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ABSTRACT

This study investigates the effects of radiation-induced ageing on the physical, chemical, mechanical and electrical properties of
Poly[4,4’-oxydiphenylene- pyromellitimide] (PMDA-ODA) polyimide, a high-performance insulation material widely used in
aerospace applications. Using a combination of Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), dynamic mechanical analysis (DMA) and dielectric spectroscopy, the degradation mechanisms were systematically
analysed under varying radiation dose rates and thermal conditions. Results reveal a dual-path degradation process: at lower
dose rates (< 860 Gy/h), microstructural modifications, such as chain scission predominate, under more severe conditions
(~2 kGy/h and 70°C), oxidation becomes the dominant mechanism. Despite these changes, TGA confirms exceptional thermal
stability with almost invariant residual mass at 800°C (~60%) and mechanical testing shows increased stiffness with ageing,
attributed to chain crosslinking. Dielectric analysis indicates an increase in permittivity, dissipation factor and DC conductivity
with ageing severity, whereas AC breakdown voltage remains largely unaffected. These findings highlight the complex interplay
between molecular degradation and macroscopic performance, providing a basis for the nondestructive evaluation and reliable
deployment of PMDA-ODA in extreme environments.

1 | Introduction employed for cable applications across a broad range of voltages

and environments. However, their limited operating temperature

Material selection is a critical factor in the aerospace and nu-
clear industries, where components must resist extreme envi-
ronmental conditions while maintaining long-term performance
and reliability.

These sectors rely on extensive cable networks for instrumenta-
tion, control (I&C) and power distribution, with cable reliability
primarily depending on the properties of its primary insulation.
The choice of insulation type varies based on application re-
quirements, such as operating voltage and environmental
stresses. Nowadays, among the commonly used polymer-based
materials, polyethylene (PE) and polypropylene (PP) are widely

range restricts their usability in certain conditions.

Cables in aerospace environments are usually limited to low
voltage applications as they are mainly used to deliver signals
and data, that is, I&C within the aircraft [1-4]. For this reason,
main reliability concerns are mainly related to the mechanical
integrity and physical-chemical stability of the material against
environmental stress. This latter may be cyclical due to the
frequent changes in cruising altitudes, hence in the surrounding
environments, during aircraft operations, that is, high and low
temperatures (£ 100°C), mechanical loads, ionising radiation,
chemical exposure and pressure variations [5].
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Cyclical environmental stress can severely compromise the
integrity of electrical insulation systems. Indeed, fluctuations in
temperature, pressure and mechanical loads create repeated
cycles of expansion and contraction that gradually lead to
micro-cracks and material fatigue. The resulting degradation
can increase the risk of insulation failure, potentially causing
short circuits, compromising both equipment functionality and
overall facility safety.

With reference to the employed materials, aerospace demanding
conditions require the use of high-performance and high-
resistance polymers, such as polyimides (PIs), polyamide-
imides (PAIs) and polyether ether ketone (PEEK), which are
valued for their excellent thermal stability, chemical resistance
and mechanical strength. PI-based materials are known to
maintain their structural and mechanical properties at tem-
peratures exceeding 250°C and they offer exceptional dimen-
sional stability, wear resistance and resistance to aggressive
fluids, making them suitable for applications, such as seals,
bearings and electrical insulation, in dynamic and high-stress
environments [6-9].

The stability of PIs at high temperatures is also demonstrated for
electrical properties. As an example, authors in ref. [10] showed
that PI films remarkably tolerate high temperatures (at 270°C),
with minimal impact on electrical permittivity, maintaining
almost constant partial discharge inception voltage (PDIV) and
PD endurance even after 800 h. However, when ageing tem-
perature is extremely high (450°C), PIs may face degradation,
including hydrolysis, leading to the modification of polarisation
mechanisms, hence complex permittivity and conductivity
[11-13].

Despite significant research efforts focused on the investigation
of the changes of physical-chemical and electrical properties of
insulation systems under thermal and electrical ageing, there is
still limited literature exploring the effects of other ageing fac-
tors, such as radiation, on these materials.

Radiation-induced ageing, especially from prolonged exposure
to gamma rays, is a major concern for polymers used in aero-
space and nuclear applications as it can initiate chain scission,
crosslinking and oxidative reactions, ultimately leading to
reduced mechanical performance, increased brittleness and
chemical degradation [10, 14-18].

Additionally, high temperatures and radiation can have syner-
gistic effects further accelerating material property depletion.
Given these multistress ageing conditions, it is essential, yet not
trivial, to understand how insulation materials respond to radi-
ation exposure, possibly linking modifications at microstructural
level with operability of the facility under normal operation.

Thus, this study focuses on the effects of gamma radiation
and combined thermo-radiation ageing on PI-based insulation
systems used in aerospace applications. Investigated PI is
synthesised from pyromellitic dianhydride (PMDA) and 4,4'-
oxydianiline (ODA), a widely used form of PI for electrical
insulation systems. A comprehensive multiscale evaluation
is performed through chemical (Fourier Transform Infra-
Red -FTIR- spectroscopy), mechanical (dynamic mechanical

analysis -DMA- and tensile tests) and electrical (permittivity,
conductivity and AC breakdown voltage) characterisations.
The goal is to identify and correlate the degradation mecha-
nisms induced by radiation with the physical-chemical and
electrical changes occurring in the polymer matrix. Through a
multiscale approach, this study helps to improve the under-
standing of ageing mechanisms in high-performance poly-
imides and supports the development of predictive models
and assessment strategies for their prolonged application in
aerospace environments.

