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Glossary
Abbreviation/ acro- Description
nym
AO

Antioxidant

C=O

Carbonyl species

DSC

Differential scanning calorimetry

DFT

Density Functional Theory

DMTA

Rheometry in solid state

FTIR

Fourier transform infra-red

GGA

Generalized Gradient Approximation

I

Dose rate

IR

Infra-red

OH

Hydroxyl species

OIT

Oxidation induction time

POOH

Hydroperoxides

Si-XLPE

Silane-crosslinked low density polyethylene

T

Temperature

XLPE

Crosslinked low density polyethylene
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1 Executive Summary
The work package 4 (WP4) of the TeaM Cables project deals with the modelling at molecular, microand macroscales of polymers aged in conditions representative of normal ageing (thermal ageing with
and without gamma irradiation). The objective of this WP is to use characterizations carried out in WP3
in order to: (i) Establish kinetic modelling of chemical ageing mechanisms, (ii) Develop mechanical
modelling related to the polymer structure and outputs of the kinetic modelling, (iii) Develop physical
modelling related to the polymer structure and outputs of the kinetic modelling, and (iv) Develop electrical modelling related to the polymer structure and outputs of the kinetic modelling.
This document represents the deliverable D4.3 of the work package WP4. It deals with the kinetic
modelling of the radio-thermal ageing of stabilized and unfilled XLPE and calculation of energy barriers
associated to elementary ageing mechanisms at the atomic scale.
In fact, this deliverable D4.3 is a continuation of the previous deliverable D4.2. In a first chapter, a new
kinetic model is proposed for pure XLPE in order to predict more accurately the coupling between
radiochemical and thermal ageings and, in particular, in order to correct the prediction inaccuracies
observed at long-term under the lowest and medium doses rates in deliverable D4.2. After checking
the reliability of this model, from experimental results at both molecular and macromolecular scales,
a structural end-of-life criterion is proposed to determine the lifetime of pure XLPE. It will be verified
later in future deliverables that this criterion is still valid for the formulated XLPE (i.e. stabilized and
ATH filled).
In a second chapter, it is shown how to take into account the stabilization by antioxidants in this model.
The demonstration is first made for the sulfur antioxidant (Irganox PS802) which is almost completely
dissolved in the XLPE matrix, contrarily to the phenolic antioxidant (Irganox 1076). Indeed, in the case
of the latter, the model will also have to take into account the presence of antioxidant crystals on the
surface of XLPE samples, which obviously also plays a stabilizing role.
The last chapter reports the efforts made by using Density Functional Theory (DFT) calculations to confirm the key role of several elementary reactions considered in the mechanistic scheme from which
the kinetic model is derived. Other possible reaction routes, already proposed in the literature but
never taken into account until now in the mechanistic scheme, are also analysed. Indeed, these reactions could be considered to improve the prediction of the experimental data if necessary.
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2 Introduction
The objective of this deliverable is threefold. First of all, it is to propose a radio-thermal oxidation kinetic model for pure XLPE and to check its reliability from experiments. Secondly, it is to propose a
structural end-of-life criterion for lifetime prediction. Finally, it is to show how to take into account the
stabilization by antioxidants in this model.
The first two chapters aim at reaching these three objectives. The limitations of the kinetic model are
highlighted and possible ways of improvements are proposed. The last chapter aims at checking the
validity of some elementary reactions using ab initio calculations at the atomic scale, but also testing
other possible reaction routes in order to improve the predictions of the kinetic model if necessary.
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3 Kinetic modelling of the radiochemical ageing of pure XLPE (ENSAM)
3.1 Introduction
Since the early 1980s, in order to meet the urgent need of nuclear power plant operators, the polymer
aging community is looking for a non-empirical approach for lifetime prediction of polymeric materials
exposed in nuclear environments. A practical case that mobilized renowned research teams around
the world is the radio-thermal ageing of electric cable insulations under normal operating conditions
in a nuclear reactor. According to Khelidj et al. [1], at room temperature in air, the lifetime tF of electric
cable insulations made of unfilled and unstabilised polyethylene (PE) varies with dose rate I according
to the general trend depicted in Figure 3.1. This almost universal long-term behaviour of PE seems to
be completely independent of its macromolecular structure (i.e. linear, branched or chemically crosslinked) and its crystallinity.

Figure 3.1. Shape in logarithmic co-ordinates of the lifetime tF versus  dose rate I in air at room temperature for unstabilised and unfilled PE [1]. The shaded area (in red) corresponds to the normal operating conditions of electric cables in a nuclear reactor.
This curve displays a negative curvature in the domain of low dose rates where it tends towards a
horizontal asymptote (when I → 0) corresponding to the “ceiling lifetime” tF0 due to “pure” thermal
oxidation. Schematically, it can be decomposed into three distinct domains, each one corresponding
to a different kinetic regime:
-

“Pure” thermal oxidation predominates at very low dose rates (typically for I < IT ≈ 1.6 × 10-7
Gy.s-1) and is characterised by very long lifetimes:
tF0 ≈ 18.5 years
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-

“Pure” radio-oxidation predominates at high dose rates (typically for I > IR ≈ 5.0 × 10-1 Gy.s-1)
and is characterized by a lethal dose independent of the dose rate. As a result, the lifetime is
proportional to the reciprocal dose rate:
t F = 1.6 × 105 I −1

-

(Eq. 3.2)

A combination of the two previous reactions occurs at intermediary dose rates (i.e. for IT < I <
IR), which is the range of practical interest for nuclear power plant operators. This radio-thermal oxidation is initiated by two competitive sources of radicals, neither of which can be totally
neglected compared to the other during the exposure [2]: polymer radiolysis (1R) and thermal
decomposition of hydroperoxides (1T):
1R) PH + h →→ P•• + ½H2

(ri = 10−7 Gi I)

1T) POOH → P• + PO2•

(k1)

where ri is the rate and Gi is the radical yield (expressed in number of radicals P• per 100 eV absorbed)
of the radiochemical initiation. k1 is the rate constant and   and  are stoichiometric coefficients
describing the molecularity of thermal initiation such as:
k1 = k1u,  = 1  = 2 and  = 0 for unimolecular decomposition, and k1 = k1b,  = 2 and  =  = 1 for
bimolecular decomposition.
To our knowledge, there is still no analytical equation for describing the entire shape of the curve: tF =
f(I) reported in Figure 3.1.
In the second half of the past century, the vast majority of studies were devoted to the rigorous identification and understanding of the oxidation mechanisms, but exclusively at high dose rates where the
duration and cost of aging experiments under irradiation can be significantly reduced [3-8]. When I >
IR, it was noted that the induction period is really too short to be measured. It was thus concluded that
the oxidation kinetics already starts in steady regime from the early periods of exposure. In addition,
it was also observed that the effect of dose rate is a simple kinetic consequence of the radio-oxidation
reaction. Schematically, the formation rate of oxidation products is proportional to I1/2 when they result from the propagation step (of the mechanistic scheme), whereas it is proportional to I when they
result from the initiation or termination step.
Based on only two assumptions: steady-state (for radical species) and thermal stability of hydroperoxides throughout the exposure, analytical equations were proposed in the literature to account for
these experimental trends. As an example, the two following general equations were determined from
a kinetic analysis of the mechanistic scheme for the formation rate rY (expressed in mol.L-1) and the
radiochemical yield GY (dimensionless) of a given chemical event Y, respectively [1]:
rY = 10−7 GY I
with

GY = 107 aY + 107 bY I −1/2

(Eq. 3.3)
(Eq. 3.4)

where aY and bY I-1/2 are initiation/termination and propagation terms, respectively.
However, even at low temperature close to ambient, the second assumption (thermal stability of hydroperoxides) can only be valid for sufficiently short durations. Indeed, it should be recalled that the
rate of the thermal decomposition of hydroperoxides is an increasing function of their concentration
[9]. Consequently, thermal initiation is expected to gradually gain in importance with the accumulation
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of hydroperoxides throughout the exposure, to finally become competitive with the radiochemical initiation. It is obvious that the global oxidation kinetics should be even more impacted in the case of an
industrial application for which a very long lifetime of several decades is expected.
To our knowledge, the pioneering researchers in this field, who have proposed a kinetic model in which
irradiation generates hydroperoxides which decompose thermally to give radicals initiating new oxidation chains, are Gillen & Clough [10]. Their model predicts an auto-acceleration of the oxidation
kinetics during the exposure, whereas in all the previous models (for instance, see Eq. 3.3), oxidation
occurred at a constant rate. Unfortunately, Gillen & Clough chose questionable initial conditions:
[POOH] = [POOH]0 = 0 at t = 0. However, polymers (especially industrial grades having undergone
processing operations) always contain thermally unstable species such as hydroperoxides, otherwise
it would be difficult to explain their thermal or photochemical oxidizability. As a consequence of these
unrealistic initial conditions, the model developed by Gillen & Clough diverges in the domain of very
low dose rates. Indeed, it predicts that tF → ∞ when I → 0.
In most recent publications [11,12], Gillen tried to get around this problem by relying on the research
works of Ito [13-16] and Mares et al. [17]. He considered an extremely simplified radio-thermal oxidation mechanistic scheme composed of only three first-order reactions: “pure” radio-oxidation, “pure”
thermal oxidation, and their coupling, which is assumed to lead to synergistic effects. To take into
account these synergistic effects, he defined a global time-dependent rate constant k R+T as follows:
k R+T (t) = k R (t) + k T (t) + k S (t)

(Eq. 3.5)

where k R and k T are effective rate constants to be determined experimentally from the changes in
mechanical properties (conventionally, nominal strain at break) in pure radiochemical (i.e. under high
dose rate at low temperature) and pure thermal environments (i.e. in the absence of irradiation), respectively. The effective rate constant k S of the synergistic reaction is deduced from the changes in
mechanical properties measured in radio-thermal environment.
Finally, Gillen defined the synergistic effects as follows:
kR+T (t)
R (t)+kT (t)

q(t) = k

kS (t)
(t)+k
R
T (t)

=1+k

(Eq. 3.6)

If the ratio q > 1, the synergistic effects are clearly indicated. However, as the rate constants kR, kT and
kS are time dependent, q varies non-monotonically throughout the exposure [11].
However, at its current state, this new approach is not yet completely convincing for the following
reasons. From a practical point of view, it does not allow avoiding the issue of the choice of initial
conditions. Instead of an initial concentration ([POOH]0 ), it is now necessary to determine an initial
rate constant for thermal oxidation (k T0), but also for radio-oxidation (k R0 ) and for synergistic reaction
(k S0).
From the perspective of a non-empirical lifetime prediction, this new approach raises a series of fundamental issues that have never been addressed by its author, for instance:
i)
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ii) Even if Eq. 3.5 were valid, it would remain to determine non-empirical equations for the three
rate constants: k R , k T , and k S = f(t).
iii) After having fully developed the kinetic model of radio-thermal oxidation, it will also remain
to predict the consequences of chemical changes on the mechanical properties.
In our opinion, the first two issues could be solved by a careful kinetic analysis of the radio-thermal
oxidation mechanistic scheme. In contrast, the last issue requires the rigorous identification and understanding of the embrittlement mechanisms and their kinetics (for instance, the relative predominance of chain scissions over cross-linking), but also the establishment of a series of structure/property
relationships in order to fully describe the causal chain presented in Figure 3.2, as already done, for
instance, in references [18-21].

