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1 | INTRODUCTION

Abstract

The evolution of properties of crosslinked polyethylene (XLPE)-based insulating mate-
rials under radio-chemical ageing conditions is presented and discussed. In total, seven
different polymer compounds were tested, characterised by an increasing quantity of
additives, for example, antioxidants (AOs) and fillers as flame retardants. Samples were
analysed using different testing techniques, that is, Fourier Transform Infra-Red and
dielectric spectroscopy. This allowed a broad characterisation of the polymer, bringing to
good correlations between the arising of new chemical groups caused by ageing and the
modifications on the complex permittivity. Phenol-based AOs are found to be the most
efficient in terms of protection against oxidation. On the contrary, flame retardants are
concluded not to have any impact on the material ageing. Acquired data were then treated
using the principal component analysis. The data treatment successfully distinguished the
material composition (with and without additives) and the ageing environments. The
results confirm the relevance of this analysis in understanding the impact of irradiation on
the chemical and functional properties of the polymer materials studied.

demand. The reason for that is mainly twofold. On one hand,
the energy sources are intermittent and not constantly avail-

The Paris Agreement, signed in 2015, aims at keeping the
increase of global temperature below 2°C, preferably under
1.5°C, compared to pre-industrial levels [1]. This ambitious
aim is hindered by, among other factors, the increasing en-
ergy demand. As a matter of fact, the most impacting activity
causing climate change and the increase of global temperature
is due to energy production. For this reason, various zero-
carbon or low-carbon energy systems, that is, wind turbines
and photovoltaic panels, experienced a huge and fast devel-
opment in the last decades. Besides being protagonists of the
desired energy transition, these energy sources are not suf-
ficient for efficiently addressing the mentioned energy

able. On the other hand, to obtain significant installed power,
they need large space, which is often not available in
urbanised areas.

Furthermore, the carbon footprint of these systems is not
zero. The Intergovernmental Panel on Climate Change [2]
estimated that solar and wind energy sources release, respec-
tively, 27 and 12 gCO, equivalent per produced kWh
(Figure 1).

Indeed, while these systems do not produce CO, during
their operation, the procedures for extracting raw materials,
system production, and installation practices can emit signifi-
cant quantities of CO,.
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FIGURE 1 Average life-cycle carbon dioxide-equivalent emissions for

different electricity generators (Source: Intergovernmental Panel on Climate

Change (IPCC))

From Figure 1, it is possible to notice how nuclear power
has a very low emission factor (12 gCO, equivalent per pro-
duced kWh), the same as offshore wind turbines. Energy
production from nuclear reactors does not produce any CO,
emission and, for this reason, it is considered as a clean and
low-carbon energy source. Nuclear energy permits the over-
coming of the limitations of the current renewable power
systems, delivering a very high quantity of energy at any time.
As an example, installed power in modern reactors may go
beyond 1 GW as in the case of the newly operating Finland
Olkiluoto reactor (1.6 GW). Thus, the unavailability of such big
power may bring to very significant problems. As a conse-
quence, reliability of the entire equipment involved in the nu-
clear power plants (NPPs) must be very high and continuously
monitored to avoid any accident, system failure, and sudden
power unavailability to the grid.

Existing NPPs started their operation during the 70s and
80s and they are now approaching their end-of-life (FEoL),
designed to be around 40 years. Given the big impact of NPPs
on current energy production, NPP operators wish to extend
the plant operation life to other 20 years. To do so, all the
equipment and components inside the plants need to be
verified and their status should be assessed to be in good
condition. Among the numerous components, low voltage
(LV) cables are very significant in terms of both quantity and
associated role [3-0].

Low voltage cables are widely used inside NPPs for
delivering signals (instrumentation and control (I&C) cables)
and energy (power cables) [7]. Depending on where these
cables are placed, for example, inside or outside the contain-
ment area, close to valves, etc., different safety requirements
are mandatory. In particular, the most common categorization
for these cables distinguishes among cables inside the
containment vessel with and without the need to work after a
nuclear accident (K1 and K2, respectively) and outside the

containment vessel (K3). Given the large quantity and high
safety standards of these cables, the continuous condition
monitoring is highly recommended, and a key issue is still not
properly addressed [3, 7-10].

Performance of LV cables may deplete during their service
time due to environmental stresses, for example, temperature
and radiation, which may be high inside nuclear environments.
In particular, the weakening of the insulation system, which is
made up of polymeric materials, may cause the failure of the
cable, leading to unavailability of important pieces of equip-
ment, for example, safety-related one.

Current procedures [7, 11] assess the suitability of an LV
cable to work in a nuclear environment if its elongation-at-
break (EaB) is higher than 50% (absolute value). This value
comes from a report issued by the Electrical Power Research
Institute in early 2000s where several nuclear-scale cables were
tested before and after a simulated loss of coolant accident
(LOCA). It was verified that all the cables resisting the LOCA
owned an EaB >50%, which was chosen as an end-of-life
criterion. This mechanical criterion is very suitable for cable
ageing assessment because the EaB property well follows the
ageing evolution, and it guarantees the minimum mechanical
properties required in real environments. Nonetheless, the use
of this criterion is limited by the destructiveness of the testing
technique, and consequently, the impracticality to continuously
monitor the cable conditions.

