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Abstract: In the lifetime extension of nuclear power plants (NPPs) context, aging of electric cables
has to be very well understood in order to predict their end-of-life and thus to replace them on time.
Therefore, evaluation and understanding of the ageing mechanism of the cable insulating material
is mandatory under conditions as close as possible of those encountered in NPPs. In this context,
different formulated crosslinked polyethylenes (XLPE)—one of the polymers used nowadays to
manufacture the insulator layer—have been irradiated under oxidative conditions, at two different
dose rates and at different aging doses. Gases emitted and consumed from the irradiated polymers
were quantified to identify the primary processes happening in the materials and thus the interactions
involved between the different molecules composing the formulated polymers.

Keywords: formulated polyethylene; γ irradiation; radio-oxidation; antioxidants; flame retardant;
dose effect; dose rate effect

1. Introduction

The lifetime extension of nuclear power plants (NPPs) from 40 to 60 years is currently
under study in France [1]. In this context, the aging of all the safety components has to
be evaluated to predict when such components will have to be replaced. Speaking about
nuclear materials often refers to metals and alloys, but polymers represent also safety
organs of primary importance, as they are part of electric cables. NPPs contain thousands
of kilometers of these cables, of any type and size. Since the construction of the first
NPP, very different polymers were used, including halogenated polymers as Neoprene®

and PVC (polyvinylchloride) [2–8], aliphatic polymers, such as PE (polyethylene) and
EPR (ethylene/propylene copolymers) [9–16], or relatively more recently EVA/EPDM
(ethylene/vinyl acetate copolymers crosslinked with ethylene/propylene/diene terpoly-
mer) [17–20]. Nowadays, one of the main polymers employed to manufacture cables is
XLPE (crosslinked polyethylene).

Whatever its use, a polymer is rarely employed pure. To improve some specific prop-
erties and/or to increase their lifetime, additives and fillers are added to the formulation.
As examples, phthalates are added to improve the plasticity of polymers—of PVC in most
cases [21]—whereas aluminum trihydrate is added as a flame retardant [22,23]. The most
known class of additives is the antioxidants one, because these molecules significantly in-
crease polymer service life, and are even added in a relatively small proportion—generally
about 1 phr (phr means parts per hundred rubber: 10 phr of additive means 10 g of additive
have been added to 100 g of polymer). All these added molecules modify polymer aging
because of the interaction with the unstable species generated in the polymer during aging
or simply because of a “dilution” effect, i.e., a less important part of organic matter in the
formulated material [8,18,24–29].

In the NPP service life extension context, one concern is the aging of these organic
materials and their lifetime prediction. Among the aging factors encountered are the
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surrounding temperature, the dose rate, the total dose, the presence of oxygen, the relative
humidity, the presence of ozone, and/or of chemical contaminant. In practice and in the
reactor building where the most penalizing conditions are met, the aging factors to take
into account are a temperature of about 50 ◦C, a dose rate of 0.1 Gy·h−1, and the presence of
oxygen. To be as representative as possible of these conditions, accelerated irradiations have
to be implemented, but with conditions that need to be carefully evaluated. As an example,
in thermo-oxidation aging conditions, Bartoníček et al. [30] recommend not to exceed the
nominal temperature by more than 20 ◦C to maintain reliable thermo-oxidation conditions.

The objective of this article is to understand the aging mechanism of formulated
crosslinked polyethylene upon radio-oxidation; these materials being more and more
commonly employed as cable insulators. To perform this study, formulated model XLPEs
with increasing quantities of different added additives and fillers were irradiated under
oxidative conditions at two different dose rates and at different doses. Gases release during
irradiation gave information on primary processes that modify the polymers at different
ages: we decided to focus on these kinds of modifications. Hence, the emission of different
gases, along with oxygen consumption, were evaluated depending on the formulated
material, the dose rate, and the dose. This work allowed obtaining a better understanding
of the interactions involved between the different molecules composing the formulated
polymer; the final goal was to be able, in the future, to give a better lifetime prediction for
electric cables in NPPs.