Figure 3.2. Consequences of oxidation on the fracture properties of semi-crystalline polymers.
The present research work aims at developing a robust analytical model for accurately simulating the
radio-thermal oxidation kinetics of electrical cable insulations in nuclear power plants. To reach this
goal, a new analytical method for solving the system of differential equations derived from the mechanistic scheme will be detailed. Then, the reliability and limitations of the corresponding analytical
solution will be checked experimentally from the changes in the physico-chemical properties of a silane
cross-linked polyethylene (Si-XLPE) exposed in various radio-thermal environments. All these results
will allow identifying accurately the radio-thermal oxidation behaviour of this new generation insulating material and will help to compare it with other types of PE much better known in the literature
[1,2], which will be naturally chosen as reference materials in this study.

3.2 Experimental study of the radiochemical ageing of Mod1
Additive free Si-XLPE films of about 500 µm thick were directly provided by Nexans NRC. The density
and gel content of the resulting Si-XLPE are about 0.912 g.cm-3 and 71%, respectively.
Radio-thermal ageing was performed in the Panoza facility at UJV Rez, Czech Republic, with a
60
Co −ray source at different temperatures. All the exposure conditions are summarized in Table 3.1.
It should be noted that the ageing experiments numbered 1, 3, and 4 were performed at three distinct
dose rates (8.5, 77.8, and 400 Gy.h-1) at low temperature close to ambient in order to investigate the
effect of dose rate on the oxidation kinetics. In contrast, ageing experiments numbered 1 and 2 were
performed at almost the same dose rate (6.0 and 8.5 Gy.h-1) but at two different temperatures (47 and
86 °C) in order to investigate the effect of temperature on the oxidation kinetics.
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Ageing
no.

Dose rate
(Gy.h-1)

Dose rate
(Gy.s-1)

Temperature
(°C)

Maximum
duration (h)

Maximum
dose (kGy)

1

8.5

2.36 × 10-3

47

12800

109

2

6.0

1.67 × 10-3

86

16267

98

3

77.8

2.16 × 10-2

47

3830

298

4

400

1.11 × 10-1

21

668

269

Table 3.1. Radio-thermal ageing conditions.

Uniaxial tensile testing
After ageing, some films were characterized by uniaxial tensile testing to determine their lifetime t F
and thus, compare the long-term durability of Si-XLPE with PE (see Figure 3.1). The nominal strain at
break εR was measured with a Instron 5500K8810/4505H2190 machine at 23 °C, 50% RH and a 50
mm.min-1 crosshead speed on dumb-bell specimens according to standards ISO 527-1:2012 and ISO
527-2:2012 [23,24]. For each radio-thermal ageing condition, εR was plotted as a function of the time
of exposure and the corresponding lifetime tF was determined using the conventional end-of-life criterion εF for cable application in nuclear industry: t = t F when εR = εF = 50%.

FTIR spectroscopy
Model 1 films were characterized by classical physico-chemical laboratory techniques to evaluate the
progress of oxidation and to determine the consequences of oxidation on the structure of the macromolecular network. In particular, FTIR spectroscopy was used in transmission mode to monitor and
titrate the oxidation products. FTIR spectra were recorded from 4000 to 400 cm -1 with a Perkin Elmer
FTIR Frontier spectrometer, after averaging the 16 scans obtained with a resolution of 4 cm-1. For each
film, at least three FTIR measurements were performed. As expected, a large amount of carbonyl and
hydroxyl products was detected within the film samples from the early period of exposure.
As an example, Figure 3.3 shows the changes in the carbonyl region (i.e. between 1650 and 1800 cm 1
) of the IR spectrum in air under the highest (i.e. 400 Gy.h-1) and lowest dose rates (8.5 Gy.h-1) at low
temperature close to ambient. In both cases, it can be clearly observed that a broad IR absorption band
centered at 1714 cm-1 rapidly builds up. According to literature [25-30], this band is mainly attributed
to the stretching vibration of the C=O bond of carboxylic acids. However, due to its large width, the
presence of many other secondary carbonyl products such as: unsaturated (at 1690-1705 cm-1) and
saturated ketones (1720-1725 cm-1), aldehydes (1730-1735 cm-1), linear (1740-1750 cm-1), and cyclic
esters (i.e. −lactones, 1780-1790 cm-1), is highly probable [25-30].
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Figure 3.3. Changes in carbonyl region of the FTIR spectrum of Si-XLPE before and after radio-thermal
ageing in air under 400 Gy.h-1 at 21 °C (a) and under 8.5 Gy.h-1 at 47 °C (b).
In the same way, it was clearly observed that an even broader IR absorption band in the hydroxyl region
(i.e. between 3100 and 3700 cm-1, see Figure 3.4) also quickly grows. According to literature [25,2730], this band is attributed to the stretching vibration of the O-H bond of hydroperoxides, alcohols,
and carboxylic acids.

Figure 3.4. Changes in the hydroxyl region of the FTIR spectrum of Si-XLPE before and after radiothermal ageing in air under 400 Gy.h-1 at 21 °C (a) and under 8.5 Gy.h-1 at 47 °C (b).
The concentrations of carboxylic acids and hydroxyl products [Prod] were determined by applying the
classical Beer-Lambert’s law:
[Prod] =

OD
ep ε

(Eq. 3.7)

where OD is the optical density of the IR absorption band (dimensionless),  is the molar extinction
coefficient for the corresponding oxidation product (expressed in L.mol-1.cm-1), and ep is the film thickness (in cm).
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The orders of magnitude of  were determined in a previous publication [28]. It was found that  = 680
and 70 L.mol-1.cm-1 for carboxylic acids and hydroxyls, respectively.

DSC analysis
Differential scanning calorimetry (DSC) was used under pure nitrogen to monitor and titrate the hydroperoxides (POOH), but also to highlight the changes in crystalline morphology during the exposure.
DSC thermograms were recorded with a TA instruments DSC Q1000 calorimeter beforehand calibrated
with an indium reference. Film samples with a mass ranged between 5 and 10 mg were introduced in
a closed standard aluminium pan to be analysed between - 50 °C and 250 °C, with a heating rate of 10
°C.min-1 under a nitrogen flow of 50 mL.min-1.
As an example, Figure 3.5 shows the changes in the DSC thermogram in air under the highest (i.e. 400
Gy.h-1) and lowest dose rates (8.5 Gy.h-1) at low temperature close to ambient. It can clearly be observed that an exothermic peak starts to grow above the melting zone of the crystalline phase. This
new peak is typically ranged between 130 and 230 °C. As shown in a previous publication [28], it results
from the thermal decomposition of POOH in the DSC cavity.

Figure 3.5. Changes in the DSC thermogram of Si-XLPE before and after radio-thermal ageing in air
under 400 Gy.h-1 at 21 °C (a) and under 8.5 Gy.h-1 at 47 °C (b).
The concentration of hydroperoxides [POOH] was determined as follows:
[POOH] =

∆HPOOH
∆Htheory

(Eq. 3.8)

where ∆HPOOH is the area under the exothermic peak between 130 and 230 °C on the DSC thermogram
and ∆Htheory is the theoretical value of the decomposition enthalpy of POOH, which can be calculated
from the classical theoretical concepts of thermochemistry or determined experimentally from POOH
model compounds: ∆Htheory = 291 kJ.mol-1 [28].
In addition, the global crystallinity ratio XC of the polymer was determined with the common equation:
∆H

X 𝐶 = ∆H m × 100
m0

(Eq. 3.9)

where ∆Hm is the sum of the areas under the endothermic peaks observed between 50 and 125 °C on
the DSC thermogram, and ∆Hm0 is the melting enthalpy of the PE crystal: ∆Hm0 = 292 J.g-1 [31].
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Swelling measurements
Film samples were swelled with a good solvent to determine their swelling ratio and deduce the concentration of elastically active chains in the macromolecular network. A sample having an initial mass
mi was introduced into xylene previously heated at 130 °C for 24 hours until reaching its equilibrium
mass mS after complete swelling. This sample was then dried under vacuum at 80 °C for 48 hours in
order to determine the gel mass md. The swelling ratio Q was calculated as follows:
ρ

Q = 1 + ρpol .
sol

(mS −md )
md

(Eq. 3.10)

where ρpol and ρsol are the respective densities of Si-XLPE (ρpol = 0.912 g/cm3) and xylene (ρsol =
0.761 g/cm3).
The Flory-Rhener’s theory [32] was then used to determine the concentration of elastically active
chains 𝜈 between two consecutive chemical cross-links in the macromolecular network:
ν=

[ln(1−Vr0 )+Vr0 +χV2r0 ]
1

Vsol [V3r0 −

(Eq. 3.11)

2Vr0
]
f

where Vsol is the molar volume of xylene (Vsol = 139.3 cm3 . mol−1 ), χ is the Flory-Huggins’ interaction
parameter between xylene and Si-XLPE (χ = 0.31 [33,34]), and Vr0 is the volumic fraction of polymer in
the swollen macromolecular network, of which expression is given below:
Vr0 =