Thus, in recent years, various monitoring techniques have
started being proposed aiming to overcome these issues. On
one hand, physical-chemical techniques require very small part
of the cable insulation (microsampling) for a correct analysis of
the ageing state of the cable system. Therefore, these tech-
niques can be considered as quasi-nondestructive ones. On the
other hand, electrical techniques are fully nondestructive
techniques, and they can be performed onsite, providing useful
insights on the cable-insulating properties and their variation
with ageing [9, 12-17].

As an example, Fourier Transform Infra-Red (FTIR)
spectroscopy is a localized technique, and very little samples
are required to propetly perform the analysis. It permits the
evaluation of the chemical groups inside the polymer and
consequently of the products coming from polymer ageing, for
example, oxidized polymer chains. The possibility to quantify
the oxidation inside the samples also allows the assessment of
the expected cable lifetime once the end-of-life criterion is set
[18]. As a drawback, in real conditions, the microsampling can
be done only close to the cable terminations, which may not be
representative of the entire cable, which usually passes across
different environments, resulting into differently aged cable
sections.

With reference to the electrical techniques, dielectric
spectroscopy (DS) is gaining more and more interest in recent
years [13, 15-17, 19-22]. This technique measures the polari-
zation of the insulating material under an applied electric field.
The reference quantity, the complex permittivity, was demon-
strated to propetly follow the ageing evolution of the insulation
system [9, 13, 14, 22]. In addition, the technique is completely
non-destructive, and the measurements are referred to the
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entire cable length since the voltage is applied through the
inner conductor, which is accessible through the cable termi-
nations [9].

Nowadays, various works have already presented the con-
sistency between the variation of the abovementioned tested
quantities with the ageing development for various common
polymeric materials [13, 17, 19, 21-26]. Nonetheless, this huge
amount of data was not properly investigated through in-depth
data analysis techniques such as the principal component
analysis (PCA). This technique showed in various works [27,
28] to well identify and distinguish several parameters of in-
terest, for example, the presence of substances and ageing level
inside the polymer, without prior information on their chem-
ical formulation.

In this work, the authors aim at presenting a broad char-
acterization, through both chemical and electrical analyses, of
polymeric materials used as insulators for LV cables and their
behaviour with ageing, Investigated samples are characterized
by a same crosslinked polyethylene (XLLPE) matrix with an
increasing quantity and complexity of antioxidants (AOs) and
fillers. Analyses on these materials would permit to recognize
the contribution of these additives on the ageing evolution by
correlation with experimental data. Obtained data are then
analysed through the Principal component analysis (PCA)
technique to highlight the role of various parameters, which
may modify the polymer properties with ageing, for example,
additives, absorbed dose, and dose rate.

2 | MATERIALS AND METHODS

2.1 | Materials and ageing

The compositions of the seven model materials used in this
study are given in Table 1. They were manufactured as thin
tapes (0.5 mm thick) and based on silane XILPE as described in
[28]. Polyethylene crosslinked by means of silanes (Si-XLPE) is
widely used as an insulator for LV cables due to its easy pro-
cessability and low-cost manufacturing process. In particular,
the crosslinking phase does not involve any dicumyl peroxides
and no crosslinking by-products are produced during the
process. Two types of AOs were used in Mod2, 3, 4, and 7:
Irganox 1076, inhibiting the propagation of free radicals and
Irganox PS 802, blocking the formation of hydroperoxides
mainly in case of thermal ageing. Moreover, one flame retar-
dant (Alumina Tri-Hydrate (ATH) was added to Mod5, 6, and
7. The impact of these additives on the ageing behaviour of
XLPE has been studied in three radio-oxidant conditions close
to room temperature (low, medium, and high dose rates). The
corresponding accelerated ageing treatments took place in UJV
(Rez, Czech Republic). The tapes were placed in a metallic
cylinder in the irradiator (Panoza for low and medium dose
rates or Roza for high dose rate) and maintained at constant
temperature. The samples were turned over every 3 weeks to
ensure the homogeneous integrated dose in the whole sample
and withdrawals took place at constant time interval. Ageing
condition specifications are reported in Table 2.

| 3

TABLE 1 Description of the compositions the different samples
studied. %, represents the percentage in weight of the additive and/or filler
in the matrix

Name Si-XLPE Irganox 1076 Irganox PS802 ATH

Mod1 100%., - - _

Mod2 99%. 1%, - -

Mod3 99%. - 1%y, -

Mod4 98%., 1%, 1%, -

Mod5 83%, - - 17%,

Mod6 67%¢, - - 33%¢,

Mod7 65.8%,, 0.7%, 0.7%y, 32.8%.
2.2 | Fourier Transform Infra-Red
spectroscopy

FTIR spectra were collected in an Attenuated Total Reflectance
(ATR) mode in the mid-IR domain (400—4000 cm™") using a
Nicolet IS50 FTIR spectrometer equipped with a monolithic
diamond crystal provided by Thermo-Fisher Scientific.