2. Materials and Methods
2.1. Materials

Synthesis of the crosslinked polyethylene XLPE was performed by reacting linear
low-density polyethylene LLDPE with vinyltrimethoxysilane as a crosslinking agent and
dicumyl peroxide as an initiator. The LLDPE chosen for this study presents a density of
0.918 g·cm−3 and a melting point of 120 ◦C. This polymer contains a very small quantity of
antioxidants (mainly BHT and Irganox 1076, according to Xu et al. [31]) and was used as
received without any further purification.

Two antioxidants were used is this work. The primary antioxidant chosen was Irganox 1076
(generic name: octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate); its chemical for-
mula is given Figure 1 (left). The secondary antioxidant chosen for this work was Irganox
PS802 (generic name: distearyl thiodipropionate); its chemical formula is given Figure 1 (right).
One flame retardant, ATH, was also added to some samples. It corresponded to aluminum
trihydrate, of which the chemical formula is Al(OH)3.
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Samples were furnished by Nexans France in the form of tapes about 500 µm thick. In
this work, different formulations were evaluated:
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• XLPE M1: XLPE “as received”
• XLPE M2(Irg1076): XLPE + 1 phr of Irganox 1076
• XLPE M3(IrgPS802): XLPE + 1 phr of Irganox PS 802
• XLPE M4(Irg1076-IrgPS802): XLPE + 1 phr of Irganox 1076 + 1 phr of Irganox PS 802
• XLPE M5(ATH25): XLPE + 25 phr of ATH
• XLPE M6(ATH50): XLPE + 50 phr of ATH
• XLPE M7(Irg1076-IrgPS802-ATH50): XLPE + 1 phr of Irganox 1076 + 1 phr of Irganox

PS 802 + 50 phr of ATH

2.2. Irradiation Conditions

Accelerated aging irradiations were performed at the Panoza facility (UJV, Rez, Czech
Republic), using a 60Co source. Alanine dosimeters were used, without further electronic
correction, to take into account the electronic density difference between water and poly-
mers. Uncertainties in given doses were about 6.5%. Formulated polymer tapes were
placed at a given and known distance from the source to obtain the desired dose rate.
Air flowed inside the irradiator chamber, and the temperature was roughly constant and
approximately equal to 45 ◦C.

In this experimental series, two dose rates were employed, and for each dose rate,
three doses were achieved:

• Low dose rate corresponds to 5 Gy·h−1. The three doses achieved at this dose rate
were equal to 25 kGy, 67 kGy, and 138 kGy.

• Medium dose rate corresponds to 40 Gy·h−1. The three doses achieved at this dose
rate were equal to 67 kGy, 220 kGy, and 374 kGy.

To analyze gases emission and oxygen consumption, polymers have to be irradiated
in closed containers. Hence, a second irradiation has to be performed, at doses as low as
possible in comparison to the initial dose in order to keep the material signature. The use
of this two-step irradiation protocol has already been presented in previous articles [32–34]
and has many advantages. For instance, when a polymer is irradiated under an oxidative
atmosphere, radicals are formed and react with oxygen—the well-known radio-oxidation.
In case of irradiation in a closed container and if the dose is important, oxygen is consumed
up to its depletion; in such case, irradiation is not homogeneous and results are unusable.
The two-steps protocol allows to avoid such experimental drawbacks, among others.

To prepare the second step irradiation, polymers were placed in glass closed ampoules,
as presented in Figure 2. The atmosphere inside the containers was introduced at a known
pressure before sealing. We chose reconstituted air (20.0% O2, 77.99% N2 and 2.01% Kr).
In this gas mixture, krypton was used as a tracer to determine the final pressure after
irradiation inside the closed container because of its inertness towards irradiation. After
preparations, the second irradiation was performed using the POSEIDON facility (LABRA,
CEA Saclay, France), using a 60Co source. Dosimetry was performed using a UNIDOS PTW
dosimeter equipped with a calibration chamber. Dosimetry was performed just before
irradiation by placing the ionization chamber of the dosimeter at the same place as the
samples. In these irradiation conditions as well, no electronic correction was realized.
Uncertainties on given doses were less than 6%. In the present study, the dose rate achieved
was of 1.06 kGy·h−1 and for each formulated polymer at each dose, two glass containers
were irradiated at two low different doses, i.e., 12.7 and 25.4 kGy.

Between the two dose steps, samples were stored under an inert atmosphere in the
dark to prevent or at least reduce further aging due to post-oxidation.