2 | Materials and Methods
2.1 | Materials

Materials employed in this work are commercial PI-based sheets
with thickness of ~55 um. In particular, chemical analyses
classified the material under test as made up of polyimide based
on oxy(4-aniline) (ODA) and pyromellitic acid dianhydride
(PMDA) groups. These two groups are very often present in PI-
based structures and provide excellent chemical and thermal
endurance of the resulting polymer. ODA group is characterised
by the presence of the ether bridge and amine groups, and it
enables this monomer to act as a nucleophilic donor, facilitating
the opening of anhydride rings and the formation of amid bonds
[19]. PMDA group is characterised by a rigidly structured aro-
matic core, and it acts as an acceptor for nucleophilic agents,
facilitating the formation of an extremely stable polymeric
network. Figure 1 reports the structural molecular formula of
the PMDA-ODA PI analysed.

2.2 | Accelerated Radiation Ageing

To assess the performance of the materials studied in relation to
radiation ageing, accelerated radiation ageing was performed on
the PI sheets. Accelerated ageing conditions were selected to
simulate realistic operational scenarios. Given the wide range of
PI material applications, literature-based absorbed dose values
for electrical equipment [5, 20] were adopted as a reference.
Different dose rates were applied to approximate real-world
behaviour while maintaining feasible experimental durations.

This process was carried out in UJV Rez (Prague, Czech Re-
public) using a %°Co y-ray source under four distinct conditions.
Three conditions involved radiation exposure alone, whereas
the fourth included elevated temperatures to explore the syn-
ergistic effects of combined ageing. Additional information,
including withdrawal intervals and durations, is provided in

Table 1.
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FIGURE 1 | Molecular structure of PMDA-ODA PI.
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TABLE 1 | Accelerated ageing conditions.

Ageing Dose rate Temperature Withdrawal
condition (Gy/h) °C) periods (h)
1 50.3 25 742, 1454, 2254
and 2973
2 860 25 68, 236, 501
and 664
3 1930 25 30, 116, 235
and 285
4 820 70 72, 240, 507
and 674
2.3 | Characterisation Methods
2.3.1 | Fourier Transform Infra-Red Spectroscopy

To evaluate the progression of oxidation during ageing, FTIR
spectroscopy was conducted on both unaged and aged samples.
The analysis was carried out using a Perkin Elmer Spectrum II
analyser in attenuated total reflectance (ATR) mode. IR spectra
were recorded in the range of 550-4000 cm™, but all relevant
bands can be found between 550 and 2000 cm ™. Each specimen
hasbeen tested three times in three different spots in order to take
into account the possible inhomogeneities within the samples.

Since the measurements were not quantitative, the spectra were
normalised by using the aromatic C=C stretching peak around
1500 cm™', which are generally very stable over time and not
significantly affected by most ageing processes (e.g., thermal,
UV or oxidative ageing) [21-24].

2.3.2 | Thermo-Gravimetric Analysis

The thermogravimetric analysis is a technique used for the
characterisation of material thermal stability. This method al-
lows the measurement of mass variation as a function of tem-
perature, under both inert and oxidising environment.

PI film samples, weighing in the range of 4-6 mg, were heated
with two different heating ramps:

e Ramp equal to 30°C/min in the temperature range
50-350°C.

e Ramp equal to 10°C/min in the temperature range
350-800°C.

Tests were performed under a 30 mL/min N, flow in order to
avoid any possible oxidation within the material at high tem-
perature and, consequently, to solely verify the thermal stability
of chemical bonds within the material.

2.3.3 | Dielectric Spectroscopy

Dielectric spectroscopy technique was used to investigate the
modifications in terms of material polarisability and dielectric
losses as a function of radiation ageing. Being the application of

PI-based insulation systems mainly in AC, the analysis of the
dissipation factor (tand) may be crucial for the health moni-
toring of the equipment considered.

Dielectric spectra were obtained by a Novocontrol Alpha
Dielectric Analyser V2.2 with applied voltage of 3V, in the
frequency region between 10~ and 10° Hz at room temperature.
According to Debye's theory, dipolar (or orientation) polar-
isation typically occurs within the frequency range of
10"°-10% Hz, whereas interfacial polarisation is generally active
at frequencies below 10 Hz [25]. The chosen frequency region
allows the investigation of both dipolar and interfacial polar-
isation mechanisms [26, 27|, which may be of interest in the
framework of ageing investigation as seen in refs. [28, 29].
Measurements were performed three times, and the averaged
values were plotted as a function of frequency and ageing time.

2.3.4 | Conductivity Measurement

DC electrical conductivity measurements were carried out by
means of a HVDC generator (Keythley 2290e-5), a picoammeter
(Keysight B2981a) and a proper measuring cell, according to the
ASTM D257-14 standard.

The measurements continued until the steady-state conduction
current was achieved or for a minimum duration of 24 h. The
applied electric field was 10 kV/mm and tests were performed at
room temperature. The chosen electric field can be higher than
some real-case application of Pl-insulated systems, however,
lower electric fields resulted in extremely low values of current
which were sometimes not adequately recorded by the instru-
mentation. It is important to highlight that this electric field
value is unlikely to trigger SCLC mechanisms as the typical
threshold for such effects in PI is generally above 30 kV/mm as
reported in ref. [20].

Conductivity values were calculated through Equation (1).