A background spectrum was first acquired in ambient
conditions and subtracted to each sample spectrum. During
data collection, the samples were simply clamped in contact to
the ATR crystal. A hundred scans were then performed and
averaged leading to a spectral resolution of 4 cm™" for the final
experimental spectra. Three spectra were collected at three
different locations on each sample to differentiate intrinsic

samples inhomogeneity from ageing-induced chemical
modifications.
2.3 | Dielectric spectroscopy

Permittivity of investigated materials was obtained through a
Novocontrol Alpha dielectric analyser v2.2. Permittivity €, as a
complex quantity, can be written as follows:

e=¢ —j (1)

where ¢ is the real part of permittivity related to the energy
stored in the material, and €” is the imaginary part of
permittivity related to the dielectric losses of the material.

The device operates at 3 V in the frequency region 107°—
10° Hz. The considered frequencies allow the evaluation of
dipolar polarization for frequencies higher than 10* Hz. On the
contrary, lower frequencies are mainly related to interfacial
polarization and movements of charge carriers due to con-
duction mechanisms. Measurements were conducted at room
temperature for all the considered materials and ageing
conditions.

Among these frequencies, it was chosen to report, in the
result section, the trend of complex permittivity at 100 kHz.
Though, the entire dielectric spectrum is used for the PCA data
analyses. The considered frequency (100 kHz) was found to be a
good marker for the assessment of polymer ageing [13—15, 29].
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TABLE 2 Accelerated ageing conditions

Ageing condition Dose rate (Gy -h_j)

Temperature (°C)

Withdrawal dose (kGy) Max. aged dose (kGy)

Low dose rate 8.5 47
Medium dose rate 77.8 47
High dose rate 400 21
Combined ageing 8.5 87

~24 ~138
~67 ~374
~67 ~336
~24 ~138

The reason for that is found on the dipolar polarization
mechanism occurring in that frequency region. Indeed, the
degradation products coming from polymer ageing are char-
acterised by a permanent dipole whose estimated moment can
reach values up to 3 Debyes. The presence of dipoles mod-
ifies the material behaviour once an electric field is applied,
leading to an increase of dielectric losses in the frequency
region related to the dipolar polarization (10°-10° Hz) [30].
In addition, DS is a quantitative technique allowing the cor-
relation of the amplitude of the peak with the concentration
of dipolar species inside the material as it will be discussed in
the following section.

2.4 | Principal component analysis for data
treatment

PCA is a tool commonly used in chemometrics and it was
described in a previous study [28, 31]. The principal compo-
nent analysis is an unsupervised modelling method, also known
as the projection method, and it is often the first step in the
exploratory data analysis aiming to find patterns in the data.
The procedure establishes a linear spectral model, which allows
original and correlated variables to be converted into uncor-
related variables called principal components or loadings.
These latent variables contain the main information and ate
calculated from data differences and similarities. The proced-
ure also reduces data with no information loss: generally, a
small number of principal components (PCs) is sufficient to
summarise the available information. The principal component
analysis is otiented towards modelling the variance/covatiance
structure of the data matrix into a model, which is based on the
significant data differences (significant scores) and considers
noise as an error. The number of principal components de-
pends on the model complexity. Generally, the first component
extracts the largest source of variance and the last one only
extracts noise. For infrared spectra, the spectral range 1800—
670 cm™" was used for chemometrics treatment and it corre-
sponds to 588 numerical points.

3 | EXPERIMENTAL RESULTS AND
DATA ANALYSES
3.1 | Fourier Transform Infra-Red results

In this section, results coming from FTIR-ATR measurements
as well as related PCA are reported. Due to the significant

number of different polymer compounds, it was chosen to
report experimental results related to the neat XILPE (Mod1),
XLPE stabilised with AOs only (Mod2, 3, and 4), and the full
stabilised XLPE (Mod7). On the contrary, the full set of data
will be used for the PCA data treatment.

3.1.1 | Experimental results and discussion

For easier comparison of the different samples, the FTIR-ATR
spectra presented in this section have been normalised by the
intensity of the band located at 1472 cm™" (8-CH, deforma-
tion in the plane), which are considered as an internal standard
(not affected by the ageing conditions). A focus on the hy-
droxyl zone extended up to 2900 em™ (3800-2900 cm™Y),
carbonyl (1850-1600 cm™"), and ester regions (1500-900 ecm™)
was made to highlight the changes occurring in the samples
during ageing. A recap of the main IR bands observed in the
different tapes is shown in Table 3.