1
1+

(Q−1) ρpol

(Eq. 3.12)

ρsol

Rheometry in solid state (DMTA)
Rheometry in solid state (DMTA) was used in tension mode to determine the storage modulus E’ at
the rubbery plateau and check the concentrations of elastically active chains determined by swelling
in xylene. DMTA thermograms were recorded with a TA instruments DMA Q800 viscoelastic analyser.
Parallelepipedic film samples of about 30.3 mm long and 6.3 mm large were attached to the device
clamps to be analysed between 25 and 200 °C, with a heating rate of 3 °C.min-1, a frequency of 1 Hz,
and a strain amplitude of 0.2% under nitrogen.
As an example, Figure 3.6 shows the DMTA thermogram of Si-XLPE before its radio-thermal ageing. It
can be clearly observed that the melting of the crystalline phase leads to sudden decrease of the storage modulus of more than one decade around 120 °C. The rubbery plateau of the completely amorphous Si-XLPE is clearly visible for temperatures higher than 140 °C.
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Figure 3.6. DMTA thermogram of unaged Si-XLPE.
The Flory’s theory [35] was used to determine the total concentration of elastically active chains νt
from the values of E’ measured at 140 °C:
E ′ = 3νt ρpol RT

(Eq. 3.13)

where ρpol is the polymer density at 140 °C (ρpol = 897 kg. m−3 ), R is the perfect gas constant (R =
8.314 Pa. m3 . mol−1 . K −1 ), and T is the absolute temperature (expressed in K).
When the macromolecular network is not swollen by a solvent, in addition to chemical cross-links, it is
expected that E’ depends also on a second type of cross-links, which are not of a chemical but physical
nature, namely entanglements. In a first approach, νt can be written as the sum of two contributions:
νt = ν + νe

(Eq. 3.14)

where νe would be the concentration of elastically active chains resulting only from entanglements in
the macromolecular network (i.e. in the total absence of chemical cross-links). The value of νe can be
simply deduced by comparing the rheometry and swelling data.
For the unaged Si-XLPE, it was found that: νt = 0.14 ± 0.01 mol. L−1 and ν = 0.12 ± 0.02 mol. L−1 ,
so that: νe = 0.03 ± 0.02 mol. L−1 . In other words, it was found that νe is very low and almost of the
same order of magnitude than the experimental scattering of ν, i.e. almost undetectable. It was thus
concluded that there are too few entanglements to significantly influence the concentration of elastically active chains. Consequently, entanglements were neglected in Si-XLPE and the concentration of
elastically active chains ν resulting only from chemical cross-links was simply deduced as follows:
ν = 3ρ

E′

pol RT

(Eq. 3.15)

Rheometry in molten state
For the radio-thermal ageing conditions under consideration, chain scissions were found very efficient
in Si-XLPE. Indeed, a very advanced damage of the macromolecular network was observed for moderate to high conversion ratios of the oxidation reaction, as the film samples were almost completely
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dissolved in xylene and their rubbery plateau was no longer detected by DMTA (the polymer passed
directly from semi-crystalline to molten state). Therefore, when swelling and DMTA measurements
were no longer possible, rheometry in molten state was performed at 140 °C to determine the shear
modulus G’ and thus, access the concentration of elastically active chains. Strain sweep curves were
recorded with a TA Instruments ARES viscoelastic analyser. Disc film samples of 25 mm diameter and
1 mm thick were introduced in a coaxial parallel plate geometry to be analysed at 140 °C with an angular frequency of 1 rad.s-1 and a strain amplitude ranging between 0.01 and 100% under nitrogen
flow.
As an example, Figure 3.7 shows the strain sweep curve after 167 h of radio-thermal exposure in air
under the highest dose rate (i.e. 400 Gy.h-1) at room temperature. As expected, it can be observed that
G’ reaches a constant value in the domain of low strains (typically for  < 10%) where linear viscoelasticity is valid. This value was thus chosen for calculating the concentration of elastically active chains
with Equation (3.46). Knowing that: E ′ = 3G′ , it comes finally:
G′
pol RT

ν=ρ

(Eq. 3.16)

Figure 3.7. Sweep strain curve of Si-XLPE after 167 h of exposure in air under 400 Gy.h-1 at 21 °C.

3.3 Radio-oxidation kinetic model for stabilized PE
Radio-thermal oxidation mechanistic scheme
As said in introduction, in the domain of practical interest for nuclear power plant operators (i.e. for
1.6 × 10-7 < I < 5.0 × 10-1 Gy.s-1), oxidation is initiated by both polymer radiolysis (1R) and thermal
decomposition of hydroperoxides (1T). The corresponding radio-thermal oxidation mechanistic
scheme can thus be written as follows:
Initiation:
1R) PH + h →→ P•• + ½H2
1T) POOH → P• + PO2•
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Propagation:
2) P• + O2 → PO2•
3) PO2• + PH → POOH + P•

(k2)
(k3)

Terminations:
4) P• + P• → Inactive products
5) P• + PO2• → Inactive products
6) PO2• + PO2• → Inactive products + O2

(k4)
(k5)
(k6)

where PH, POOH, P•, and PO2• designate an oxidation site, an hydroperoxide, alkyl, and peroxy radicals,
respectively. , , and  are stoichiometric coefficients. ri, Gi, and kj (with j = 1, …, 6) are a rate, the
radical yield, and rate constants, respectively.
In most cases of “pure” thermal oxidation, POOH decomposition is exclusively unimolecular at high
temperature (i.e. k1 = k1u,  = 1,  = 2, and  = 0) or mainly bimolecular at moderate to low temperature
(k1 = k1b,  = 2, and  =  = 1), but rarely a combination of both modes. In fact, it can easily be shown
that there is a hyperbolic shape boundary delimiting the two domains in which each thermal initiation
predominates over each other in a map (T, t). This boundary corresponds to a critical hydroperoxide
concentration [POOH]C reached when the respective rates of the two thermal initiation modes are
equal [3]. Since the activation energy is higher for the unimolecular than for the bimolecular mode:
E1u > E1b, [POOH]C is an increasing function of temperature. In PE, it writes [36]:
k

[POOH]C = 1u = 2.9 × 103 Exp (−
k
1b

35 000
)
RT

(Eq. 3.17)

The numerical application of Equation (3.17) gives that [POOH]C would be ranged between 10-3 and
10-2 mol.L-1 at low temperature close to ambient for PE. This is the same order of magnitude of the
initial concentration of hydroperoxides [POOH]0 usually reported in the literature for many hydrocarbon polymers [28,37]. That is the reason why, in the present study, it will be considered that “pure”
thermal oxidation is directly initiated in bimolecular mode:
1b) 2POOH → P• + PO2•

(k1b)

System of differential equations
At the low conversion ratios of the oxidation reaction (i.e. for [PH] ≈ [PH]0 ≈ constant), the following
system of differential equations can be derived from the previous radio-thermal oxidation mechanistic
scheme:
d[P• ]d[P• ]
dt dt

= ri + k1b [POOH]2 − k 2 C[P• ][P• ] + k 3 [PO•2 ][PH] − 2k 4 [P • ]2 − k 5 [P• ][P• ][PO•2 ]
(Eq. 3.18)

d[PO•2 ]d[PO•2 ]
dt
dt

= k1b [POOH]2 + k 2 C[P• ][P• ] − k 3 [PO•2 ][PH] − k 5 [P• ][P • ][PO•2 ] − 2k 6 [PO•2 ]2
(Eq. 3.19)

d[POOH]
dt

= −2k1b [POOH]2 + k 3 [PO•2 ][PH]

(Eq. 3.20)

where the oxygen concentration C is related to the oxygen partial pressure PO2 in the exposure environment by the classical Henry’s law:
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C = S . PO2

(Eq. 3.21)

and S is the coefficient of oxygen solubility into the polymer. Typical values of S reported for low density polyethylene (LDPE) in the literature are about 1.8 × 10-8 mol.L-1.Pa-1 regardless of the temperature
[38].
Knowing that: PO2 = 0.21 × 105 Pa, it comes finally: C = 3.8 × 10−4 mol. L−1.
There is no rigorous analytical solution for this system of differential equations, which can be solved
numerically without any simplifying assumption [2]. However, an approached analytical solution would
be very useful because it would allow appreciating the behavioural trends of the reactive species [P°],
[PO2°], [POOH] with key exposure parameters, in particular:  dose rate I, temperature T, and oxygen
partial pressure PO2 . In addition, this analytical solution would then allow calculating key physicochemical properties, from a practical point of view, because they can be checked experimentally, such
as: oxygen consumption (Q), carbonyl build-up ([P=O]), damage state of macromolecular network (),
etc. (see section 3.4). Finally, if a structural end-of-life criterion was identified, it would then be possible to propose an equation for predicting the lifetime of the insulating material (see section 3.5).
Analytical solving is only possible through the use of simplifying assumptions. As said in introduction,
the two most widely used simplifying assumptions are: steady-state (for radical species) and thermal
stability of hydroperoxides. If the first assumption seems to be well founded and allows explaining the
constancy of the oxidation rate in the first periods of exposure in radio-thermal environments, in contrast, the second one prevents accounting for the auto-acceleration of the oxidation kinetics in the rest
of the exposure. This acceleration is due to the decomposition of hydroperoxides above a critical concentration [POOH]F , which is assumed to be a fraction of the steady concentration of hydroperoxides
[POOH]∞ reached in the case of “pure” thermal oxidation [2].
Next sections are devoted to the proposal and validation of a sound analytical kinetic model for radiothermal oxidation taking into account hydroperoxide decomposition.

Analytical solving
Denote r1 the global initiation rate of the oxidation reaction. It writes as the sum of the radiochemical
and thermal initiation rates:
r1 = ri + 2k1 [POOH]2

(Eq. 3.22)

In all the developments which follow, it will be assumed that oxidation is mainly initiated by the polymer radiolysis throughout the exposure (i.e. ri ≫ 2k1 [POOH]2) even if, at long-term, hydroperoxide
decomposition is added as additional (but secondary) source of radicals. In other words, only the right
part of the domain of intermediary dose rates will be the subject of a kinetic analysis (see Figure 3.1).
Applying the steady-state assumption to radical species leads to:
d[P• ]d[P• ]
dt dt

i.e.