2.3. Radiation Chemical Yields Determination

Gas analyses were performed using a high resolution gas mass spectrometer from
Thermo Fischer Scientific (MAT-271) [34]. This mass spectrometer is equipped with a
ionization chamber in which gas ionization is realized through electron impact. The
gas fragments (or ions) produced by the ionization step are separated using a magnetic
sector. Finally, ion detection of the different ions is performed by a Faraday cup and
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electron multiplier—depending on the m/z fragment concentration. The mass ranged
from 1 to 100 amu.
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The instantaneous formation rate of gas X, GD(X) was determined using its partial
pressure after irradiation in a closed container according to Equation (1), given below. This
formation rate is called GD(X) because it is equivalent to the radiation chemical yield
extrapolated at dose D.

GD(X) =
1
d
·d[X]

dt
=

Pf ·%vol,X ·Vf ree

R·T·∆D·m (1)

where d is the dose rate in Gy·s−1, [X] is the concentration of the gas X in mol·kg−1

measured after irradiation at a given dose ∆D in Gy, Pf is the total pressure in the glass
ampoule at the end of the irradiation in Pa, %vol,X is the gas X volume fraction, Vf ree is the
free volume in the glass ampoule in m3, R is the gas constant, T is the sample’s temperature
under irradiation in K, and m is the mass of the irradiated sample in kg.

Uncertainty was always inferior to 10% in the hydrogen emission case; it was slightly
higher than 10% in case of oxygen consumption and of carbon dioxide release.

3. Results
3.1. Radiation Chemical Yields Extrapolated at Zero Dose

Table 1 summarizes the different radiation chemical yields extrapolated at zero dose.
Error bars correspond either to the mass spectrometry uncertainty or to the standard
deviation between the two glass ampoules of each sample, whichever was higher.

Whatever the dose rate, in case of XLPE without inorganic matter—from XLPE M1
to XLPE M4(Irg1076-IrgPS802)—the hydrogen radiation chemical yields extrapolated at
zero dose correspond to the mean value obtained from the compiled data of the literature:
(3.6 ± 0.4) × 10−7 mol·J−1 [35]. The hydrogen formation reaction is known to be very
fast because of the extremely high reactivity of the free radicals leading to the formation
of this gas. As all the fully organic materials present equivalent radiation to chemical
yields extrapolated at zero dose, this implies that none of the antioxidants in this study
are protecting the polymer chains from the primary reactions induced by the interaction
of ionizing rays/matter. This result was attempted because the formation of hydrogen
is faster than the formation of peroxide radicals and, thus, of hydroperoxydes, on which
antioxidants act. Nonetheless, Irganox 1076 contains an aromatic ring, an efficient energy
sink [36–39], and no effect was observed. This implied that the Irganox 1076 concentration
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was not sufficient to give an efficient radiation protection effect in regards to the energy
transfer and primary mechanisms.

Table 1. Radiation chemical yields extrapolated at zero dose, obtained for the seven samples.

G0(H2) G0(-O2) G0(CO2)

(10−7 mol·J−1)

XLPE M1 3.7 ± 0.3 17.9 ± 2.4 0.91 ± 0.16
XLPE M2(Irg1076) 3.4 ± 0.3 4.6 ± 0.5 0.20 ± 0.02

XLPE M3(IrgPS802) 3.3 ± 0.3 12.0 ± 1.2 0.66 ± 0.07
XLPE M4(Irg1076-IrgPS802) 3.3 ± 0.3 6.5 ± 0.7 0.29 ± 0.03