FTIR-ATR spectra for unaged Mod1, 5, and 6 exhibit the
same absorption bands exception given for the signal attrib-
uted to ATH visible both in the hydroxyl (3619-3372 cm™")
and ester (1020-912 cm™") regions of Mod5 and 6 (Figure 2).
A/A (1472) is the ratio between the absotbance of the
considered peak and the absorbance of the peak at 1472 cm™!
(reference peak). The signal of ATH does not evolve with
irradiation time whatever the dose rate and temperature. In
these three unaged samples, no additional absorption band can
be observed in the carbonyl region nor the hydroxyl region. In
the first period of irradiation, for every dose rate, absorption
bands appear in the carbonyl zone at 1733 and 1712 em™' (as
shown in Figure 3 for Mod1) correlated with the appearance of
peak at 932 cm™" in the ester zone (Figure 2 for Mod1). These
bands can only be attributed to oxidation products of XLPE
(carboxylic acids and esters in this case as ATH is not sup-
posed to react in the tested conditions). Two broader bands
attributed to y-lactones and vinyles appear later at 1770 and
1625 ecm™, respectively (from 389 days of irradiation at low
dose rate and 125 days at medium dose rate). These two bands
are correlated with the ones observed at 1408 and 1284 cm™!,
respectively. The signal of oxidation products is higher at
medium and low dose rates compared to high dose rates.
These observations highlight that the clear degradation of
XLPE under gamma irradiation and that radio-oxidation is less
damaging for pure XLPE at a high dose rate. Indeed, at
400 Gy h™", dissolved oxygen is being consumed faster than at
8.5 Gyh™'and 77 Gy h™". Then, it is possible to suppose that
the permeation of atmospheric oxygen may not be efficient
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TABLE 3 Main IR bands observed in the samples and their evolution after ageing ((+) increase of intensity (—) decrease of intensity (0) no change)
Samples Wavenumber (cm_i) Type of vibration Evolution with ageing Ref.
Unaged XLPE 2919, 2883 v-(CHy) stretching asymmetric ©) [306]
2851, 2848 v-(CHy,) stretching symmetric
1472 and 1462 8-(CH,) deformation in the plane (amorphous and crystalline) ©)
1367 and 1352 y-(CH,) wagging (amorphous and crystalline) (0)
1379 8-(CHj3) bending (amorphous) (0)
1087 v-(CH,) rocking amorphous (theoretically at 1078 cm_l) =)
1020 y-(CH,) rocking crystalline (theoretically at 1050 em™h) =)
728-719 8-(CH,) deformation in the plane (crystalline) (0)
ATH 3619, 3524, 3436, 3392, 3371 v-(Al-OH) OH stretching (0) [37, 38]
1020, 966 and 914 (Al-OH) OH bending
792 v-(Al-O) stretching
AO (Irganox 3639 v-(OH) stretching of phenol (Irganox 1076) =) [32, 33]
Il)(;;%;;nd 2954 v-(CH,-S) CH, asymmetric stretching (Irganox PS 802) (0) [39]
1743, 1733 v-(C=0) stretching of ester (Irganox 1076 and PS 802) =) [32]
1394 v-(C-O) stretching of ester (Irganox 1076 and PS 802) ©) [33, 39]
1364 C-OH bending (Irganox 1076) (0)
1240 v-(C-O) asymmetric stretching (Irganox PS 802) +)
1178 v-(C-O) stretching of phenol (Irganox 1076) (+)
1170 v-(C-O) stretching of ester (Irganox PS 802) =)
1275-1185, 1160-1050 v-(C-O-C) stretching of ester asymmetric symmetric +)
(Irganox 1076 and PS 802)
869 8-(CH) bending of aromatic (Irganox 1076) (0)
Oxidation 1770 v-(C=0) stretching +) [40]
products 1734-1735 y-lactones, esters (aliphatic saturated)
1733 Saturated aldehydes
1720-1724 Ketones
1710-1714 Carboxylic acids
1625, 1284 v-(C=C) stretching (phenolic unsaturations) +) [39, 41]
1408 v-(CO-CH3) asymmetric vibration or v-(CO-CH,) +) [36]
symmetric vibration of ketones
1170 y-(CH,) rocking amorphous [39]
1105 v-(C-CO-C) asymmetric stretching of ketones +) [39]
1417 v-(C-O) stretching of aromatic ketones (+)
1313, 1261, 1130 y-(C-CO-C) asymmetric stretching of ketones (+) then (-)
1180 v-(C-O) stretching of ketones +)
988, 932 8-(OH) bending of aromatic carboxylic acids (+) then (=)
1720 3,3 thiodipropionic acid +)
1363 v-(C=0) stretching
1311-1263 »-CH,-S wagging, 8-(O-H)
1234 v = C-O asymmetric stretching
1187 8-(0O-H) and v-(C-O) combination
1130 v-(C-O) stretching
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FIGURE 2 Extended hydroxyl (a) and ester (b) regions of FTIR-ATR spectra of Modl, 2, 3, 4, and 7 (top to bottom) unaged samples, radiolytically aged at
the highest dose obtained at a low dose rate (8.5 Gy h™', 47°C), a medium dose rate (77.8 Gy h™', 47°C), and a high dose rate (400 Gy h™'.21°C)

due to the high consumption pace at high dose rates, leading
to the diffusion limited oxidation (DLO). At 8.5 Gy h™", the
oxidation may permeate more easily into the sample. As a
matter of fact, longer ageing times enhance the chance for the
radicals to react with oxygen, leading to the arising of
degradation species, for example, carboxylic acid, ketones,
aldehydes, etc.