J fcond

2 )]

o=—= >
E E

where J is the current density, icong iS the conduction steady-
state current, S is the area of the collecting electrode, accord-
ing to the standard and E is the electric field applied.

2.3.5 | AC Breakdown Test

AC dielectric strength of the investigated materials was recorded
by means of a BAUR Oil tester 70DPA with ramp set at 0.5 kV/s.
Tests were performed in at least five points over the material
surface and Weibull analysis has been conducted in order to
obtain the a and 8 parameters according to the reference stan-
dard IEEE 930-2004.

2.3.6 | Tensile Stress Tests

Tensile stress tests were performed according to the IEC/IEEE
62582-3 standard by using an Instron 5543 universal machine.
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Prior to tests, samples were cut into dumb bells and adequately
placed in between the two gauges. The chosen ramp was
50 mm/min and tests were performed at room temperature.
Elongation-at-break (E,p) values were obtained for the different
materials according to Equation (2).

Eu = Gl 100, )
ly

where [ is the length reached by the specimen before breaking
and [, is the initial length of the dumb-bell shaped sample.

2.3.7 | Dynamic Mechanical Analysis (DMA)

Through DMA, the storage modulus of the material positioned
between the gauges can be determined, providing insights into its
mechanical properties. This test is designed to assess how the
material’s rigidity evolves over time due to ageing, offering
valuable data on its structural integrity and performance stability.

The tests were conducted in tensile mode at room temperature,
with a selected frequency of 1 Hz to ensure consistent mea-
surements. The mechanical stress was applied following a
controlled ramp of 5 N/min, whereas the material was subjected
to a constant stress level of 10 N. Additionally, a pretension
value of 0.03 mm was set to optimise measurement accuracy
and eliminate potential variability in the initial conditions.
These parameters allow for a precise evaluation of the ageing
effects on the material's rigidity and long-term usability.

3 | Experimental Results
3.1 | Fourier Transform Infra-Red Spectroscopy

PIs are characterised by very complex chemical structure, and,
for this reason, a big number of peaks are present in the relative
FTIR spectra. As an example, Figure 2 shows the FTIR spectrum
of the unaged material under test, along with the highlighted
chemical functional groups which are reported to be modified
by the effect of ageing. These are the stretching of carbonyl
group (A) which are related to oxidation within the polymer
matrix and the imide stretch (B) which is usually often used to
assess the degree of imidization and structural modifications in
PIs and PAIs [22, 23].

As a preliminary characterisation of the material under test,
FTIR analysis has been performed on the unaged samples and
all relative peaks are assigned to molecular vibrations (Table 2).

To provide insight into the modifications occurring during
ageing, the spectra of different materials aged under a single
ageing condition (50 Gy/h) have been reported (Figure 3).

As it may be noticed from the spectra, ageing does not lead to
significant changes in terms of the formation of new chemical
species (no arising of new peaks), indicating that PI exhibits
high stability under the considered ageing conditions.

Absorbance (a.u.)

. .
2000 1500 1000 500
Wavenumber (cm™)

FIGURE 2 | FTIR spectrum of unaged material. Peaks A and B are
associated to the bonds reported in the structural formula.

TABLE 2 | PMDA-ODA peak assignment.

Wavenumber

(cm™) Assignment Characterisation

568 S(phenyl) Phenyl ring deformation

607 &(phenyl) Phenyl ring deformation

636 6(C=0) Carbonyl deformation

705 6(C-N-C) Imide deformation

717 C=0 Carbonyl bending

725 46(C-N-C) Out-of-phase bending of

imide ring

734 C=0 Carbonyl bending

752-960 S(phenyl) Phenyl ring deformation

1079 C-0-C Stretching deformation
stretch

1095 v(C-N-C) Imide stretch

1117 v(C-N-C) Imide stretch

1160 Cc-C C-C bending

1168 v(C-N-C) Imide stretch

1188 S(phenyl) Phenyl ring deformation

1230 C-N C-N stretch

1243 v(C-0-C) Bridging C-O-C stretch

1260 v(C-0-C) Bridging C-O-C stretch

1290-1307 S(phenyl) Phenyl ring deformation

1350 C-N C-N stretch

1376 é6(C-N-C) Imide stretch

1390 C-N C-N stretch

1456-1600 v(phenyl) Phenyl ring C-C stretch

1679-1779 v(C=0) Carbonyl stretch

3020-3155 v(C-H) Phenyl ring C-H stretch

3488 v(C-H) Phenyl ring C-H stretch
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2973.0 h /250.0 kG

Absorbance (a.u.)

. . .
2000 1500 1000 500
Wavenumber (cm™)

FIGURE 3 | FTIR spectra as a function of ageing time. 50 Gy/h
ageing conditions. Spectrum baselines were shifted by a constant
factor for a better visualisation.

The observed behaviour remains consistent across various
ageing conditions. In particular, the carbonyl peak (~1710 cm™)
is present also on the base polymer structure (Figures 1 and 2)
and it is related to the out-of-phase stretch of the imide
carbonyl. Thus, modification of this peak may be related not
only to the oxidation of the polymer matrix as very commonly
reported in literature, for example, polyolefins [30-32], but also
to the breaking of the bond within the polymer structure, thus,
relatable to physical modification of the matrix. These two
events are expected to have opposite effects on the variation of
the peak height: as oxidation increases the concentration of
carbonyl groups, causing the increase of the peak height
[30-32], whilst the breaking of the bond due to ageing could
cause the diminishing of the same peak.