•

•

2 ]d[PO2 ] = 0
+ d[PO
dt
dt

k 4 [P· ]2 + k 5 [P· ][PO·2 ] + k 6 [PO·2 ]2 −

(Eq. 3.23)
r1
2

=0

(Eq. 3.24)

whose positive root is:
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[P• ] =

k5 [PO•2 ]
{−1+ [1 +
2k4

k5 [PO•2 ]
{−1+ [1 +
2k4

1/2

[PO• ]2

ψ ([PO2• ]02 − 1)]

(Eq. 3.25)[P• ] =

}

2

1/2

[PO• ]2

ψ ([PO2• ]02 − 1)]

}

(Eq. 3.25)

2

where  is a kinetic parameter quantifying the competition between the different terminations of radical species:
ψ=

4k4 k6
k25

(Eq. 3.26)

and [PO·2 ]0 is the steady concentration of peroxy radicals in oxygen excess:
1/2

r

[PO•2 ]0 [PO•2 ]0 = ( 1 )
2k

(Eq. 3.27)

6

i.e.

1/2
ri 1/2
2k [POOH]2
) (1 + 1
)
2k6
ri

[PO·2 ]0 = (

(Eq. 3.28)

1/2

r

[PO·2 ]0 ≈ ( i )
2k

i.e.

(Eq. 3.29)

6

As expected, [PO·2 ]0 takes approximatively the same value as in a “pure” radiochemical environment
[39].
If, as shown by Gillen et al. [40],  << 1, then there is a more or less wide range of oxygen concentrations for which:
[PO· ]2

5ψ

1 ≥ [PO2· ]2 > 1+5ψ

(Eq. 3.30)

2 0

In this range of oxygen concentrations, Equation (3.25) can be simplified as follows:
[P • ][P• ] =

2k6
([PO•2 ]0
k5

− [PO•2 ])

(Eq. 3.31)

If introducing Equation (3.31) into Equation (3.19) and if applying the steady-state assumption to peroxy radicals, it comes finally:
[PO•2 ][PO•2 ] = [PO•2 ]0

βC
1+βC

(Eq. 3.32)

ri 1/2 βC
) 1+βC
2k6

[PO·2 ] = (

i.e.

(Eq. 3.33)

where -1 corresponds to the critical value of the oxygen concentration CC above which oxygen excess
is reached:
1

β=C =k
C

i.e.

β=

2k6 k2

5 [k3 [PH]+(2r1 k6 )

2k6 k2

(Eq. 3.35)

1/2

2k [POOH]2
k5 [k3 [PH]+(2ri k6 )1/2 (1+ 1
)
ri

i.e.

(Eq. 3.34)

1/2 ]

β≈

]

2k6 k2
k5 [k3 [PH]+(2ri k6 )1/2 ]

(Eq. 3.36)

As also expected,  takes approximatively the same value as in a “pure” radiochemical environment.
Finally, Equation (3.31) leads to:
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2k6
βC
[PO•2 ]0 (1 −
)
k5
1+βC

[P • ][P• ] =
[P· ] =

i.e.

(2ri k6 )1/2
k5

(Eq. 3.37)

βC

(1 − 1+βC)

(Eq. 3.38)

It is now possible to integrate Equation (3.20). The introduction of Equation (3.33) into Equation (3.20)
leads to:
d[POOH]
dt

r

1/2 βC
1+βC
6

= −2k1b [POOH]2 + k 3 [PH] (2ki )

(Eq. 3.39)

This equation can be rewritten such as:
d[POOH]
k [PH] ri 1/2 βC
[POOH]2 − 3
(
)
2k1b 2k6
1+βC

= −2k1b dt

(Eq. 3.40)

1/2
k [PH] ri 1/2 βC
( 3
(
)
) −[POOH]

i.e.

Ln {

2k1b

2k6

1+βC
1/2
1/2
k [PH] ri
βC
( 3
(
)
) +[POOH]
2k1b 2k6
1+βC

} = −Kt + a

(Eq. 3.41)

1/2

k [PH] ri 1/2 βC
( 3
(
)
)

i.e.

2k1b

−[POOH]

1+βC

= b Exp(−Kt)

1/2

k [PH] ri 1/2 βC
( 3
(
)
)
2k1b

i.e.

2k6
2k6

1+βC

[POOH] = (

(Eq. 3.42)

+[POOH]

1/2
k3 [PH] ri 1/2 βC
1−b Exp(−Kt)
(
)
)
2k1b 2k6
1+βC
1+b Exp(−Kt)

(Eq. 3.43)

where a and b are constants to be determined from boundary conditions, and K is a first-order rate
constant expressed by:
1/2
ri 1/2 βC
)
)
2k6
1+βC

K = 2 (2k 3 [PH]k1b (

(Eq. 3.44)

Imposing initial conditions (i.e. [POOH] = [POOH]0 when t= 0) to Equation (3.43) gives finally:
[POOH] = [POOH]∞
with
and

[POOH]∞ =

1−b Exp(−Kt)
1+b Exp(−Kt)

(Eq. 3.45)

1/2
k3 [PH] ri 1/2 βC
( 2k (2k ) 1+βC)
1b
6

[POOH] −[POOH]

b = [POOH]∞ +[POOH]0
∞

0

(Eq. 3.46)
(Eq. 3.47)

For weakly pre-oxidized samples, [POOH]∞ ≫ [POOH]0 . Experimental measurements [28,37] show
that: [POOH]∞ > 10 [POOH]0 , therefore it can be reasonably considered that: b ≈ 1.
According to Equation (3.45), triggering thermal initiation will completely slow down hydroperoxide
build-up during the exposure to finally lead to a maximum concentration of hydroperoxides [POOH]∞ ,
in the same way as for “pure” thermal oxidation [41]. If this is really the case, it would be interesting
to consider this asymptotic value in order to define a more relevant end-of-life criterion in this study,
given that this latter now depends on all the exposure conditions (i.e.  irradiation dose rate, temperature, and oxygen partial pressure).
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Calculation of physico-chemical properties
From the analytical solutions for [POOH], [PO·2 ], and [P· ], it is possible to calculate several key physicochemical properties, from a practical point of view, because these properties can be checked experimentally. Undoubtedly, hydroperoxide concentration [POOH] and oxygen consumption Q are the most
relevant properties because their mathematical expressions can be derived from the radio-thermal
oxidation mechanistic scheme without using any additional adjustable parameter.
Recall that the rate of oxygen consumption writes:
2 ] = k C[P · ] − k [PO· ]2
r(C) = −d[O
2
6
2
dt

2k6 k2 C
([PO·2 ]0
k5

i.e.

r(C) =

i.e.

r(C) = k 3 [PH] (

(Eq. 3.48)

− [PO·2 ]) − k 6 [PO·2 ]2

ri 1/2 βC
βC
)
+ ri
(1
2k6
1+βC
1+βC

−

(Eq. 3.49)

βC
)
2(1+βC)

(Eq. 3.50)

It can be easily checked that, when βC ≫ 1, Equation (3.50) leads to the expression of the rate of
oxygen consumption in oxygen excess [1]:
ri 1/2
)
2k6

r0 = k 3 [PH] (

+

ri
2

(Eq. 3.51)

The integration of Equation (3.50) between 0 and t gives access to the concentration of oxygen consumed by the chemical reaction Q:
t

Q = ∫0 r(C)dt
r

(Eq. 3.52)

1/2 βC
βC
βC
+ ri 1+βC (1 − 2(1+βC))] t
1+βC
6

Q = [k 3 [PH] (2ki )

i.e.

(Eq. 3.53)

Other key physico-chemical properties in the literature are the concentrations of carbonyl products
[P=O] and chain scissions S. In the radio-thermal oxidation mechanistic scheme, carbonyl products can
only be formed in thermal initiation (1T) and termination (6) through specific chemical events (e.g. 
scission, disproportionation, etc.) which generally compete with many other chemical events, in particular with hydrogen abstraction which gives alcohols. Consequently, the calculation of the formation
rate of these oxidation products requires the use of adjustable parameters:
d[P=O]
dt

= γ1CO k1b [POOH]2 + γ6CO k 6 [PO•2 ]2

(Eq. 3.54)

where γ1CO and γ6CO are the respective formation yields of carbonyl products in thermal initiation (1T)
and termination (6).
If replacing [POOH] and [PO·2 ] by their analytical solutions in Equation (3.54), it comes:
d[P=O]
dt

i.e.
i.e.

d[P=O]
dt

d[P=O]
dt

1−b Exp(−Kt) 2

r

βC

2

= γ1CO k1b [POOH]2∞ (1+b Exp(−Kt)) + γ6CO 2i (1+βC)
= γ1CO

= γ1CO

k3 [PH] ri 1/2 βC
1−b Exp(−Kt) 2
(
)
(
)
2
2k6
1+βC 1+b Exp(−Kt)

r

(Eq. 3.55)
βC

2

+ γ6CO 2i (1+βC)

k3 [PH] ri 1/2 βC
ri
βC 2
(
)
+
γ
(
)
6CO
2
2k6
1+βC
2 1+βC

(Eq. 3.56)
r

1/2 βC
2b Exp(−Kt)
1+βC (1+b Exp(−Kt))2
6

− γ1CO k 3 [PH] (2ki )

(Eq. 3.57)
The integration of Equation (3.57) between 0 and t leads finally to:
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[P = O] = [γ1CO

k3 [PH]
2

(

ri
2k6

1/2 βC

)

1+βC

2

r

βC

2

1+βC

+ γ6CO i (

) ] t + 2γ1CO

k3 [PH]
K

(

1/2 βC

ri
2k6

)

(

1

1+βC 1+b Exp(−Kt)

−

1
1+b

)