XLPE M5(ATH25) 2.9 ± 0.3 11.2 ± 1.1 0.63 ± 0.06
XLPE M6(ATH50) 2.7 ± 0.3 10.7 ± 2.1 0.67 ± 0.17

XLPE M7(Irg1076-IrgPS802-ATH50) 2.4 ± 0.3 4.6 ± 0.5 0.28 ± 0.03

Table 1 shows also that for XLPE M1, XLPE M3(IrgPS802), XLPE M5(ATH25), and
XLPE M6(ATH50), the oxygen consumption radiation chemical yields extrapolated at zero
dose were markedly higher than those for materials containing Irganox 1076, i.e., XLPE
M2(Irg1076), XLPE M4(Irg1076-IrgPS802) and XLPE M7(Irg1076-IrgPS802-ATH50). On the
one hand, the G0(-O2) was higher than 12 × 10−7 mol·J−1 whereas it ranged between 4
and 7 × 10−7 mol·J−1 for materials protected with the primary antioxidant. This important
difference with and without Irganox 1076 proves its effective protection on the oxidation
process, the primary antioxidant being very efficient in the termination of the propagation
reaction of the Bolland and Gee mechanism [40]. Hence, it limits, in a very important
way, the reaction of oxygen with the radicals formed in the XLPE polymers because of the
γ-irradiation. This result is also confirmed by the G0(CO2) of the different materials, which
were also far less important for XLPE M2(Irg1076), XLPE M4(Irg1076-IrgPS802), and XLPE
M7(Irg1076-IrgPS802-ATH50) than for XLPE M1, XLPE M3(IrgPS802), XLPE M5(ATH25),
and XLPE M6(ATH50). This gas is formed by decomposition of oxidized species—stable
or not [41–43]—and these oxidized species are necessarily formed by mechanisms that
require prior oxygen incorporation in the polymer chain. The less oxygen incorporated in
the polymer, the less carbon dioxide release possible.

The effect of the presence of the secondary antioxidant Irganox PS802 could be evalu-
ated by comparing XLPE M1 and XLPE M3(IrgPS802) on one hand and XLPE M2(Irg1076)
and XLPE M4(Irg1076-IrgPS802) on the other. As there is no observable difference between
these two couples, it can be deduced that the secondary antioxidant Irganox PS802 has
no effect on the gas release and consumption, neither alone nor in combination with the
primary antioxidant. This can be explained by the fact that secondary antioxidants de-
compose hydroperoxides to stabilize aged materials [44]. At the very low doses employed
to evaluate the radiation chemical yields extrapolated at zero dose, it can probably be
assumed that the concentration of hydroperoxides was not high enough to initiate their
decomposition.

In case of XLPE materials which contain inorganic matter—from XLPE M5(ATH25) to
XLPE M7(Irg1076-IrgPS802-ATH50)—the hydrogen radiation chemical yields extrapolated
at zero dose were noticeably lower than the mean value in the literature [35]. Nonetheless,
by normalizing the radiation chemical yields obtained to the organic content of the materi-
als, the mean value of the literature was retrieved. In a concomitant way, normalizing the
oxygen consumption and the carbon dioxide emission radiation chemical yields extrapo-
lated to zero dose by the organic content in the XLPE under study allowed to retrieve the
value of XLPE M1 as well. This implies that, at least at very low doses, the flame retardant
presence in the polymer had no effect on the degradation mechanisms induced by the
irradiation under oxidative atmosphere in the XLPE, at the molecular level.

3.2. Dose Effect

Figure 3 presents the hydrogen emission radiation chemical yields obtained for the
seven different materials in this study.
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Whatever the XLPE polyethylene under study, the hydrogen radiation chemical yield
decreases when the dose increased. This dose effect has previously been observed under
an inert atmosphere [45,46] as well as under an oxidative atmosphere [32] when pure
polyethylene was irradiated. The observed decrease has been previously ascribed to the
formation of new bonds, also called defects, which act as energy scavengers [45,46]. This
behavior implies that under homogeneous irradiation conditions, the higher the defect
concentrations, the lower the GD(H2). We can define a hydrogen release decrease factor
as the ratio between the non-irradiated material to the same material irradiated at the
highest dose. This factor is determined to be roughly equal to 2.3 for XLPE M1, XLPE
M3(IrgPS802), XLPE M5(ATH25), and XLPE M6(ATH50), and to 1.4 for XLPE M2(Irg1076),
XLPE M4(Irg1076-IrgPS802), and XLPE M7(Irg1076-IrgPS802-ATH50)7. As already intro-
duced in the Section 3.1, the higher the defect concentrations, the higher the hydrogen
radiation chemical decrease. Hence, this decrease factor is indirectly proportional to the
quantity of defects. It can be deduced that the quantity of defects which behave as en-
ergy sink and which are formed by the radiation oxidation process in XLPE M1, XLPE
M3(IrgPS802), XLPE M5(ATH25), and XLPE M6(ATH50) is noticeably higher than in XLPE
M2(Irg1076), XLPE M4(Irg1076-IrgPS802) and XLPE M7(Irg1076-IrgPS802-ATH50). The
difference between these two groups of XLPE being the presence of Irganox 1076 in the
second group, it can be deduced that this primary antioxidant is conferring an important
protection to radio-oxidation—pointing out, even indirectly, its efficiency.
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Figures 4 and 5 present, respectively, the oxygen consumption and the carbon dioxide
release radiation chemical yields obtained for the seven different materials of this study.
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(D) XLPE M4(Irg1076-IrgPS802), (E) XLPE M5(ATH25), (F) XLPE M6(ATH50), and (G) XLPE M7(Irg1076-IrgPS802-
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symbols for 5 Gy·h−1 and solid symbols for 40 Gy·h−1), for (A) XLPE M1, (B) XLPE M2(Irg1076), (C) XLPE M3(IrgPS802),
(D) XLPE M4(Irg1076-IrgPS802), (E) XLPE M5(ATH25), (F) XLPE M6(ATH50), and (G) XLPE M7(Irg1076-IrgPS802-ATH50).