In terms of structural modifications, the 1370 cm™! peak, typi-
cally associated with C-N stretching vibration in imide ring,
serves as a valuable marker for evaluating the ageing of PMDA-
ODA materials. Changes in the intensity of this peak can indi-
cate structural modifications within the polymer matrix, for
example, crosslinking and reorganisation of molecular bonds.
Moreover, increase of this peak height may be related to addi-
tional partial imidization, if precursors are present, as seen in
various works [22, 23].

Thus, by correlating variations of the two abovementioned
peaks, it would be possible to draw a consistent analysis of the
degradation mechanisms occurring within the PMDA-ODA
insulation.

To adequately investigate the modifications of chemical groups
modified by ageing (C=0 and C-N), it has been chosen to focus
on the normalised peak heights of the different groups as a
function of ageing time and different conditions. Results are
reported in Figures 4 and 5, respectively.

As can be noticed, for both the chemical groups investigated, it
is possible to differentiate the trend of radiation-only ageing
from the combined one. Indeed, radiation-only ageing causes
the decrease of C=0 along with a slight increase in C-N-C
groups with slopes depending on the ageing severities.
Conversely, the thermal treatment modifies this trend showing
opposite behaviour (increasing of C=0 and decrease of C-N
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group). The reason lying behind such difference will be tenta-
tively explained in the discussion section.

In addition, it is worth noting that the 860 Gy/h ageing condition
exhibits the most significant modifications among the radiation-
only treatments, with the steepest trend slopes observed.

3.2 | Thermo-Gravimetric Analysis Results

As reported in the introduction, one of the key properties of PI is
its heat stability and resistance. Thus, it is key to investigate the
stability over temperature of the material before and after
ageing. In this sense, TGA analyses provide the required insight.
Similarly to the FTIR analyses, it has been chosen to report the
trend of weight loss as a function of temperature and ageing
time for the 50 Gy/h ageing (Figure 6).

From Figure 6, it is possible to highlight that ageing does not
cause a significant modification of the temperature at which the
polymer degradation starts (~605°C). Only the longest ageing
time (2973 h) causes the translation of the trend towards higher
temperatures (~615°C), likely imputable to a stronger molecular
reorganisation as it will be explained in the following.

In terms of residual weight, it can be noticed that ~60% of initial
weight is still present at 800°C. This percentage is most likely
due to the presence of strong bonds in the polymer structure,
including the conjugated aromatic system and crosslinked
network, that resist decomposition and volatilisation [33]. With
ageing, it is shown that this percentage may fluctuate around
the initial value (unaged specimen), further confirming the
excellent thermal stability of the polymeric material. The
observed fluctuations, which may be attributed to sample-
specific variations, are minimal and negligible, with a
maximum deviation of + 0.6% from the unaged value across all
ageing conditions (Table 3).

For an easier comparison among the different ageing condi-
tions, it has been chosen to report the trend of temperatures
corresponding to the decrease of 5% of the initial weight (Tysq)
in Table 3.

100 4 Unaged
\ 741.6 h/50.4 kGy

90

80 100 3

Weight (%)

70

90

60

85

500 550_ _ 600 _ _ 650

50 == T 1
100 200 300 400 500 600 700 800

Sample temperature (°C)

FIGURE 6 | TGA as a function of ageing time. 50 Gy/h ageing
condition.

As observed this parameter initially increases with ageing before
undergoing a gradual decline, exception given for the 50 Gy/h
ageing where the increasing phase is supposed to be not
completed, the reason for that will be further investigated in the
discussion section.

3.3 | Dielectric Spectroscopy Results

Figure 7 reports the trend of real part of permittivity and tand as
a function of frequency for the different ageing levels of the
50 Gy/h radiation ageing.

The real part of permittivity is characterised by an increasing
trend lowering the frequencies. Up to ~2250 h of ageing time,
the values stay in the region 3.3 + 3.75 depending on frequency
and ageing level. Although the same trend may be noticed
among the different materials in the high frequency region (left
side of the dipolar polarisation flex), an interfacial polarisation
flex appears, starting with the 2250-h aged sample.

During the last ageing period, €' reaches ~5 at 0.1 Hz. The in-
crease is mainly due to the significant increase of the flex
occurring in the lowest frequency region (< 10 Hz) related to
interfacial polarisation. Nonetheless, a recordable increase can
be seen also in the highest frequency region where the real part
of permittivity reaches ~4, corresponding to an increase of ~0.5
with respect to the unaged value. This behaviour is likely linked
to the change of dipolar properties of the material due to ageing
[28, 29, 34].

The dissipation factor trend over frequency of the unaged ma-
terial is characterised by a peak occurring at ~1 MHz
(Figure 7b), thus related to the dipolar polarisation and an
almost constant trend lowering the frequency as also seen in the
literature [35]. Similar behaviour can be observed for the first-
step aged material, which almost overlaps the trend of the
unaged material, exception given to the dipolar polarisation
peak which appears to be slightly higher in magnitude, sug-
gesting the arising of additional species characterised by a per-
manent dipole.

Longer ageing (> 1500 h) causes the modification of the trend
over frequency. In addition to a further increase of the dipolar
polarisation peak, the arising of a new peak in the interfacial

TABLE 3 | Temperature values corresponding to the decrease of
5%t Of the samples and the residual mass at 800°C.