(Eq. 3.58)
Similarly, chain scissions can only be formed in thermal initiation (1T) and termination (6) through
 scissions. Consequently, their mathematical expressions are identical in form to those previously established for carbonyl products, only their formation yields are different:
dS
dt

i.e.

dS
dt

= γ1S

= γ1S k1b [POOH]2 + γ6S k 6 [PO•2 ]2

k3 [PH] ri 1/2 βC
(2k ) 1+βC +
2
6

r

βC

(Eq. 3.59)

2

r

1/2 βC
2b Exp(−Kt)
2
1+βC
6
(1+b Exp(−Kt))

γ6S 2i (1+βC) − γ1S k 3 [PH] (2ki )

(Eq. 3.60)
and
S = [γ1S

k3 [PH] ri 1/2 βC
r
βC 2
( )
+ γ6S i (
) ]t +
2
2k6
1+βC
2 1+βC

2γ1S

k3 [PH] ri 1/2 βC
1
1
( )
(
−
)
K
2k6
1+βC 1+b Exp(−Kt)
1+b

(Eq. 3.61)
where γ1S and γ6S are the respective yields of chain scissions in thermal initiation (1T) and termination
(6).
In the case of PE oxidation, it is clear that embrittlement results essentially from chain scissions [18,19].
Neglecting, in a first approach, an eventual chemical cross-linking process, the changes in the concentration of elastically active chains in Si-XLPE throughout the exposure can simply be calculated as follows [42]:
ν = ν0 − S

(Eq. 3.62)

where ν0 and ν are the respective concentrations of electrically active chains before and after radiothermal ageing. Swelling measurements and rheometry in solid state (DMTA) allowed showing that
ν0 = 0.12  0.02 mol. L−1 for Si-XLPE.

Lifetime prediction
Embrittlement is expected to occur at very low conversion ratio of the chain scission process. On one
side, the corresponding critical ratio SF is related through Equation (3.62) to a critical concentration of
elastically active chains νF to be determined experimentally. On the other side, as explained at the end
of section 3.2, SF would also be related to a critical hydroperoxide concentration [POOH]F corresponding to the onset of the rapid auto-acceleration of the oxidation reaction when triggering thermal initiation. As shown in a previous publication [2], the definition of this last structural end-of-life criterion
is quite simple:
[POOH]F =

[POOH]∞
q

(Eq. 3.63)

where q is an arbitrary criterion, higher than unity but not so far, to be determined experimentally.
In a first approach, it was decided to use [POOH]F for predicting the lifetime t F of the insulating material. It was thus assumed that t = t F when [POOH] = [POOH]F .
In this case, introducing Equation (3.63) into Equation (3.45) leads to:
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1+b Exp(−Kt )

q = 1−b Exp(−KtF )
F

q−1

i.e.

Exp(−Kt F ) = b(1+q)

i.e.

t F = K Ln [

1

b(1+q)
]
q−1

(Eq. 3.64)

(Eq. 3.65)

(Eq. 3.66)

3.4 Checking the validity of the kinetic model
Long-term behaviour of PE insulating materials
Figure 3.8 shows the changes in the nominal strain at break εR of Si-XLPE in air under the three dose
rates under study at low temperature close to ambient. As expected,  irradiation induces a catastrophic embrittlement of Si-XLPE. The horizontal dashed line plotted for εR = εF = 50% was used to
graphically determine the lifetime under these various exposure conditions. It was found that t F is
about 30, 50, and 260 days under the highest (i.e. 400 Gy.h-1), medium (77.8 Gy.h-1), and lowest dose
rates (8.5 Gy.h-1), respectively.

Figure 3.8. Changes in the nominal strain at break of Si-XLPE in air under the three dose rates under
study at low temperature close to ambient.
These t F values were plotted as a function of dose rate in Figure 3.9 where they compared to those
previously reported in the literature for other types of PE [1]. It should be noted that the t F value
determined at 25 °C for “pure” thermal oxidation is also plotted, but for a dose rate of
1.5 × 10−10 Gy. s −1 corresponding to natural radioactivity.
The almost universal character of the long-term behaviour of PE is confirmed. It appears to be completely independent of the chemistry (grafted with chemical group or not), macromolecular structure
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(i.e. linear, branched or chemically cross-linked) and crystallinity of PE. It can be clearly seen that all
the t F values determined for Si-XLPE are well positioned on the master curve. In addition, these values
are located in the right part of the domain of intermediary dose rates where radio-thermal oxidation
proceeds. Consequently, all the physicochemical data determined in this study will be used to check
the reliability of the analytical equations established in previous sections.

Figure 3.9. Plot in logarithmic co-ordinates of lifetime tF versus  dose rate I in air at room temperature for unstabilised and unfilled linear PE. Comparison of the 𝑡𝐹 values determined for Si-XLPE in this
study with those reported for various other types of linear (i.e. LDPE, MDPE and HDPE) and chemically
cross-linked LPE (i.e. XLPE) in the literature [1]. The general trend of the curve is shown using a dotted
line.

Reliability of the analytical kinetic model
In a first stage, Equations (3.45), (3.58) and (3.61) were used to respectively simulate the changes in
concentration of hydroperoxides [POOH], carbonyls [P=O], and elastically active chains  of Si-XLPE in
air under the three dose rates under study (i.e. 8.5, 77.8, and 400 Gy.h-1) at low temperature close to
ambient. Simulations are reported in Figure 3.10, Figure 3.11, and Figure 3.12, respectively. These results call for the following comments.
At short term, [POOH] increases with time until reaching an asymptotic value [POOH]∞ which depends
on the radio-thermal exposure conditions. All this first part of the kinetic curves is satisfyingly simulated with Equation (3.45), the resulting values of [POOH]∞ have been reported in Table 3.2. As expected, [POOH]∞ is an increasing function of irradiation dose I, but a decreasing function of temperature T. Indeed, this asymptote is the consequence of the sudden acceleration of the thermal initiation
(1T), which counteracts completely the build-up of hydroperoxides formed in the propagation step of
the oxidation reaction.
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At longer term, for certain radio-thermal exposure conditions (e.g. under 77.8 Gy.h-1 at 47 °C), a beginning of decrease in [POOH] due to the depletion of oxidation sites (PH) can be observed, but this second part of the kinetic curves cannot be correctly described by Equation (3.45) because this latter is
based on the assumption of low conversion ratios.
[POOH]F was determined graphically in Figure 3.10 (i.e. when t = t F ) for the various radio-thermal
exposure conditions under study. Its values are also reported in Table 3.2. It was found that [POOH]F
is independent of the radio-thermal exposure conditions, which completely validates the choice of this
critical quantity as structural end-of-life criterion in this study. The average value of ≈ 1.6 × 10-1 mol.L1
was chosen for predicting the lifetime of Si-XLPE. This is exactly the same [POOH]F value that was
retained in a previous publication for other types of (linear and chemically cross-linked) PE, but without
making real demonstration, just based on mechanistic considerations [2].

Figure 3.10. Changes in the hydroperoxide concentration of XLPE in air in the various radio-thermal
environments under study. Comparison between simulation with Equation (3.45) (solid lines) and experimental data (symbols).
I (Gy.h-1)

400

77.8

8.5

6.0

T (°C)

21

47

47

86

tF (days)

30

50

260

̶

[POOH]∞ (mol.L-1)

2.4

3.1  10-1

1.7  10-1

4.1  10-2

[POOH]F (mol.L-1)

1.5  10-1

1.8  10-1

1.6  10-1
̶

Table 3.2. Experimental values of the lifetime and steady and critical hydroperoxide concentrations
determined experimentally for Si-XLPE in air in the various radio-thermal environments under study.
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In the early periods of exposure, [P=O] and  vary linearly with time (absence of induction period).
Then, when thermal initiation gains in importance, a small loss in linearity (progressive slowdown) can
be observed for both physico-chemical quantities. The whole kinetic curves are satisfyingly simulated
with Equations (3.58) and (3.61), respectively.

Figure 3.11. Changes in the carbonyl concentration of XLPE in air in the various radio-thermal environments under study. Comparison between simulation with Equation (3.58) (solid lines) and experimental data (symbols).

Figure 3.12. Changes in the concentration of elastically active chains of XLPE in air in the various radio-thermal environments under study. Comparison between simulation with Equation (3.61) (solid
lines) and experimental data determined by swelling (solid symbols) and rheometry (empty symbols).
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In a second stage, Equations (3.45), (3.58), and (3.61) were used to respectively simulate the physicochemical changes of Si-XLPE in air under 6.0 Gy.h-1 at 86 °C. Simulations are also reported in Figure
3.10, Figure 3.11, and Figure 3.12, respectively. It can be clearly seen that the impact of the thermal
initiation on the global oxidation kinetics is much more important at 86 °C than at 47 °C. Unfortunately,
the three analytical equations are not able to accurately account for the whole kinetic curves, presumably due to the starting assumption, which was deduced from Equation (3.22). In order to reach this
goal, it would be necessary to take into account that thermal initiation could be of the same order of
magnitude as (if not greater than) radiochemical initiation. This further kinetic analysis will be the subject of a future publication. At this stage of investigations, it can be seen that the three analytical equations allow accounting for the general trends of the oxidation kinetics under these critical exposure
conditions (i.e. under low dose rate at moderate temperature) where, obviously, a stronger coupling
between radiochemical and thermal oxidations operates.
The values of the kinetic parameters used for all these simulations, i.e. radiochemical yield Gi , rate
constants k j (with j = 1, …, 6) and the formation yields γ1CO and γ6CO of carbonyls products, and γ1S
and γ6S of chain scissions, have been reported in Table 3.3. These values call for the following comments.
The orders of magnitude previously determined on linear PE (i.e. LDPE, MDPE and HDPE) for almost all
these kinetic parameters were kept for these simulations [1-3,20,36,39,43,44]. Only k5 was slightly reduced at low temperature close to ambient (i.e. at 47 and 21 °C) because it had already been proposed
to allocate a small activation energy to this termination rate constant in order to better simulate the
oxidation kinetics initiated by chlorine disinfectants in PE pipes carrying drinking water at ambient
temperature [20,43,44]. Thus, the importance of this activation energy is completely checked in this
study. In addition, if considering all the k5 values published to date for PE [2,3,20,43,44], it is found that
its activation energy would be around 14 kJ.mol-1.
As there was no notable change in the values of all the kinetic parameters, it can be concluded that
only the reliability of the analytical kinetic model was checked in this study. Its great heuristic value
has been demonstrated in Figure 3.10, Figure 3.11, and Figure 3.12, even if some improvements are
still possible, in particular at the highest temperature (86 °C).
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T (°C)

