 
after 170 h of thermal oxidative aging. The reduction in mechan-
ical properties of PI can be referred to degradation of imide ring 
structure and breaking of ether linkage with possible breakage 
of some of aromatic C  H bonding as discussed earlier in FTIR 
results. This weakens the intermolecular forces and PI can be 
subjected to breaking under mechanical stress. The appearance 
of microcrack paths in SEM results due to aging also validates 
the reduction in breaking elongation of PI and indicates the oc-
currence of embrittlement in PI.

3.3.4   |   DSC and TGA Analysis

The change in thermal stability and weight loss due to aging 
is recorded in terms of TGA of PI samples. During thermal de-
composition, by-products consists low-mass molecules usually 
of volatile and nonvolatile nature. The volatile products usually 
escape with progress of thermal decomposition. The results in 
Figure 31a show that the weight loss remain stable till 300°C. 
After this temperature, weight loss tends to increase in PI sam-
ples due to enhancement of thermal pyrolysis process in PI. It 
can be seen from the results that PI samples begin to lose mass 
quickly around 550°C. The temperature at which 5% weight loss 

FIGURE 27    |    EDS elemental scan of PI samples: (a) fresh (surface), (b) aged 170 h (surface), (c) fresh (cross-section), and (d) aged 170 h (cross-
section). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 7A    |    EDS surface scan data of PI samples.

Elements

EDS elemental 
weight (%) Weight (%) sigma

PI (0 h) PI (170 h) PI (0 h) PI (170 h)

C 71.29 71.03 1.75 1.88

O 22.75 23.45 0.60 0.65

N 5.97 5.49 0.21 0.24
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is recorded for unaged PI samples is 584°C (onset temperature). 
A decrease in onset temperature is observed due to aging of PI 
which is 580°C as listed in Table  8. This decreasing tendency 
is due to the escape of some low-mass molecules after thermal 
decomposition which is mainly due to further enhancement of 
thermal pyrolysis process at high temperature. The DTG shown 
in Figure 31b records the temperature at which maximum de-
composition occurs for PI samples, and values are also listed 
in Table 8. It can be observed that PI samples show maximum 
weight loss between 600°C and 650°C. It is evident from DTG 
results that there is an increase in the maximum decomposition 
temperature of PI as a result of aging, though the increment is 
small (~1.5°C). At high temperature, an intense thermal decom-
position take place that results in amorphous carbon structure 
of PI. The TGA experiment ends around 700°C but still there 
is a residual yield left in PI samples which is higher in case of 
aged PI samples (54%). This is usually referred to the formation 
of polar molecules with benzene ring structure during thermal 
aging process [65].

The DSC heating curves of PI samples is plotted in Figure 32. 
The PI samples show a weak representation of glass temperature 
which is observed around 310°C. The results show no noticeable 

difference in shape of the DSC curve. The glass transition tem-
perature recorded is almost similar for all PI samples tested. The 
aging causes no significant impact on glass transition tempera-
ture of PI.

3.3.5   |   Optical UV–Vis Spectrum Analysis

UV–vis absorption spectrum is recorded in order to study the 
effect of aging on optical properties of PI. There is no noticeable 
change in the UV–vis spectra of PI observed as a result of aging 
as shown in Figure 33a. No red or blue shifts are seen in UV–vis 
spectra due to aging. For further analysis, the values of optical 
band gaps are obtained using the relationship given in equation. 
The optical band gap of PI is obtained by extrapolating the lin-
ear part of the plot of (αhν)0.5 with photon energy as shown in 
Figure 33b. In case of PI, the optical band comes out to be 2.3 eV 
which is almost similar to optical band gap of aged samples. It 
can be said from the results of UV–vis results that there are no 
remarkable changes in the electronic excitation states between 
the energy levels of PI. In conclusion, the study of UV–vis of PI 
due to aging does not throw light on the change in electrical 
properties of PI as a result of aging.

3.3.6   |   Dielectric Analysis

BDS plots of PI samples are shown in Figure  34a,b. It can be 
observed from the results that the dielectric constant of PI de-
creases slightly with increasing frequency for all aging dura-
tions, attributing to the frequency dependence of polarization 
mechanisms [66]. Also, aging leads to a gradual increase in the 
dielectric constant of PI, with the 170 h aged sample showing the 
highest value. Aging in PI likely results in the formation of low-
mass polar molecules (e.g., due to oxidative degradation). These 
molecules increase the dielectric constant due to enhanced di-
pole moments.