Residual mass at

800°C (%) Tasy (°C)

Ageing Ageing

condition condition
Ageingstep 1 2 3 4 1 2 3 4
0 59 59 59 59 590 591 591 591

1 59 59 58 59 592 597 591 600
2 58 59 59 59 592 594 594 595
3 59 58 59 58 593 593 595 592
4 59 58 58 59 599 589 590 595
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FIGURE 7 | Real part of permittivity (a) and tané (b) as a function of
frequency and ageing time. 50 Gy/h ageing.

polarisation region occurs, increasing the dielectric losses by
almost two orders of magnitude compared to the unaged ma-
terial. This suggests that ageing causes a significant modification
into the microstructural arrangement of the polymer, leading to
additional interfaces which are usually related to the chain
scission, reduction of polymer chain length and, macroscopi-
cally, to the worsening of mechanical properties, as it will be
discussed in the following.

For an easier comparison among ageing conditions and fre-
quencies, figures below report the trend of the real part of
permittivity (Figure 8) and dissipation factor (Figure 9) for the
different materials. Two frequencies, namely, 0.1 Hz and
100 kHz, were selected as representative of the interfacial and
dipolar polarisation mechanisms, respectively.

Depending on the electrical property considered, the trend with
ageing time and condition can be nonmonotonic. In particular,
the real part of permittivity (Figure 8) shows an overall
increasing trend. However, some ageing durations display lower
values compared to preceding stages. This peculiarity has been
already seen in previous studies under different ageing condi-
tions, for example, electrical and thermal ageing [12, 21, 36] and
may be related to the different polarisability properties of the
species arising during the treatment.

Conversely, the trend of tand consistently follows the ageing
severity and duration. Indeed, for the room temperature ageing,
the harshest condition (1930 Gy/h) depicts an abrupt increase of
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FIGURE 8 | Real part of permittivity at 0.1 Hz (a) and 100 kHz (b) as
a function of ageing time.

the property, whereas milder ones show a slower increase as
expected (Figure 9). With reference to the combined ageing, the
trend shows very little modification of the considered property
at both frequencies. The reason for that may be found in the
synergistic effect of radiation and thermal ageing as will be
presented in the discussion section.

3.4 | DC Conductivity Results

Figure 10 reports the trend of conductivity values as a function
of ageing time and conditions. The data reveal a consistent trend
throughout the treatment: an initial increase of nearly one order
of magnitude, followed by a stabilisation of the property
(~107'% S/m).

For radiative-only ageing, it is worth noting how the highest
conductivity values are recorded for the harshest condition
(1960 Gy/h) as expected. However, the variations across
different ageing conditions are minimal, making it challenging
to establish a clear correlation between ageing severity and
changes in conduction mechanisms.

With reference to combined ageing, the values are quite
similar to the corresponding radiation-only ageing (860 Gy/h).
This suggests that thermal ageing plays a secondary role in
affecting electrical conductivity compared to radiation-induced
ageing.
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3.5 | AC Breakdown Results

Figure 11 shows the values of AC dielectric strength as a
function of the different ageing conditions. For radiative-only
ageing, the shown trend highlights a good resistance of PI
against radiation ageing in terms of dielectric strength (DS). The
biggest modification is recorded for the first ageing period,
where the DS is reduced from ~150 to ~130 kV/mm (~—15%).
Longer ageing causes the slight increase of the property to
values similar to the unaged values. Overall, it can be concluded
that changes in the dielectric strength are minimal and remain
within the range of the error bars considered.

With reference to the combined ageing, the breakdown trend is
slightly modified. The DS values are initially kept constant and
then decrease. In particular, the modifications are further
reduced in comparison to the radiation-only aged materials,
indicating that the combined effects of radiation and thermal
ageing contribute to stabilising the property as already seen for
permittivity measurement.

3.6 | Tensile Stress Tests

The trend of elongation at break as a function of ageing time
and conditions is reported in Figure 12.

Overall, the trend shows relatively stable values, with the E,p
value starting at approximately 100% for the unaged material

107% -
Unaged

-

e 50.3Gyh

A 860Gy

v 1930Gy/h

820 Gy/h/ 70°C

107 *

Conductivity (S/m)

10-!7

T T T T T T
0 500 1000 1500 2000 2500 3000
Aging time (h)

1 -15 _
0 Unaged

50.3Gy/h
860 Gy/h
1930 Gy/h

¢ 820Gy/h/70°C
v v v

10716 4 ° o ¢ o‘ *4

(b)

4 >on

&

Conductivity (S/m)

10717 +— T T T T T T
0 100 200 300 400 500 600

Total dose (kGy)
FIGURE 10 | DC conductivity values for the different ageing
conditions. Trend (a) as a function of ageing and (b) as a function of
total absorbed dose. Tests performed at 10 kV/mm and room
temperature.

and remaining nearly constant throughout the ageing period
under consideration.

Nevertheless, it is evident that as ageing progresses, the degree
of data scattering increases, possibly indicating the presence of
local defects within the dumbbell-shaped specimens, which
could result in occasional lower values.

3.7 | Dynamic Mechanical Analysis (DMA)

Despite an almost invariant value of E,g, the material stiffness is
seen in Figure 13 to be impacted by radiation ageing, with
values reaching more than 4000 MPa (~+65% from the initial
unaged value).

It is worth recalling that the storage modulus represents the
amount of energy stored and recovered per cycle during an
oscillatory testing, thus it is strictly related to the elastic behaviour
of amaterial under deformation. In general, an increase in storage
modulus indicates that the material is becoming stiffer and more
rigid. This change can have various implications such as, among
others, reduced flexibility due to the formation of additional
crosslinks as will be discussed in the discussion section.