21

47

47

86

I (Gy.h-1)

400

77.8

8.5

6.0

References

Gi

8

8

8

8

[1,2,39]

k1b (L.mol-1.s-1)

5.0  10-9

2.5  10-7

2.4  10-7

1.0  10-5

[2,3,20,36,39,43,44]

k2 (L.mol-1.s-1)

108

108

108

108

[2,3,20,36,39,43,44]

k3 (L.mol-1.s-1)

1.6  10-3

1.9  10-2

1.9  10-2

3.6  10-1

[2,3,20,36,39,43,44]

k4 (L.mol-1.s-1)

8.0  1011

8.0  1011

8.0  1011

8.0  1011

[2,3,20,43,44]

k5 (L.mol-1.s-1)

1.2  1010

7.0  1010

9.0  1010

2.4  1011

This study

k6 (L.mol-1.s-1)

5.0  104

1.0  106

2.0  106

6.0  107

[2,3,20,36,39,43,44]

1S (%)

90

42

52

51

[20,43,44]

6S (%)

90

42

52

51

[20,43,44]

1CO (%)

90

70

75

100

[20,43,44]

6CO (%)

90

70

75

100

[20,43,44]

Table 3.3. Values of the kinetic parameters used for modelling the oxidation kinetics of Si-XLPE in the
various radio-thermal environments under study. Papers in which the same orders of magnitude were
previously reported are referenced on the right column.
The last stage of this study was to check the reliability of the last Equation (3.66). Rate constant K and
criterion q were determined with Equation (3.45) and (3.63), respectively. Then, their values were introduced into Equation (3.66) in order to predict the lifetime t F of Si-XLPE in air under the three dose
rates under study at low temperature close to ambient. The resulting t F values are reported in Table
3.4. It can been seen that they are of the same order of magnitude than those determined experimentally, thus confirming in turn the great heuristic value of Equation (3.66).
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I (Gy.h-1)

400

77.8

8.5

T (°C)

21

47

47

K (s-1)

4.8  10-8

3.1  10-7

1.6  10-7

q

15.0

1.9

1.1

tF (days)

32

43

246

Table 3.4. Values of the rate constant K and criterion q used for predicting the lifetime of Si-XLPE in
air under the three dose rates under study at low temperature close to ambient.

3.5 Conclusion
A new analytical model was developed for predicting the radio-thermal oxidation kinetics and the lifetime of electric cable insulations made of unfilled and unstabilised Si-XLPE in nuclear power plants.
This model was derived from a mechanistic scheme in which the oxidation reaction is initiated both by
the polymer radiolysis and the thermal decomposition of hydroperoxides, without making the usual
assumption of thermal stability of hydroperoxides. After an initial period where the oxidation kinetics
occurs at a constant rate, this model allows also to predict the auto-acceleration of the oxidation kinetics when hydroperoxide decomposition is no longer negligible. A structural end-of-life criterion:
[POOH]F ≈ 1.6 × 10−1 mol. L−1, corresponding to the onset of this auto-acceleration, was proposed
for predicting the lifetime of Si-XLPE in the various radio-thermal environments under study. A satisfying agreement was obtained between theory and experiments as long as thermal initiation remains a
secondary source of radicals relatively to radiochemical initiation, i.e. under the three dose rates under
study (from 8.5 to 400 Gy.h-1) at low temperature close to ambient (i.e. 47 and 21 °C). Under the lowest
dose rate (i.e. 6.0 Gy.h-1) at the highest temperature (86 °C), the analytical model does not correctly
simulate the changes in concentration of the three physico-chemical properties investigated experimentally, i.e. hydroperoxides, carbonyl products and elastically active chains. In these critical radiothermal exposure conditions, it would be necessary to take into account that thermal initiation could
be of the same order of magnitude as (if not greater than) radiochemical initiation. This further kinetic
analysis will be the subject of a future publication.
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4 Kinetic modelling of the radio‐thermal ageing of stabilized XLPE (ENSAM)
4.1 Introduction
In order to protect the polymers against oxidation, a concentration of antioxidants (AO) is generally
incorporated into the polymer during the first steps of the processing operation. Different types of AO
exist and mainly differ by their general chemical structure and their stabilization mechanisms. The two
main types of AO are free radicals scavengers (e.g. hindered phenols and secondary aromatic amines)
and hydroperoxides decomposers (e.g. organic phosphites and thiodipropionates) [1]–[3]. The first
ones are also called “primary antioxidants” or “chain breaking antioxidants” as they increase the ter‐
mination rate by reacting with peroxy radicals formed during the first propagation step, thus efficiently
interrupting the radical chain propagation. In contrast, the second ones are called “secondary antioxi‐
dants” or “preventive antioxidants” as they reduce the initiation rate by converting hydroperoxides
into non-radical products, thus efficiently retarding the auto-accelerated character of thermal oxidation.
However, due to their significant difference in polarity, the solubility of AO in polyolefins is generally
low, typically less than 1 wt% in polyethylene (PE) [3]–[5]. Due to this limited solubility, an oversaturation can easily occur in industrially formulated PE. In previous works [6], [7], it was indeed shown that
above the critical concentration of about 1.6×10-2 mol.L-1 (≈ 0.9 wt%) of AO, a phase separation of the
AO was occurring, with exudation and recrystallization of AO at the polymer films surface. Based on
our results, the following schematic representation of the microstructure of a stabilized polymer in the
case of a homogeneous and heterogeneous distribution of antioxidants was proposed (Figure).
[AO]tot < [AO]c

[AO]tot = [AO]c

[AO]tot > [AO]c

[AO]

[AO]

[AO]tot = [AO]sol
All AO is solubilized in bulk

[AO]tot = [AO]sol = [AO]c
Where [AO]c =

1.6x10-2 M

(~ 0.9 wt%)

All AO is solubilized in bulk

[AO]tot = [AO]c + [AO]insol
Polymer matrix saturated with
soluble AO + AO crystals exuded
at the surface

Figure 4.1. Schematic representation of the microstructure of a stabilised polymer in the case of a homogeneous and a heterogeneous distribution of antioxidants. [AO]c corresponds to the solubility
threshold of AO in the polymer matrix.
Initial characterization of Mod2 (Si-XLPE stabilized with about 2 wt% of phenolic AO) and Mod3 (SiXLPE stabilised with about 1 wt% of thiodipropionate AO) showed that Mod2 contains a significant
quantity of AO crystals, while for Mod3 AO crystals were also detected but in low proportion. The DSC
thermograms (under pure N2) obtained for both unaged materials are, for instance, shown in Figure.
In this latter, the melting peak of the phenolic AO is clearly detected at 51°C for Mod2 (Figurea), while
in case of the Mod3, a very small melting peak at 66°C (melting point of the thiodipropionate AO) is
detected. The quantification of AO crystals (using the experimental methodology established and detailed in [6]) in both materials showed a concentration of insoluble (i.e. crystallized) AO in Mod2 of
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about 1.4 wt%, and about 0.1 wt% in Mod3. In the case of Mod2, the distribution of AO is hence considered heterogeneous (i.e. dissolved AO + AO crystals), while in case of Mod3, as very little AO crystals
is detected, the distribution will be considered homogeneous.
DSC thermograms (1st heating) of Mod2-Tpe-UnA

DSC thermograms (1st heating) of Mod3-Tpe-UnA
Heating rate = 10 °C.min-1

0.1 W/g

Heat Flow (W/g)

Heat Flow (W/g)

Heating rate = 10 °C.min

-1
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0.05 W/g
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(a)
0
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(b)
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Temperature (°C)
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Figure 4.2. DSC thermograms (with a heating rate of 10 °C.min-1 under N2) of: (a) unaged Mod2, and
(b) unaged Mod3.
In this document, only the case of a homogeneous distribution of AO will be discussed (i.e. Mod3), as
in case of a heterogeneous distribution of AO, the impact of AO crystals on the stabilisation process is
still under investigation.

4.2 Experimental study of the thermal ageing of Mod3
The kinetic of the thiodipropionate AO depletion was studied during the thermal ageing under air of
Mod3 at three different temperatures : 87°C, 110°C and 130°C.
As a reminder, the thiodipropionate AO (Irganox PS802) contains one sulphide function (-S-) and two
ester functions (C=O), and the reactive function of the AO is the sulphide function.
During oxidative ageing, the AO depletion was monitored by two experimental techniques: FTIR spectroscopy in transmission mode and OIT measurements (DSC under pure oxygen). DSC measurements
under pure nitrogen were also performed to detect signs of the polymer oxidation.

FTIR spectroscopy
Using FTIR spectroscopy, the IR absorption band of the ester functions of AO can be detected at 1741
cm1. The concentration of these functions can be estimated using the Beer-Lambert’s law, which can
be written as follows:
A=ε×e×C

(Eq. 4.1)

Where A is the absorbance, e the sample thickness (cm), C the concentration of the absorbing species
(mol.L-1) and ε the molar extinction coefficient (L.mol-1.cm-1). The molar extinction coefficient used
here was estimated to be about 550 L.mol.cm-1, as detailed in [8].
Figure shows the carbonyl region of the FTIR spectra obtained during the thermal ageing of the stabilised Si-XLPE at the three temperatures under study. At these temperatures, a continuous decrease of
the IR absorption band of the ester function (at 1741 cm-1) of AO is observed. Then, as the thermal
ageing proceeds, new IR bands appear around 1718 cm-1, 1738 cm-1, 1770 cm-1, and 1790 cm-1. These
latter were assigned to oxidation products of the polymer, as they were also observed during the thermal ageing of the pure Si-XLPE.
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Figure 4.3. Changes in the carbonyl region of the FTIR spectrum of Mod3 during its thermal exposure
in air at (a) 87 °C, (b) 110 °C, and (c) 130 °C.