The tan δ in Figure 34b remains stable at lower frequencies but 
begins to increase at higher frequencies for all PI samples. A 
noticeable trend is observed where the loss tangent increases 

FIGURE 28    |    Cross-sectional SEM of PI samples: (a and b) PI 0 h, (c and d) PI 170 h, and (e) Sobel edge detection PI 170 h. [Color figure can be 
viewed at wileyonlinelibrary.com]

TABLE 7B    |    EDS cross-sectional scan data of PI samples.

Elements/
ratio

EDS elemental 
weight (%) Weight (%) sigma

PI (0 h) PI (170 h) PI (0 h)
PI 

(170 h)

C 72.27 71.60 0.35 0.26

O 21.26 21.31 0.16 0.12

N 6.42 7.15 0.42 0.31

C:O ratio 
(atomic)

4.52 4.47

C:N ratio 
(atomic)

13.10 11.60
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with aging, particularly for the 120 h and 170 h samples. The 
polar units produced as a result of aging in PI requires a time 

for orientation or displacement. These polar molecules could not 
keep up with the variation of applied electric field and results 
in increase in dissipation factor. Due to aging, moisture absorp-
tion in PI also increases, introducing additional polar groups 
(e.g.,   OH from moisture) as discussed in FTIR analysis. These 
groups contribute to both the dielectric constant and loss tan-
gent, particularly at high frequencies where dipolar relaxation 
mechanisms dominate in PI. The change in dielectric permit-
tivity of PI samples with progress of aging in temperature win-
dows (20°C–200°C) is shown in Figure 34c. It has been reported 
that the dipolar orientation polarization is a dominant mech-
anism that accounts for relative permittivity of PI [67]. It can 
be seen from results that relative permittivity of PI samples de-
crease with increase in temperature. The measurement results 
also show that the relative permittivity of PI recorded at room 

FIGURE 30    |    Mechanical properties of PI samples with aging time: (a) tensile and elongation and (b) stress versus strain curves. [Color figure can 
be viewed at wileyonlinelibrary.com]

FIGURE 31    |    Thermal decomposition curves of PI samples: (a) TGA 
and (b) DTG. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 8    |    TGA and DTG data of PI samples.

Aging time (h) T5% (°C) Tmax Rw

0 584.0 613.5 51.4

170 580.0 615.0 54.0

FIGURE 29    |    POM of PI samples with aging time. [Color figure can be viewed at wileyonlinelibrary.com]
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temperature increases from 3.2 to 3.7 with increase in aging 
time (0–170 h). At high temperature of 200°C, similar increase 
of relative permittivity (from 2.8 to 3.2) is recorded.

To study the change in relative permittivity due to aging, po-
larization charge density is also recorded for PI samples in 
Figure 35. The relative permittivity at a certain frequency, for 
example, 50 Hz is dependent on degree of polarization which is 
influenced by many factors, for example, free volume, presence 
of polar groups, etc. It can be seen from polarization results that 
the degree of polarization of PI due to aging is increased. The 
polarization charge density results reflect that the polar com-
ponents responsible for polarization in polymer material has 
increased. This has increased the charge density and polariz-
ability of PI under the influence of electric field. Aging results 
in the formation of low-mass polar molecules with free radicals 
in PI. These mainly include aromatic nitriles, aniline, toluidine, 
and polar OH groups (due to moisture absorption). These polar 
molecules increase the degree of polarization and eventually in-
creasing the dielectric permittivity of PI [68].

It is well known that insulating properties, for example, elec-
tric conductivity of PI is affected by the change in its dielectric 
constant [69]. The influence of aging on the leakage current 

density of PI samples is shown in Figure 14. The results clearly 
show the increase of leakage current density of PI with aging 
progress (0–170 h). In addition, thermal aging affects the leak-
age current more under the influence of high electric field, 
for example, at 100 MV/m, resulting in higher value of leak-
age current when compared to the leakage current recorded at 
50 MV/m. The thermal aging process results in the production 
of low-mass polar molecules with radicals along with other 
thermal pyrolysis products. These aging heterogeneous could 
be activated as charge carriers and account for increase in the 
charge density (n) which increases conductivity (σ) and eventu-
ally leakage current density (J) according to the relationship in 
Equations (5) and (6). In conclusion, it is worthy to say that the 
dielectric properties of PI including the relative permittivity 
and leakage current density is deteriorated as a result of ther-
mal aging process.