The values of storage modulus, among the different ageing
conditions, depict similar trends. In particular, despite some
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FIGURE 11 | AC 50 Hz dielectric strength values for the different
ageing conditions. Trend (a) as a function of ageing and (b) as a
function of total absorbed dose.

fluctuations, in all the ageing conditions a continuous increase
of property with ageing is recorded. This nonmonotonic
behaviour may be related to different physical modifications
occurring within the insulation system during radiation ageing,
for example, breaking and reformation of chemical bonds,
which may lead to deviation from the trending increasing
behaviour.

As noted in previous tests, the rate of these changes is
directly influenced by the severity of ageing. The highest
values were observed at the maximum dose rate of 1930 Gy/h,
whereas milder conditions followed a slower progression.
Similarly, the combined effects with high temperature appear
to have a minimal impact as the values recorded under
combined ageing conditions (820 Gy/h at 70°C) are very close
to those seen in the corresponding radiation-only condition
(860 Gy/h).

Eventually, it is important to emphasise that when analysing the
plot of the storage modulus against the total absorbed dose
(Figure 13b), a master curve can be identified. This curve reveals
that the observed depletion in the mechanical property remains
consistent across different ageing conditions, and it is primarily
dependent on the absorbed dose in radiation ageing. This result
is very significant and in accordance with what reported in the
literature for mechanical properties of polyolefins subjected to
radiation ageing [15, 37].
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FIGURE 12 | Elongation at break values for the different ageing
conditions. Trend (a) as a function of ageing and (b) as a function of
total absorbed dose.

4 | Discussion

Results reported in the previous section provided a compre-
hensive view of the modifications of the main physical-chemical
and electrical properties of PMDA-ODA materials.

The degradation mechanisms of polymers under radiation ageing,
as outlined by radiation ageing theory [17, 38], are primarily driven
by microstructural modifications, including chain scission and
crosslinking. Radiation sources release a substantial amount of
energy in the polymer, often exceeding the bond energy of the
chemical species. As a result, bonds tend to break, leading to
physical modification of the polymer matrix. In some circum-
stances, the breaking of particular bonds, different per each poly-
meric matrix, may detach part of the polymer chain from the
polymer backbone, leading to the so-called chain scission.

To ease the readability of the discussion section, the following
subsections are organised to clearly distinguish the different
physical, chemical and electrical aspects of the material's degra-
dation behaviour. They present a detailed discussion of the
radiation-induced modifications in PMDA-ODA polyimide ma-
terials, encompassing their microstructural evolution through
chain scission and crosslinking (Section 4.2), chemical alterations
identified via FTIR spectroscopy (Section 4.3), resulting changes
in the electrical properties (Section 4.4) and the effects on elec-
trical conductivity and breakdown strength.
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4.1 | Thermal Stability and Decomposition
Behaviour

Polyimides are characterised by high bond energies; thus, these
materials exhibit excellent endurance and thermal resistance.
Nonetheless, electromagnetic rays, such as gamma radiation,
may exceed the value of bond energy and lead to the degrada-
tion mechanisms just recalled. Thus, the verification of the
ability of PMDA-ODA to maintain thermal stability even after
radiation ageing becomes an important aspect of its perfor-
mance in extreme environments. For this reason, it has been
proven through TGA that PMDA-ODA retains approximately
60% of its mass at 800°C, reflecting the exceptional thermal
stability typical of aromatic polyimides, even after significant
absorbed radiation (Table 3). This high degree of stability can be
attributed to the presence of aromatic rings and imide groups,
which form stable covalent bonds resistant to thermal degra-
dation [39]. In particular, TGA analyses suggest that, in the
early stages of radiation ageing, the material experiences an
enhancement in thermal decomposition resistance, potentially
due to structural modifications, improved crosslinking or
strengthened molecular interactions. Eventually, further ageing
causes the depletion of material properties and the reduction of
T4s9%. Nonetheless, it is worth highlighting that the reduction is
limited to the value of property related to the unaged specimen
(~590°C), further confirming the high thermal stability of the PI
material also after ageing.
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FIGURE 13 | Storage modulus values for the different ageing
conditions. Trend (a) as a function of ageing and (b) as a function of
total absorbed dose.

4.2 | Microstructural Modifications: Chain
Scission and Crosslinking

Microstructural modifications within the matrix appear, for
example, due to chain scission. In the case of PMDA-ODA
materials occurs through the breaking of the bonds high-
lighted in Figure 14, according to the UV-radiation studies re-
ported in literature [13]. These bonds are the most susceptible to
breaking as their binding energy is significantly lower compared
to the others (e.g., aromatic groups).

Broken chains are characterised by the same chemical formula
of the base polymer, but their average molecular weight is way
reduced due to the reduced size of the chain. This reduction in
molecular size has a direct impact on the mechanical properties
of the material as shorter chains exhibit reduced ductility and
elongation compared to longer chains [40]. These physical
changes are reflected in the material increased stiffness as seen
in the rise of the storage modulus (Figure 13).

As ageing progresses, crosslinking of broken chains may occur,
further contributing to the increase in stiffness and storage
modulus. It is worth noting that the reported increasing trend
follows the ageing severity as a function of ageing time, high-
lighting a direct dependence between the microstructural
modification within the polymer matrix (i.e., chain scission and
crosslinking) and the increase of material stiffness. Nonetheless,
the analysis of the storage modulus as a function of the total
absorbed dose (Figure 13) highlights the presence of a unique
mastercurve relating the property with the total dose. This
behaviour has been already seen in literature [15, 40, 41] for the
mechanical properties of polymers subjected to accelerated
ageing and it is likely imputed to the fact that microstructural
modifications, for example, crosslinking and chain scission are
largely dose-integrated phenomena, meaning they depend on
the total energy deposited in the material over time, regardless
of the rate at which it is delivered.