OIT measurements
According to the literature [9]–[12], using OIT measurements, the concentration of active AO (i.e. sulphide functions here) can be assessed using the following equation:
OIT(T) = KT × [AO] + OIT0 (T)

(Eq. 4.2)

Where KT is a constant only depending on the temperature T and the couple {polymer matrix, AO}
under consideration, [AO] the concentration of the active functions of AO (here sulphides), and OIT(T)
and OIT0(T) the values of OIT at the measurement temperature for the stabilised and non-stabilized
polymer matrix, respectively. For the pure Si-XLPE, OIT0 is near zero in pure O2 at 195 °C.
Here, the OIT measurements were performed at 195°C. The coefficient KT=195°C used here was estimated to be about 11 000 min.L.mol-1, as detailed in [8].
Table 4.1 compiles the OIT values obtained for Mod3 during the thermal ageing at the three ageing
temperatures under study. Similarly to FTIR spectroscopy, OIT is also continuously decreasing with
ageing time at these three temperatures.
T = 87 °C
Ageing time
OIT195°C (min)
(days)
0
179 ± 22
144
109 ± 18
288
36 ± 12
432
15 ± 2
498
12 ± 1
‒
‒
‒
‒

T = 110 °C
Ageing time
OIT195°C (min)
(days)
0
179 ± 22
108
92 ± 3
150
40 ± 6
213
21 ± 1
324
17 ± 2
433
4±1
539
2±1

T = 130 °C
Ageing time
OIT195°C (min)
(days)
0
179 ± 22
31
68 ± 10
71
54 ± 11
98
43 ± 4
144
21 ± 1
216
6±1
288
2±1

Table 4.1. OIT values measured at 195 °C during the thermal ageing of Mod3 in air at 87 °C, 110 °C,
and 130 °C.

DSC analysis (under N2)
DSC analysis under pure nitrogen was used to monitor the polymer crystallinity content during oxidative ageing to detect signs of polymer oxidation. Here, as shown in Figure 4.4, there is no significant
change in the polymer crystallinity content during its thermal ageing at the three different temperatures. At 130°C, a very slight decrease in crystallinity can be noted (from 41 ± 1 % initially, up to 37 ± 1
% after 30 days of exposure) presumably due to the polymer post-crosslinking in melt state. However,
at lower temperature (i.e. at 87°C and 110°C), the fraction of melted polymer being limited, this process of crystallization hindrance is no longer detectable. It can thus be concluded that, for all the three
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temperatures under investigation, there is still no effect (or a negligible effect) of oxidation on the
polymer crystallinity for the ageing durations considered.
Crystallinity content against ageing time (Mod3-TA)

Crystallinity content (%)

50
40
30
20
10
0

T = 87 °C
T = 110 °C
T = 130 °C
0

100

200

300

400

500

600

Ageing time (days)

Figure 4.4. Changes in the crystallinity ratio of of Mod3 during its thermal ageing at: 87 °C (■), 110 °C
(●), and 130 °C (▲).

Analysis of experimental results
Using FTIR spectroscopy and OIT measurements results, the concentrations of active functions (sulphides) and esters (non-reactive functions) of the AO were estimated. The concentration of ketones
coming from the polymer oxidation (absorption band around 1718 cm-1 on FTIR spectra) was also estimated using the Beer-Lambert’s law with a molar extinction coefficient of 300 L.mol-1.cm-1 [10], [13].
These concentrations were plotted versus ageing time, for all the three temperatures under investigation, as shown in Figure 4.5. It can be observed that both sulphides and ester functions of AO deplete
with ageing time. However, it is noteworthy that, when OIT becomes relatively low (< 20 min at 195
°C), ketones coming from the polymer oxidation start to be detected by FTIR spectroscopy and their
concentration immediately increases. This is particularly significant for the highest ageing temperature
under study (130°C). As for linear PE [23], the thermal oxidation of pure Si-XLPE leads to the formation
of a wide variety of carbonyl products which can be, in a first approach, separated into two groups: on
one side, carboxylic acids and ketones of which the IR absorption bands are typically ranged between
1700 and 1720 cm-1, and on the other side, aldehydes and esters for which they are rather located
between 1733 and 1741 cm-1. The contribution of these two latter is hence added to the contribution
of esters from AO in the IR absorption band at 1741 cm-1, thus explaining why the global apparent
concentration of esters reaches a final value which is a quite high compared to sulphides concentration
and OIT (as shown in Figure 4.5).
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Figure 4.5. Concentration changes of sulphides of AO (■) (determined by OIT measurements), esters
of AO (▲), and carbonyls from the polymer oxidation (●) (both determined by FTIR spectroscopy respectively at 1741 cm-1 and 1718 cm-1) for Mod3 during its thermal exposure in air at: (a) 87 °C, (b)
110 °C, and (c) 130 °C.
At this final stage, and for the three temperatures under investigation, OIT is not zero (see Table 4.1)
and the concentration of oxidation products is still relatively low (typically about 10-3-10-2 mol.L-1). In
addition, as mentioned before, no significant modification of the polymer crystallinity (using DSC under
N2) was detected, contrarily to the unstabilised Si-XLPE. Thus, these results suggest that the polymer
oxidation is starting although few AO are still present in the material, which seems to indicate a heterogeneous oxidation of the polymer matrix.

4.3 Radio-thermal oxidation kinetic model for a PE stabilised with a thiodipropionate antioxidant
During radio-thermal ageing of the stabilised polymer, the AO depletion can be expressed as the contribution of the AO physical loss and chemical consumption. According to Calvert and Billingham [14],
in the case of sufficiently thin polymer films, the physical loss is only due to evaporation, of which the
corresponding rate is proportional to AO concentration. Concerning the chemical consumption, the
main acting mechanism can be summarized by the single bimolecular reaction:
AO + POOH → Inactive products

(kd)

(Eq. 4.3)

The resulting balance equation is:
d[AO]
dt

= −K[AO] − kd [AO][POOH]

(Eq. 4.4)

Where K is the evaporation constant and kd the rate constant of the chemical consumption of AO.
Eq. (4.4) can be transformed in a more adequate form to be integrated with respect to time provided
that the hydroperoxides concentration does not vary much and remains almost equal to its initial value
[POOH]0 (i.e. at low conversion ratios). Thus, it can be written:
d[AO]
[AO]

= −(K + kd [POOH])dt

(Eq. 4.5)

whose integration between 0 and t leads to:
[AO]

ln ([AO] ) = −(K + kd [POOH])t

(Eq. 4.6)

[AO] = [AO]0 exp[ −(K + kd [POOH])t]

(Eq. 4.7)

0

i.e.

Where [AO]0 is the initial concentration of AO.
The most popular method [10] for identifying the model parameters focuses on the slope at the origin
of the depletion curve of AO. Indeed, Eq. (7) can be linearized with a limited development of the exponential function when the ageing time t tends towards zero. It comes:
[AO] = [AO]0 [1 − (K + kd [POOH]0 )t]
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[AO]‐[AO]0

i.e.

= − Kt − kd [POOH]0 t

[AO]0

(Eq. 4.9)

As OIT is related to AO concentration, the existence of this initial straight-line can be checked by DSC
under a pure O2 flow. However, it is necessary to decouple the contributions of AO evaporation and
chemical consumption to access the respective values of the model parameters.
Remember that the sulphide is the reactive function of AO, whereas ester is an inactive group which
is present in both the reacted and unreacted AO. Thus, the monitoring of the ester depletion by FTIR
spectroscopy gives direct access to the contribution of AO evaporation (first term in Eq. (9)) and therefore, to the value of the corresponding evaporation constant K. Remember also that Irganox PS802
contains only one sulphide function but owns two ester groups. Thus, for esters, the evaporation kinetics must be written:
[C=O]‐[C=O]0
[C=O]0

= − 2Kt

(Eq. 4.10)

Where [C=O]0 is the initial concentration of esters.
The contribution of the chemical consumption of AO (second term) can then be simply deduced from
Eq. (4.9). However, this first identification method presents the main drawback of not giving access to
the exact value of the rate constant of the chemical consumption kd. Indeed, this latter cannot be
separated from the initial concentration of hydroperoxides [POOH]0.
The new method proposed for accessing all the model parameters is described below. It is not limited
to the slope at the origin, but it rather focuses on the general shape of the depletion curve of AO at
low conversion ratios, i.e. typically for: 1 ≥ [AO] / [AO]0 > ½. To reach this goal, let us assume that the
POOH concentration is a linear function of ageing time :
[POOH]
[POOH]0

t

=1−t

(Eq 4.11)

C

Where tC is the characteristic time of the POOH consumption.
Although it is the simplest hypothesis, it is totally realistic at low conversion ratios. According to Eq.
(3), the slope of this straight-line is given by:
d[POOH]
dt

= −kd [AO]0 [POOH]0

d[POOH]
[POOH]0

i.e.

(Eq. 4.12)

= −kd [AO]0 dt

(Eq. 4.13)

= 1 − kd [AO]0 t

(Eq. 4.14)

whose integration between 0 and t gives:
[POOH]
[POOH]0

The expression of the characteristic time tC is obtained by equalizing Eq. (11) and Eq. (14):
1
[AO]
d
0

tC = k

(Eq. 4.15)

The introduction of Eq. (14) into Eq. (4) leads finally to:
[AO] = [AO]0 exp [ −(K + kd [POOH]0 )t +

k2d
2

[POOH]0 [AO]0 t 2 ]

(Eq. 4.16)

whose subsequent linearization gives:
[AO] = [AO]0 [1 − (K + kd [POOH]0 )t +
i.e.
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As expected, any POOH consumption induces a slight slowdown in the consumption kinetics of AO
from the low conversion ratios. This reduction in slope is accounted for the last term in Eq. (4.18),
which can be determined by fitting the kinetic curves of chemical consumption of AO. As already explained, these curves can be obtained by removing the contribution of AO evaporation (determined
by monitoring the ester depletion by FTIR spectroscopy) from the AO depletion (determined by measuring OIT by DSC under a pure O2 flow). Knowing the initial concentration of AO, the values of kd and
[POOH]0 can then be easily deduced from the two following quantities: kd [POOH]0 and kd² [POOH]0.