Figures 4 and 5 highlight the effect of the presence of Irganox 1076 already observed in
the case of the radiation chemical yields extrapolated at zero dose. In the case of the XLPE
materials without hindered phenol molecules, i.e., for XLPE M1, XLPE M3(IrgPS802), XLPE
M5(ATH25) and XLPE M6(ATH50), the radiation chemical yields of oxygen consumption
are roughly constant with dose in the dose range studied. Oxygen reacting with radicals
formed in the polymer, this constant evolution can be explained by a competition between
two mechanisms acting on radical formation when dose increases. First, there is a decrease
in the radical formation because of the quantity of defects present in the polymer that
increases with dose, these new bonds acting as energy sink (cf. just above). Second, there is
an increase in the radical formation because of the degradation of these energy sinks, which
form new radicals. The increase in the oxidized defects degradation is highlighted by the
increase of carbon dioxide release (Figure 5), this gas being formed by decomposition of
oxidized species. In the case of XLPE M2(Irg1076), XLPE M4(Irg1076-IrgPS802), and XLPE
M7(Irg1076-IrgPS802-ATH50) at a medium dose rate, Figures 4 and 5 show that there is a
progressive acceleration in the formation of GD(-O2) and GD(CO2) with the dose irradiated.
This acceleration probably comes from the Irganox 1076 consumption upon irradiation, the
shape of the oxygen consumption as a function of dose having already been observed and
explained in such a way [47].
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The effect of the presence of the secondary antioxidant Irganox PS802 can be evaluated,
as for materials irradiated at very low dose (cf. Section 3.1) by comparing XLPE M1
and XLPE M3(IrgPS802) on the one hand and XLPE M2(Irg1076) and XLPE M4(Irg1076-
IrgPS802) on the other. It can be observed that whatever the dose, in the dose range of this
study, there was no observable difference between these two couples. Hence, the secondary
antioxidant Irganox PS802 has no effect on the gases released and consumed, neither alone
nor in combination with the primary antioxidant. This result is more surprising than at a
very low dose, because at the high dose employed in this study, hydroperoxides should be
at a non-negligible concentration. We will come back on this point in the Discussion section.

In the same way as in the case of Irganox PS802, whatever the dose, the presence of the
flame retardant ATH did not lead to any differences in gases emissions and consumption
radiation chemical yields, after normalization to the organic content in the material. Hence,
the absence of the effect of the presence of this inorganic molecule observed by comparing
the different materials at zero dose, at the molecular scale, was retrieved whatever the
dose—in the dose range of this study.

3.3. Dose Rate Effect

Figures 3–5 present the dose effect and also the dose rate effect. They all show that
there was a dose rate effect on the hydrogen emission but only in the cases of XLPE M1,
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XLPE M3(IrgPS802), XLPE M5(ATH25), and XLPE M6(ATH50), i.e., for materials that do
not contain the primary antioxidant.