Unaged Mod2 and 3 spectra exhibit additional absorption
bands compared to Modl, related to the presence of Irganox
1076 and Irganox PS 802, respectively. Notably, in Mod2
(Figure 2), three peaks at 3639, 3610, and 3583 cm™ " are visible
in the hydroxyl zone. These may be related to the presence of
Irganox 1076 under forms I, II, and IIT [32, 33]. One peak at
1733 cm ™' in the carbonyl region is associated with form I and
a wide range of peaks in the ester one (between 1000 and
1400 cm™") may be related to the different forms. In Mod3, no
band is observed in the hydroxyl region, but a wide range of
new bands are present in the ester one (between 1000 and
1400 cm™") as well as two peaks in the carbonyl region at 1733
and 1743 cm™" (ester groups of Irganox PS 802).

During irradiation at low and medium dose rates, the
principal changes occur in the carboxyl and hydroxyl zones.
Indeed, the three initial bands in the Mod2 hydroxyl zone
disappear. Moreover, the peak observed in the carbonyl region

of Mod2 spectrum is shifted towards lower wave numbers
(1726 then 1716 cm™") corresponding to ketones and car-
boxylic acids and other bands appear at 1737, 1770, and
1627 cm™" (ester and y-lactones groups and phenolic unsatu-
rations, respectively). These band positions differ from Mod1
showing that Irganox 1076 has a stabilising effect in radio-
oxidant conditions. Concerning Mod3, the band present at
1743 cm ™" is shifted to 1739 cm™" and the one at 1733 cm™ ' is
shifted to 1731 em™". Moreover, two peaks appear at 1720 and
1712 em™" showing the formation of ketones and carboxylic
acids, respectively. Mod3 then behaves as Mod1 showing that
Irganox PS 802 is not efficient in these conditions. Indeed, the
effect of primary AOs (Irganox 1076) is to interrupt the
oxidative degradation reaction chain by scavenging the radicals
caused by the environmental stresses. On the contrary, sec-
ondary AOs (Irganox PS802) react with products coming from
the degradation of primary AOs. So that, their protection ef-
fect may be seen only when the two AOs are used in combi-
nation leading to a synergistic inhibition effect.

At a higher dose rate, changes in Mod2 and 3 spectra occur
in a less extent, confirming the reduced impact of oxidation in
these conditions, similar to Mod1, 5, and 6.

The observations performed on Mod2 highlight the con-
sumption of Irganox 1076 during gamma irradiation. Dorey
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FIGURE 3 Carbonyl region of FTIR-ATR spectra of investigated samples. From bottom to top: unaged sample, radiolytically aged at a low dose rate
(8.5 Gy h™', 47°C), at a medium dose rate (77.8 Gy h™', 47°C), and a high dose rate (400 Gy ™', 21°C)

et al. [34] described the complex formation mechanisms
leading to degradation products, which results into an IR
spectrum with hardly identifiable bands except for the ones of
XLPE. The observations made on Mod3 suggest a significant
chemical consumption of Irganox PS 802 during gamma
irradiation. This phenomenon was not observed in the case of
thermal degradation, since physical loss by evaporation is
considered to be the main ageing process [35]. The expected
oxidation product is the 3,3'-thiodipropionic acid, whose
characteristic bands are observed in aged Mod3 spectra at
1720 cm™", 1363 cm ™', 1311 ecm™! to 1263 em™", 1234 cm ™,
1187 em™", and 1130 cm™" (Figure 2).

Unaged Mod4 and Mod 7 spectra ate very close to each
other, and they are a mixture between Mod2 and 3 signals.
Only one band at 3639 cm™" out of three visible in Mod2 is
observed in the hydroxyl zone of Mod4 and 7, which indicates
that Irganox 1076 is only present in its polymorphic form I.
Alumina Tri-Hydrate bands are again observed in the hydroxyl
and ester regions of Mod7 spectrum as it is the case for Mod5
and 6. One peak is visible in the carbonyl zone at 1733 cm™"
with a shoulder located at 1743 cm_1, which is the sign of both
Irganox 1076 and Irganox PS 802.

During radio-oxidative ageing (at low and high dose rates),
the peak at 1743 cm ™ is shifted towards a lower wave number
(at 1741 ecm™"), and the relative absorbance of the doublet is
reversed (Figure 3 for Mod4 and Mod7). For the highest dose
obtained at a medium dose rate, these bends result to be
broader. In addition, a broad peak centred at 1735 cm™! with
two shoulders at 1720 and 1710 cm™" appears corresponding
to the formation of ketones and carboxylic acids. In the hy-
droxyl region (Figure 2), the band observed at 3639 cm™'
rapidly disappears with irradiation as for Mod2.

The following main conclusions can be inferred from the
different observations described in this section:

- High dose rate induces less degradation of XLPE and sta-
bilised XLLPE because of DLO.

- Irganox 1076 has an efficient stabilising effect towards radio-
oxidation of XIL.PE whether used alone or in association
with Irganox PS 802.

- Irganox PS 802 has been consumed under radio-oxidant
conditions at room temperature, but this phenomenon did
not result in any stabilisation of XLPE.

- ATH is not impacted by radio-oxidation and has no effect at
all on XLPE degradation in these conditions.