On the other hand, contrary to what is seen in literature [15, 40, 41],
radiation ageing does not lead to a recordable decrease of EaB
(Figure 12). This could be attributed to the crosslinking effect and
recombination of chain groups, which stabilises the polymer
network and maintains the initial EaB. The molecular rearrange-
ments and crosslinking within the polymer matrix are likely not to
follow an ordered structure, leading to a larger variability in the

PMDA

[y
@—(‘—0 & .QN. @

FIGURE 14 Bond scission of PMDA-ODA molecular chain
schematics. From [13].
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observed data, hence higher data scattering as also confirmed by
the experimental results (Figure 12).

4.3 | Chemical Alterations

From the chemical point of view, microstructural changes do
not typically alter the chemical composition of the polymer, but
they may induce the formation of new chemical bonds. The
products arising from chain-breaking are still characterised by
the same C=0 and imide C-N chemical group but they can
exhibit unique vibrational characteristics. This phenomenon
likely causes the shifting of the related FTIR peaks towards
different wavenumbers; hence, the reduction of the peaks
initially referred to the chemical groups. As a result, it is
possible to have reduction of specific peaks which are coun-
terbalanced by the increase of different ones as seen in the case
of FTIR analyses (Figures 4 and 5).

On the other hand, chemical modification of the polymer may
occur during the last step of radiation ageing (chemical phase)
[38]. Here, broken chains may interact with environmental
oxygen, forming stable species, such as oxidised polymer chains,
made up of, for example, ketones, carboxylic acids, alcohols and
hydroxyl groups.

In the case of PMDA-ODA polyimide, two distinct degradation
mechanisms can be identified from FTIR spectral analysis
(Figures 4 and 5), depending on the severity of ageing. This
differentiation is primarily based on changes observed in the
carbonyl (C=0) region (Figure 4), which reflects both intrinsic
microstructural alterations—since the C=0 bond is part of the
polymer backbone—and oxidative processes occurring within
the material.

Under radiation-only conditions, a decrease in the C=0 peak
indicates that structural degradation, such as bond scission, is
the dominant process over oxidation. The rate of C=0 reduction
correlates with the radiation dose rate; for instance, a steeper
decrease is observed at 860 Gy/h compared to 50.3 Gy/h.
However, at higher dose rates (~2 kGy/h), the oxidative
response becomes more pronounced and starts to offset the
initial reduction in the C=0 peak, resulting in an overall sta-
bilisation of the peak height.

It is worth noting that, in contrast to the behaviour observed for
the mechanical properties of polymers, which primarily depend
on the total absorbed dose, the chemical modifications detected
by FTIR exhibit a clear dependence on the dose rate. These
chemical changes are ruled by kinetically controlled processes
and are particularly sensitive to transient oxygen diffusion dy-
namics during irradiation. At higher dose rates, the local con-
centration of reactive species (e.g., free radicals) increases, which
can lead to enhanced recombination or secondary reactions
before these species can diffuse or react with environmental
agents such as oxygen. Conversely, at lower dose rates, radicals
have more time to interact with ambient oxygen or moisture,
potentially leading to more pronounced oxidative degradation.

When both radiation and elevated temperatures are present,
oxidation is significantly enhanced due to its thermally activated

nature. This results in a marked increase in the C=0 peak,
consistent with the formation of oxidised species such as ke-
tones and carboxylic acids [30-32].

This behaviour is further clarified when the C=O trend is
compared with changes in the C-N peak associated with the
aromatic imide structure (Figure 5). If oxidation occurs, as in
the case of combined ageing, the breaking of imide chains
(initially containing C-N bonds) leads to their conversion into
oxidised structures, thereby reducing the C-N signal while
increasing C=0 intensity.

In the case of 50.3 and 1930 Gy/h ageing, the peak intensity of
C-N is almost constant as a function of ageing, suggesting that
the concentration of such chemical species is stable. Nonethe-
less, in the case of 860 Gy/h, a net increase of the peak C-N
height is recorded. A possible reason for that may be related
to additional imidization processes [22]. Radiation is known to
induce imidization in polyimides, especially when unreacted
polyamic acid groups or structural imperfections are present.
The energy from radiation can break existing C=O bonds,
generating reactive intermediates such as free radicals or an-
hydride fragments. These reactive species may subsequently
recombine or rearrange into more stable imide structures,
contributing to the growth of the C-N group in the FTIR spec-
trum. This mechanism is normally activated only at sufficiently
high radiation intensities, particularly due to the fact that
reactive precursors, for example, radicals formed by chain
scission are needed. Thus, the authors speculate that, at lower
dose rates, such as 50 Gy/h, the energy may be insufficient to
provoke this transformation, whereas at very high dose rates
(~2 kGy/h) and with the combined effect with temperature, the
effect is likely masked by oxidative degradation, which becomes
the dominant pathway under those conditions, hiding the
contribution of imidization process.

It is worth recalling that in literature, another possible pathway
for PI degradation is hydrolysis [11, 42]. According to the results
shown, this phenomenon is hardly occurring within the samples
considered as moisture is usually really low inside the irradia-
tion facility and no new peak is present, neither increasing, in
the hydroxyl region of FTIR spectra.