Equivalent to the observations realized in the case of the analysis of the dose effect,
this difference is ascribed to a difference in the defect concentration. For these materials,
it is supposed that the more important GD(H2) decrease is an illustration of the Decker
and Mayo relationship between oxidation of a material and the dose rate [47]: the lower
the dose rate, the higher the quantity of oxidized defects in the material. This assumption
is validated by the observation of the carbon dioxide emission, this gas being necessarily
formed by mechanism(s) that require prior oxygen incorporation in the polymer chain.

It has to be pointed out that in case of XLPE M3(IrgPS802) and XLPE M6(ATH50)
at low dose rate, the evolutions of GD(-O2) and of GD(CO2) are not so monotonic; there
is a decrease of both radiation chemical yields at 138 kGy. We believe that these data
were different from the others because of a quantity of crosslinks that is different for
these samples than for the others or because of a slightly lower oxygen supply during
the irradiation for these samples than for the others (this because all the samples were
irradiated at the same time, in a constrained volume). We think that the observed decrease
is not representative of a real oxidation depletion: radiation chemical yields evolutions
have to be evaluated in these two cases as a trend.

In presence of Irganox 1076, i.e., in case of XLPE M2(Irg1076), XLPE M4(Irg1076-
IrgPS802), and XLPE M7(Irg1076-IrgPS802-ATH50), the hydrogen and carbon dioxide
emissions as well as the oxygen consumption are equivalent at both dose rates. As hydrogen
decrease is linked to the quantity of new bonds in polymer chains, it is deduced that for
materials containing the primary antioxidant, the quantity of defects is the same at both
dose rates. This assumption is also supported by the CO2 emission concentrations, that
were equivalent for the two dose rates. Hence, no dose rate effect was observed for
materials containing Irganox 1076. We will come back on this point in the Discussion
section.

Finally, the absence of effect of the presence of the flame retardant, ATH, and of the
secondary antioxidant Irganox PS802 is retrieved whatever the dose rate. Whatever the
conditions, there is no interaction at the molecular level between the flame retardant and
the organic part of the formulated polymers.

4. Discussion

The seven materials of this study can be separated into two groups, the first one con-
taining the materials without the primary antioxidant (i.e., XLPE M1, XLPE M3(IrgPS802),
XLPE M5(ATH25), and XLPE M6(ATH50)) and the second one with the materials that
contain Irganox 1076 (i.e., XLPE M2(Irg1076), XLPE M4(Irg1076-IrgPS802), and XLPE
M7(Irg1076-IrgPS802-ATH50)). This evidences the important effect of the presence of this
primary antioxidant.

For the first group, without primary antioxidant, the evolution the gases emission and
oxygen consumption are following the equation of Decker and Mayo [47]: the higher the
dose rate, the lower the oxygen consumption and, thus, consequently, the lower the quantity
of defects in the irradiated material. This evolution is highlighted, for polyethylenes
XLPE M1, XLPE M3(IrgPS802), XLPE M5(ATH25), and XLPE M6(ATH50) by the GD(H2)
evolution; when dose increases, hydrogen emission decreases—the importance of the
decrease being dependent of the dose rate. For these materials, oxygen consumption
is roughly constant in the dose range of this study. This has been attributed to two
competing reactions in the radical formation of: (i) the decrease in the radical formation in
the unmodified polymer’s chains because of the presence of the radiation-induced defects,
which act as energy sinks and (ii) the increase in the radicals formation because of the
degradation of these energy sinks, which form new radicals.

Decker and Mayo [47] have shown that when an antioxidant is present in the material,
the rate of oxygen consumption—and hence the quantity of defects—increases very slowly
with the irradiation dose up to the exhaustion of the antioxidant and then increases
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equivalently to the unprotected material. This is the case of the second group, that is
for materials being protected by a primary antioxidant (i.e., XLPE M2(Irg1076), XLPE
M4(Irg1076-IrgPS802) and XLPE M7(Irg1076-IrgPS802-ATH50)). For these polyethylenes,
the oxygen consumption radiation chemical yields are low at low dose and then increases
with dose, highlighting the consumption of Irganox 1076 with dose. It can moreover
be remarked on Figure 4 that at the highest dose of this study, i.e., 374 kGy, the oxygen
consumption radiation chemical yield is roughly the same for the seven materials of this
study (to the organic content). This observation can be explained by a total consumption
of the primary antioxidant at such high dose, this hypothesis being confirmed by results
of Przybytniak et al. [48]. These authors found that in the same conditions and for the
same polymers, Irganox 1076 is entirely consumed at a dose around 374 kGy. Materials
will thus begin to degrade at this high dose. As at low dose rate and up to 138 kGy, the
evolution of the gases perfectly follows the evolution of the gases emitted and consumed
at medium dose rate, it can be concluded that Irganox 1076 is not totally consumed in
XLPE M2(Irg1076), XLPE M4(Irg1076-IrgPS802) and XLPE M7(Irg1076-IrgPS802-ATH50)
polymers at 138 kGy when irradiated at low dose rate and that the protection of the primary
antioxidant remains effective at this dose. Both doses are far higher than the ones expected
in NPPs after 60 years of service.