3.1.2 | Principal component analyses on Foutier
Transform Infra-Red

(1) General analyses on a complete dataset

In Figure 4, the two first principal components represent
91% of the total variance included in the spectra. The scores
show one group with Mod1, Mod2, Mod3, and Mod4 on the
negative part of PCl and Mod5, Mod6, and Mod7 ate
regrouping in the positive part of PC1. The different groups
are explained by the composition of each model according to
the presence of additives and their concentration. In the
following, PCAs is presented and discussed per each model.

(2) Mod1 (XLPE without additives)

Figure 5 reports the PCA scores and loadings for Mod1.
The PC1 represents 94% of the total variance. Since the non-
irradiated samples are negatively projected, it may be possible
to highlight that all the aged samples with negative score are
very limitedly impacted by ageing, As the scores attributed to
the high dose rate are all negative, we conclude that the impact
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FIGURE 5 Principal component analysis (PCA) scores (top), Fourier
Transform Infra-Red (FTIR) spectra for all doses and PCA loadings
(bottom) of the PC-1 for the analysis of Mod1. X-axis: 0-5 ageing levels.
Three measurements per each ageing level on aged samples

of gamma irradiation is less important at 400 Gy h™" than for
lower dose rates as discussed for FTIR analyses in the previous
section. For 8.5 and 77 Gy h™" ageing at room temperature, the
scores increase with the dose from negative to positive values
(up to 51 kGy). Finally, it can be noticed that the loading asso-
ciated with PC1 is linked to the absorbed dose and correlated
with carbonyl band intensity.

(3) Mod2 (XLPE (99%, /) with Irganox 1076 (1% /)

With reference to Mod2 PC analyses, Figure 6 reports that
the PC1 explains 85% of the total variance. The scores asso-
ciated with the first component reveal that the impact of
gamma irradiation is, also in this case, less significant for the
high dose rate than for the low and medium ones (Figure 0).
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FIGURE 6 Principal component analysis (PCA) scores (top), Fourier
Transform Infra-Red (FTIR) spectra for all doses and PCA loadings
(bottom) of the PC-1 for the analysis of Mod2. X-axis: 0-5 ageing levels.
Three measurements per each ageing level on aged samples

For the 400 Gyh™'
correlated to the dose, even if the impact of the modification is

ageing, the impact of irradiation is

not homogenous [28]. The loading chart shows positive bands,
which could be attributed to Irganox 1076 (Table 3). In the
negative part of the loadings, the two bands at 1471 and
715 cm™" are again attributed to the XLPE polymer (Table 3).
Firstly, the consumption of Irganox 1076 increases with the
dose received at 400 Gy h™', whereas a strong consumption
occurs at low and medium dose rates regardless of the dose.
Secondly, physical loss of additives can occur by a blooming
effect [28, 33]. Thus, a combination of physical loss and
chemical degradation of the additive should be considered as
discussed in Section 3.1.1.

(4) Mod3 (XLPE (99%., ) with Irganox PS802 (1% «/u))

Regarding Mod 3 PCA (Figure 7), the two first principal
components represent 83% of the total variance. The scores
associated with the first component indicate that the impact of
gamma irradiation is, also in this case, less important for the
highest dose rate rather than for the 8.5 and 77 Gy h™"' dose
rates. For the dose rate at 8.5 Gy ‘h_l, the radiolytic ageing
starts quickly at 87°C and at 51 kGy at room temperature (21°
C). For the high dose rate ageing, no degradation of the
polymer is visible until 336 kGy. Then, PCA shows that the
Irganox PS 802 is consumed according to the dose at
400 Gyh™" and it is consumed independently of the dose at
8.5 Gyh™ and 77 Gy h™".

(5) Mod4 (XLPE (98%y/y) with Irganox 1076 (1% /) and
Irganox PS802 (1% /w))

Figure 8 reports the PCA results for Mod4. PC1 explains
78% of the total variance. The samples irradiated at 8.5 Gy h!
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at 87°C exhibit negative PC1, suggesting a negligible degra-
dation of the polymer. Indeed, thanks to a synergistic effect of
Irganox 1076 and PS802, XLLPE material is strongly protected
from high temperatures. But at room temperature, the gamma-
irradiation effect is the same as the one observed on the sec-
ond formulation (XLPE + Irganox 1076). In this case, the
scores (Figure 8) show that the impact of gamma irradiation is
more significant in the case of lower dose rates. Regarding the
medium dose rate, the degradation is incepted at 81 kGy and it
increases with the dose, wheteas for the 400 Gy h~! dose rate,
the ageing effect is observed after 134 kGy. Then, it results

that, in the case of ageing temperatures close to ambient, there
is no benefit associated with the presence of two additives in
the polymer because results are very similar to those obtained
with Irganox PS 802 only.