4.4 | Impact on Electrical Properties

These chemical and physical modifications significantly impact
the dielectric properties and DC conductivity of the material. Both
the real part of permittivity and dissipation factor (tand) show an
increasing trend as a function of radiation ageing, independent on
frequency (Figures 8 and 9). This indicates that radiation ageing
enhances material polarisability and dielectric losses as already
proven in literature [32, 34, 41, 43]. Interestingly, the effect of
combined ageing does not bring to a more evident modification of
the analysed quantity, keeping the dielectric properties to low
values, close to the unaged one. This effect was already seen in the
case of polyolefins in refs. [29, 32] and it was likely imputed to
either a counterbalancing effect of radiation and high tempera-
ture effects on the polymer or to the higher effectiveness at high
temperatures of antioxidants [32, 44, 45], which are supposed to
be present in the commercial material here analysed.
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Thanks to the analysis carried out through a wide range of
frequencies, it is possible to highlight the contribution of both
dipolar and interfacial polarisation on PI material. Authors’
previous works report the use of complex permittivity in the
dipolar polarisation area [28, 32, 46] to be a good marker for
ageing evaluation of polymeric materials. The reason for those
lays on the fact that oxidation, the main degradation mecha-
nism in case of thermal ageing, leads to the formation of
strongly dipolar groups, for example, ketones and carboxyl
acids, which increase the overall polarisability of the polymer
and, consequently, its dielectric losses in corresponding fre-
quency region. In the case of the PI here investigated, even if
oxidation is not seen to be significant, the dielectric losses in
the dipolar polarisation area (Figure 9a,b) increase almost
linearly with ageing, following the severity of the treatment.
This is valid at least for the materials subjected to radiation-
induced ageing. When combined with high temperatures, as
discussed, the treatment may lead to counterbalancing phe-
nomena, which may result in an almost negligible variation of
overtime.

In addition, the microstructural modifications within the insu-
lation, that is, chain scission and recombination of broken
chains caused by radiation ageing, lead to an increase in the
dissipation factor related to interfacial polarisation [32]. This is
expected, as the breaking of the chains and subsequent reor-
ganisation, may create additional interfaces which may repre-
sent new zones where charges tend to accumulate, increasing
the interfacial polarisation losses [25, 47] as verified by experi-
mental data (Figure 9a).

These consistent and predictable changes in dielectric properties
provide a valuable tool for nondestructive evaluation of the
material's condition during ageing. The ability to monitor
ageing across a range of frequencies further supports the
versatility of this diagnostic method, making it applicable for
real-time assessment of the material performance.

Broken chains and molecular rearrangement resulted also in
enhanced charge mobility within the polymer matrix [48]. The
increased mobility facilitates hopping conduction, leading to
higher DC electrical conductivity (Figure 10), which may also
contribute to the increase of the dissipation factor in the low
frequency region (interfacial polarisation; Figure 9). DC con-
ductivity increases by nearly an order of magnitude during the
first ageing period. After the initial ageing period, conductivity
stabilises, confirming that the material undergoes minimal
further changes of its conductive properties after the early stages
of degradation. It is worth noting that no significant impact of
high temperatures is recorded on the property, indicating that
oxidation is likely a secondary factor compared to the conduc-
tion mechanism ruled by broken chains.

Eventually, it is important to note that AC breakdown voltage
does not show significant changes over the ageing periods
studied. This observation suggests that, despite the micro-
structural degradation (e.g., chain scission and crosslinking),
the material’s ability to withstand AC electrical stresses
remains largely unaffected, even under extended radiation
ageing.

5 | Conclusions

In this article, the integrated results from chemical, thermal,
mechanical and electrical analyses provided a detailed under-
standing of how PMDA-ODA polyimide responds to radiation-
induced ageing under varying conditions.

It has been demonstrated that, depending on ageing character-
istics, that is, severity and duration, it is possible to determine
two different degradation pathways: one dominated by micro-
structural modifications at lower dose rates and a second one
driven by oxidation under harsher conditions.

These microstructural changes lead to observable modifications
in both physical and electrical properties, with ageing-induced
increases in storage modulus, complex permittivity and DC
conductivity.

However, AC breakdown and TGA residues remain almost
unaffected, suggesting that the core thermal and AC dielectric
integrity of the material remains largely preserved. This stability
confirms the robustness of PMDA-ODA for use in high-demand
environments, such as aerospace, where prolonged exposure to
radiation and temperature extremes is expected.

The multiscale approach used in this work further validated the
correlation between FTIR data, dielectric behaviour and me-
chanical trends, highlighting the importance of multitechnique
diagnostic approaches for evaluating polymer ageing.

In particular, the use of dielectric spectroscopy may provide a
significant insight into the physical-chemical modifications
occurring within the insulation, nondestructively. Indeed, in
this work, despite the limited role of oxidation in the investi-
gated PI, dielectric losses in the dipolar polarisation region
increased almost linearly with ageing, confirming the potential
of complex permittivity as a marker for radiation-induced
degradation. Nonetheless, the use of complementary tech-
niques, for example, FTIR and micromechanical testing tech-
niques are needed to direct the reasoning towards a unique
degradation mechanism.

The results and discussion reported in this work not only vali-
date the continued use of PMDA-ODA in critical and harsh
applications, including radiation environments, but also lay the
groundwork for predictive ageing models and nondestructive
evaluation techniques, which will be the focus of future
investigations.
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