The second observation arising from this study is that neither the flame retardant nor
the secondary antioxidant has an effect on the gases emission and consumption, which
means that there is no effect of these molecules at the molecular level, whatever the dose
and the dose rate—in the ranges of study. In case of ATH, this result might be surprising as
effects have from time to time been reported in the literature, but it should be kept in mind
the distinction between the molecular scale where no effect of the ATH presence has been
reported in the literature [48,49], and macroscopic scale where an pronounced effect of this
flame retardant has been observed [17,18,20].

The action of thioester antioxidant is to decompose hydroperoxides, leading to
the formation of alcohols on one side and of sulfoxides and sulfonic acid on the other
side [44,50–53]. Hence, Irganox PS802 stabilizes the polymer by avoiding or at least reduc-
ing the in-chain oxidation mechanism, and an effect should thus be visible on the oxidized
gases consumption and emission—at least at high doses where the hydroperoxides bonds
are in non-negligible concentration. However, no effect of this secondary antioxidant is
observed in this study. Two hypotheses can be advanced, the first one being that this kind
of antioxidant is only efficient at temperatures more important than room temperature.
It is in fact more generally used in thermo-oxidation ageing studies [54,55], whereas the
present study is realized at moderated irradiation temperature. A second hypothesis is
that the concentration of hydroperoxide is not sufficient in the material for this reaction to
be effective and observable.

5. Conclusions

In the context of NPP lifetime extensions from 40 to 60 years, the behavior upon
irradiation under oxidative conditions of different crosslinked polyethylenes XLPE has
been evaluated, as a function of the additives and fillers added in the raw material but also
as a function of the irradiation conditions. Evaluation of the modifications in the materials
has been realized through the quantification of emitted hydrogen, of oxygen consumption
and of carbon dioxide release.

At the very beginning of the materials ageing, the additives and fillers have no effect
on the hydrogen release, but presence of Irganox 1076 allows an important decrease of
the oxygen consumption and of the carbon dioxide release. This confirm the important
protection against oxidation given by this molecule.

When dose increases, the gases emission and oxygen consumption radiation chemical
yields evolutions are explained in concordance with the pioneering results of Decker and
Mayo [47]. In absence of Irganox 1076, the lower the dose rate, the higher the oxidation
and the defects formation—hydrogen evolution being representative of the concentration
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of these defects. In presence of the primary antioxidant, the oxygen consumption increases
very slowly with dose up to the exhaustion of the antioxidant. Total consumption of
Irganox 1076 was determined to be roughly 374 kGy at a medium dose rate, and strictly
higher than 138 kGy at a low dose rate. Both doses are far higher than the expected dose
received by cables in the NPPs after 60 years of service; the good behavior at the chemical
level of XLPE cables containing Irganox 1076 is here demonstrated.

Finally, it has been evidenced that in the conditions of this study and, there is no effect
of the presence of ATH—except obviously the “dilution” effect. The secondary antioxidant
Irganox PS802 has been shown not to protect the polymer, even at highest dose of this study
and at a temperature of 47 ◦C, which is a temperature equivalent to the one encountered in
NPPs, at the closest of the reactor. It might be supposed that this secondary antioxidant is
not necessary in the NPPs cable formulation. Investigations need to be evaluated further.

Author Contributions: Conceptualization, M.F.; investigation, M.F.; methodology, M.F., F.C. and
M.C.; visualization, M.F. All authors have read and agreed to the published version of the manuscript.

Funding: The Team Cables project leading to this application has received funding from the Euratom
research and training program 2014–2018 under grant agreement No 755183.
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