(6) Mod5 (XLPE (67%L, ) with ATH (33% < /)

Referring to Mod5 PC analyses (Figure 9), the two first PC
represent 91% of the total variance. For 400 Gy 'hfl, the
sample does not seem to be impacted by irradiation and the
impact of gamma irradiation is visible from 17 kGy dose for
the 8.5 Gyh™" at 87°C, from 36 kGy for the 8.5 Gy h™" at
room temperature, and from 67 kGy for the 77 Gy h™" ageing
(Figure 9). After these doses, the oxidation may take place
since the samples are separated on component one, but two
groups can also be identified on the PC2. Gamma-irradiation
induces the degradation of the polymer in particular with an
increase of the carbonyl band v-C=0 at 1712 cm ™' and change
in the appearance of the vibration v-C-O at 1170 cm™". Finally,
it is worth noting that the ATH additive does not efficiently
protect the XLLPE polymer against radiolytic ageing, especially
at the 77 Gy h™"' dose rate, as already discussed in the FTTR-
related section.

(7) Mod7 (XLPE (65.8%. /) with ATH (32.8% ), Ireanox
1076 (0.7% ), and Trganox PS802 (0.7% )

In the case of Mod7, the two first PCs represent 79% of
the total variance. The impact of gamma irradiation is not
visible until 51 kGy for the 8.5 Gy h™" ageing at room tem-
perature and 298 kGy for the 77 Gy h™' ageing (Figure 10).
For the highest dose rate, interpretation is more difficult due to
a strong heterogeneity of the results. For the PC1, the impact
of gamma irradiation is associated with a decrease of
1020 ecm™" band principally attributed to the ATH additive
(according to Table 3). Nonetheless, the synergistic effect of
the two AOs is present, ensuring a high protection against
degradation mechanisms. Thus, the XLLPE polymer appears to
be protected by the combination of the two Irganox additives
and ATH fillers.

3.2 | Dielectric spectroscopy results

In this section, the results coming from DS measurements as
well as their related PCA are reported. Due to the significant
number of different polymer compounds, it was chosen to
report experimental results related to the neat XLLPE (Mod1),
XLPE stabilised with AOs only (Mod4), and the full stabilised
XLPE (Mod7). On the contrary, the full set of data will be used
for the PCA data treatment.

321 | Experimental results and discussion

Figure 11 displays the complex permittivity as a function of
ageing time and conditions for Modl (Figure 11a,b), Mod4
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FIGURE 9 Principal component analysis (PCA) scores (top), Fourier
Transform Infra-Red (FTIR) spectra for all doses and PCA loadings
(bottom) of PC-1 for the analysis of Mod5

(Figure 11c,d), and Mod7 (Figure 11e,f) at 100 kHz. In all the
considered cases, complex permittivity varies with ageing,
However, its trend results to be significantly modified by the
additives inside the different polymeric compounds [13, 42].

Referring to the neat polymer (Mod1), complex permit-
tivity monotonously increases with ageing. This trend is ex-
pected since no external stabilizers (e.g, AOs) are present
inside the polymeric compound as seen in [43, 44]. The
absence of additional stabilizers allows the oxidative reactions
to freely take place according to the well-known reaction
scheme reported, for example, in [34, 45]. The degradation
products arising with ageing are just given by the oxidation of
the main polymer chain by substituting hydrogen atoms with
oxidised groups, for example, ketones and carboxyl acids, as
seen for the FTIR analyses. These species are highly polar, and,
for this reason, they significantly impact the dielectric response,
particularly at the analysed frequency value, leading to a large
increase of the dielectric quantities (Figure 11a,b). Moreover,
the slope of the increasing trend follows the ageing severity due
to different degradation kinetics, confirming the good corre-
lation between ageing development and growth of the prop-
erty. In addition, it is worth noting how the increase of the
dielectric property is limited in the case of highest dose rate,
mimicking the behaviour already discussed with reference to
the FTIR spectra (Figure 3) due to the DLO effect.

The addition of AOs (Mod4) modifies the trend of the
property with ageing. During the first ageing periods, the
variations of €” are very little and fluctuating around an average
value (stabilisation phase). After a given time, which depends
on the ageing severity, the property starts increasing to
significantly high values (up to 10 times the value related to the
unaged material), mimicking a plain XLPE trend. This
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FIGURE 10 Principal component analysis (PCA) scores (top) and
PC-1 loading (bottom) for Mod7

behaviour may be explained by the role of AOs. In particular,
as already presented, in the initial phases of ageing, AOs
protect the polymer from environmental oxygen. During this
time, the increase of dipolar species due to ageing is limited,
since only the conversion of AOs in their degradation products
occurs. Once the conversion is completed and the AOs are
consumed, oxidation reactions may take place (oxidation onset
time). This leads to the arising of oxidised polymer chains,
which, being strongly polar, enhance the dielectric response at
the investigated frequencies (Mod1 behaviour).