The variation of AC breakdown strength of PI over different 
aging durations (0–170 h) is highlighted in Figure 34d. The break-
down strength of PI shows a decreasing trend with aging prog-
ress (0–170 h). A noticeable reduction in breakdown strength can 
be seen at the later stage of aging process (120–170 h). The de-
cline in breakdown strength of PI is attributed to the formation 
of low-mass polar molecules due to oxidation and degradation of 
the PI polymer structure which increases electrical conductivity. 
Moisture ingression in PI due to aging also plays a role in dimin-
ishing the breakdown strength of PI. Overall, dielectric integrity 
of PI is compromised due to aging process making PI more sus-
ceptible to electrical breakdown.

4   |   Conclusions

Thermal aging was performed in presence of air and humidity 
and resultant change in properties (morphology, optical, ther-
mal, dielectric, and mechanical properties) of PEEK, PTFE, 
and PI were thoroughly investigated. The results indicate a 
progressive increase in hardness and brittleness of PEEK, at-
tributed to aging-induced structural transformations. Surface 
and bulk morphology analysis of PEEK revealed increased 
roughness, diminished surface gloss, and enhanced carboniza-
tion. The thermal decomposition temperature decreased, indi-
cating thermal degradation, while the reduction in crystallinity 
suggests molecular rearrangement under oxidative conditions. 
Mechanical analysis of PEEK demonstrated an increase in 

FIGURE 32    |    DSC heating curves of PI samples. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 33    |    UV–vis of PI samples: (a) spectra; (b) Tauc plot. [Color 
figure can be viewed at wileyonlinelibrary.com]
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tensile strength and storage modulus with aging extension due 
to solidification and crosslinking phenomena, accompanied by 
a decrease in elongation at break and a reduction in tan δ from 
DMA. Dielectric characterization of PEEK showed a decline 
in dielectric constant, polarization charge density, and leakage 
current after aging, likely due to the crosslinking mechanism 
in PEEK that limits molecular mobility.

In case of PTFE, the tensile strength and elongation at break 
decreased after aging, indicating mechanical degradation and 
embrittlement. Microscopic analysis of PTFE revealed surface 
oxidation, discoloration, and signs of deterioration, suggesting 

oxidative degradation mechanisms. Thermal decomposition tem-
perature remained largely unchanged for PTFE. The dielectric 
analysis showed a reduction in electronic polarization of PTFE 
with aging progress due to chain scission, which increased free 
volume and disrupted charge storage capability. Additionally, 
leakage current density of PTFE increased with aging time due to 
the formation of electronic localized states that facilitated charge 
carrier motion. The storage modulus of PTFE decreased, while 
the loss tangent increased with aging progress, reflecting a de-
cline in mechanical stability of PTFE with aging. AC breakdown 
strength exhibited a slight reduction after aging, further confirm-
ing degradation in dielectric performance of PTFE.

FIGURE 34    |    Dielectric properties of PI samples with aging time: (a) dielectric constant, (b) dielectric loss, (c) dielectric constant versus tempera-
ture, and (d) AC breakdown strength. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 35    |    Polarization of PI samples with aging time at room temperature and 200°C. [Color figure can be viewed at wileyonlinelibrary.com]
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For PI, aging resulted in severe mechanical degradation, with 
tensile strength decreasing by 54% and elongation reducing by 
16%. Microstructure morphology revealed microvoids and sur-
face defects reflecting oxidation of aromatic rings which also 
led to noticeable darkening of the PI films. During the aging 
process, PI absorbed moisture, facilitating the generation of low-
mass polar molecules, which contributed to the degradation of 
its dielectric properties. This was evidenced by an increase in di-
electric permittivity, polarization, and leakage current density, 
along with a reduction in AC breakdown strength. These find-
ings offer valuable insights for future engineering applications. 
Future work will focus on long-term aging studies incorporat-
ing cold temperature effects to better replicate real-world service 
conditions in aerospace applications.
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