The presence of ATH fillers (Mod7) causes the increase
of the real part of permittivity for both unaged and aged
polymers. In particular, the trend with ageing is very similar
to the one just described for Mod4, but the real part of
permittivity is shifted upwards by a factor of ~0.3. The
reason for that is probably related to the polar properties of
the ATH molecules, which increase the dielectric response of
the material throughout all the analysed frequencies. Simi-
larly, the dielectric losses are also higher than in the case of
unfilled materials (Mod1 and Mod4), bringing the imaginary
part of permittivity for the unaged materials up to 0.013
from ~0.003 (Mod1). It is worth recalling at this point that,
as reported in the previous section, ATH particles atre
inorganic species, so they have no impact on the degradation
kinetics which is, on the contrary, led by AOs. As a further
confirmation, also the trend of the dielectric losses with
ageing is very similar to the one already described for Mod4.
However, the results show that the increasing phase starts
sooner than in the case of Mod4. This phenomenon may be
assigned to the reduction of antioxidant protection by the
ATH molecules. As seen in [13, 46, 47], ATH may deactivate
by physical absorption the -OH group inside the phenolic
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antioxidant, hindering the diffusion of antioxidant in the
polymer bulk and reducing its oxidative protection. As a
result, the antioxidant kinetics results to be limited, leading

to an eatlier oxidation onsite time.

322 |
spectroscopy

The principal component analysis was carried out to highlight
the impact of film formulations and ageing on dielectric
properties. In the following, PCA results are commented

considering the different dose rates.

Principal component analyses on dielectric

Real and imaginary parts of permittivity values at 100 kHz for the different analysed materials and ageing conditions. (a), (b) Mod1; (c),

(1) High dose rate conditions

For the Mod1 to Mod7 on the high dose rate samples, the
obtained PCA shows that the first principal component ex-
plains 89% of the total variance included in the data
(Figure 12). The PCA separates samples based on the material
(Mod1-4 vs. Mod5-7), highlighting the presence of ATH
fillers. For Mod5, the ATH concentration is lower than for
Mod6 and the intensity of scores is lower. There is no clear
effect of the ageing on this result, but we can see that for the
Mod5-7, the scores have higher &” values for frequencies
below 100 Hz due to the interfacial polarization induced by
interfaces of ATH fillers.
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FIGURE 12 Principal component analysis (PCA) on &” for the high
dose rate (Mod1 to Mod7). X-axis: 0-5 ageing levels

(2) Medium dose rate conditions

For medium dose rate samples, the obtained PCA
(Figure 13) shows that 100% of the total variance is explained
by the first principal component included in the data. Modl1,
Mod3, Mod5, and Mod6 reveal a strong effect of ageing,
especially for doses 4 and 5. Mod2, Mod4, and Mod7 do not
exhibit the same behaviour probably due to the protective
effect of Irganox 1076. The results on PC1 highlight the fact
that degraded samples have higher values of ¢” for frequencies
below 1 Hz.

(3) Low dose rate conditions

Concerning low dose rate ageing, the PCA in Figure 14
shows that the first principal component represents 98% of
the total variance included in the data. There is an effect of
ageing for Mod1, Mod3, Mod5, and Mod6 for high doses. On
the contrary, polymers with AOs (Mod2, Mod4 and Mod7)
depict lower values of PC being protected against oxidation
due to the presence of Irganox 1076. We can also see that
degraded samples have higher values of ¢” for frequencies
below 1 Hz.

4 | CONCLUSIONS

In this article, a broad analysis on the ageing of PE-based
materials with different additives and fillers was presented. It
is found that ATR-FTIR and dielectric measurements give
complementary and consistent information at different scales
on radiolytic degradation of the studied material. In particular,
even if the infrared investigations carried out by the ATR-
FTIR analysis are based on the surface (first microns) of the
samples, the results claim good accordance with the ageing
occurring inside the polymer. Similatly, the trend of the
dielectric property propetly follows the ageing development,
depicting different increasing trend slopes according to the
ageing severity.

Through the data analysis, it is found that the dose rate is a
determining factor rather than the dose itself, that is, the
degradation is more important at low dose rates than at higher
dose rates.

012345 012345012345 012345 012345 012345 012345

FIGURE 13 Principal component analysis (PCA) on &” for the
medium dose rate (Mod1 to Mod7). X-axis: 0-5 ageing levels
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FIGURE 14 Principal component analysis (PCA) on &” for the low
dose rate (Mod1 to Mod7). X-axis: 0—4 ageing levels

With reference to the impact of additives on the polymer
properties, it was demonstrated that ATH fillers (Mod 5) do
not modify the ageing evolution of the base polymer. None-
theless, they modify the polar properties of the material,
shifting upwards the complex permittivity trend with ageing;

On the contrary, the introduction of AOs limited the
oxidative degradation of the base polymer. The experimental
results clearly showed through different techniques (FTIR and
DS) that the most effective additive against the radiolytic
oxidative ageing is Irganox 1076, thanks to its scavenging
properties of radicals. On the contrary, the Irganox PS802
showed to be effective only when it is used in combination
with the primary antioxidant (the synergistic effect).

Pprincipal component analyses performed on both ATR-
FTIR and DS results showed to be useful for derivation of
some characteristics of the tested polymers. In particular, it is
shown that PCA scores follow the evolution of material
properties reaching particularly high values in the case of
severely aged materials. In addition, the PCA scores resulted
to be a function of the different additives and fillers inside
the considered material. This permits the distinction of data
clusters as a function of the additive type and the ageing
level.

Future work on this topic will include the systematic
application of the principal component analyses to other
datasets (crosslinking grade, oxidative induction time, nuclear
magnetic resonance, conductivity, etc.), in order to evaluate
cable degradation for broader investigations.
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