4.4 Checking the validity of the kinetic model
As previously reminded, the sulphide is the reactive function of the AO, whereas the ester is an inactive
group which is present in both the reacted and unreacted AO. It can thus reasonably be assumed that
the decrease of the ester concentration observed in Figure 4.5 is essentially due to the AO physical loss
through evaporation, while the decrease of OIT is attributed to both the chemical consumption and
physical loss of AO.
Figure 4.6a shows the kinetic curves of the residual ester concentration for the three temperatures
under investigation, of which the slopes at the origin give access to the evaporation constant K (using
the first approach, as detailed in part 4.3). First of all, these values of K were compared with the values
of the diffusion coefficient D, calculated using Arrhenius parameters reported by Moisan for the same
AO molecule but in linear PE [15]. It was checked that, at the three temperatures under investigation,
the physical loss is indeed controlled by evaporation. According to Calvert and Billingham [14], if the
value of the ratio φ (defined in Eq. (4.19)) is lower than 0.6, the physical loss can be considered to be
evaporation-controlled. In contrast, if this ratio is higher than 10, the physical loss is diffusion-controlled.
φ=

K*e
D

(Eq. 4.19)

Where K is the evaporation constant (expressed in s-1), e is the sample thickness (m), and D the coefficient of AO diffusion (m².s-1).
The values of K, D and φ are reported in Table 4.2. As shown, the ratio φ is typically ranged between
0.1 and 0.2, depending on the temperature under study. However, it should be mentioned that values
of D were obtained from literature data for Irganox PS802 in a linear PE, which might slightly differ in
case of a Si-XLPE, due to possible different interactions between AO molecules and the polymer matrix.
T (°C)
87
110
130

K (s-1)
(8.0 ± 0.7) × 10-9
(1.1 ± 0.1) × 10-8
(2.2 ± 0.4) × 10-8

D (m².s-1)
2.1 × 10-11
7.6 × 10-11
2.0 × 10-10


0.19
0.07
0.05

Table 4.2. Values of the evaporation constant K, diffusion coefficient D, and dimensionless parameter
"φ" of AO at 87°C, 110°C, and 130°C.
The values of K were then compared with the few evaporation data reported in the literature for the
same AO molecule but in linear PE. In particular, Richaud et al. [10] found an evaporation constant of
about 2 × 10-7 s-1 at 110°C, which is one decade higher than the value determined in the present study.
In a first approach, this gap could be explained by a difference in polarity between the two polymer
matrices. Indeed, it must not be forgotten that Si-XLPE contains low concentrations of polar functions
such as silanols (Si-OH), which might strongly interact (via H-bonding) with AO. But it should also be
emphasized that, in their study, Richaud et al. assigned the totality of the AO depletion to physical loss.
As it will be seen later, a minor part of this AO depletion is also due to chemical consumption, and the
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importance of this part can be considerably reinforced if increasing the initial concentration of POOH
(see Eq. (9)). Therefore, it cannot be excluded that the samples studied by Richaud et al. contained an
initial concentration of POOH much higher than our samples.
The same kinetic curves were plotted in Figure 4.6b for the sulphide concentration (i.e. the concentration of the reactive function of AO) estimated by OIT measurements. Indeed, as the sulphide is either
physically lost by evaporation or consumed by the chemical reaction (reduction of hydroperoxides),
these curves show the global kinetics of AO depletion (physical loss + chemical consumption). Thus,
the difference between the results obtained by OIT measurements and FTIR spectroscopy gives access
to the kinetic curves of chemical consumption of AO shown in Figure 4.7.
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Figure 4.6. Kinetic curves in air at 87 °C (■), 110 °C (●), and 130 °C (▲) of AO depletion in Mod3. (a)
Esters and (b) Sulphides. The dashed lines give access to the linear equations of the slopes at the
origin.
As explained in the part 4.3, the slope at the origin and the subsequent positive curvature of the
kinetic curves of chemical consumption of AO give access to the second (i.e. kd [POOH]0) and last terms
(½ kd²[POOH]0 [AO]0) in Eq. (4.18), respectively. Figure 4.7 shows the kinetic modelling of these curves
at low conversion ratios by Eq. (4.18). All these results have been compiled in Table 4.2.
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Figure 4.7. Kinetic curves in air at 87 °C (■), 110 °C (●), and 130 °C (▲) of the chemical consumption
of AO in Mod3. The dashed lines follow the kinetic modelling at low conversion ratios with Eq. (4.18).
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Knowing the initial concentration of AO, the values of kd and [POOH]0 were then easily deduced from
the two following quantities: kd [POOH]0 and kd² [POOH]0. Their respective values are also reported in
Table 4.3.
Method of determination
Curvature
Slope at the origin
OIT
OIT - FTIR
OIT - FTIR
K + kd[POOH]0
kd [POOH]0
½ kd2[POOH]0
(s-1)
(s-1)
(L.mol-1.s-1)
-8
-8
(3.2 ± 0.1) × 10
(2.4 ± 0.1) × 10
4.7 × 10-14
-8
-8
(5.7 ± 0.3) × 10
(4.5 ± 0.1) × 10
1.5 × 10-13
-7
-7
(2.3 ± 0.1) × 10
(2.0 ± 0.1) × 10
3.2 × 10-12

FTIR (Esters)
K
(s-1)
(8.0 ± 0.7) × 10-9
(1.1 ± 0.1) × 10-8
(2.2 ± 0.4) × 10-8

T
(°C)
87
110
130

–
–
kd
(L.mol-1.s-1)
1.6 × 10-6
2.6 × 10-6
1.2 × 10-5

[POOH]0
(mol.L-1)
1.9 × 10-2
2.2 × 10-2
2.1 × 10-2

Table 4.3. Estimation of the kinetic parameters of the thiodipropionate AO depletion in Si-XLPE.
According to the literature, [POOH]0 would typically be ranged between 10-5 and 10-1 mol.L-1 for a linear
PE [16]–[18]. Indeed, [POOH]0 depends both on the purity (i.e. presence of structural irregularities,
catalytic residues, storage antioxidants, etc.) and pre-oxidation level of the samples under consideration. Typical values chosen for kinetic modelling are ranged between 9 × 10-3 and 5 × 10-2 mol.L-1 [19]–
[22]. Although very close to the detection threshold of the physico-chemical techniques commonly
used for POOH titration (estimated around 10-3 mol.L-1 for DSC, and 10-2 mol.L-1 for FTIR spectroscopy
and iodometry [23]), these values are often confirmed experimentally [23], [24]. From this rapid literature survey, it can be concluded that the [POOH]0 values determined with Eq. (4.18) in this study are
quite realistic: (2.0 ± 0.2) × 10-2 mol.L-1, that gives a great confidence in the kd values deduced therefrom.
The temperature dependencies of the evaporation constant K and the rate constant kd of the chemical
consumption of the AO in the temperature range under investigation (between 87°C and 130°C) are
shown in Figure 4.8.
Although some deviation can be noted (especially for kd), these two behaviours were modelled in a
first approach with the usual Arrhenius law. As a reminder, for a given kinetic parameter P, this law
can be expressed as follows:
E

P = f0 exp (‐ RTa )

(Eq. 4.20)

Where f0 is the pre-exponential factor (in the same unit as P), Ea the activation energy (J.mol-1), R the
universal gas constant (R = 8.314 J.mol-1.K-1), and T the absolute temperature (K).
Arrhenius plot of kd for Mod3
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Figure 4.8. Temperature dependences of (a) the evaporation constant and (b) the rate constant of the
chemical consumption of the thiodipropionate AO between 87°C and 130°C in Si-XLPE.
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The general idea was not to describe precisely the temperature dependence of these two parameters,
but to determine their Arrhenius parameters in order to compare them with the few data available in
the literature. Their corresponding values are compiled in Table 4.4. The activation energy obtained
for kd seems to be quite consistent with the value of 44 kJ.mol-1 reported by Colin et al. [25] for the
stabilisation by sulphide of an sulphur-vulcanized EPDM rubber. Unfortunately, to our knowledge,
there is no information on the Arrhenius parameters of K for this AO in the literature.
Constants
K
kd

Ea (kJ.mol-1)
28 ± 8
56 ± 21

Ln(f0)
- 9 ± 3 s-1
5 ± 7 L.mol-1.s-1

Table 4.4. Arrhenius parameters for the thiodipropionate AO depletion in Si-XLPE.
One reason why the usual Arrhenius law seems not to work very well here could be due to the forgetting of an additional chemical or physical phenomenon in the temperature range under investigation.
First of all, it should be recalled that, in this study, the stabilisation reaction was approximated by a
single bimolecular step whereas, in the literature, it has been shown that the reaction products of
sulphides (e.g. sulfoxides S=O) can also reduce hydroperoxides in subsequent stabilisation steps [25]–
[27]. It cannot be excluded that these new stabilization events are differently thermo-activated which
could explain the behavioural deviation from the Arrhenius law.
Moreover, it should be pointed out that the melting temperature of Si-XLPE (114°C) is located almost
in the centre of the temperature range under investigation. For an electron-beam irradiation crosslinked polyethylene, Langlois et al. [28] observed a jump of about half a decade for the pre-exponential
factor around the melting temperature (130°C) in the Arrhenius diagram of the oxidation induction
time. Thus, the increase in molecular mobility when crossing a thermodynamic transition such as the
melting, could also explain the behavioural deviation from the Arrhenius law. However, such a discontinuity is relatively subtle and thus, can be hidden by the wider scattering of experimental data in PE
compilations [18].
At this stage of the investigations, it is certain that too few data have been acquired to accurately
assess the extent of the discontinuity and conclude on the validity of the Arrhenius law for describing
the experimental results of Figure 4.8. Additional experiments should be performed at intermediate
temperatures, but also in a much wider temperature range.

4.5 Experimental study of the radiochemical ageing of Mod3
Although the kinetic model of AO depletion established for the thermal ageing of stabilised Si-XLPE, it
can also be extrapolated to radio-oxidation. The same experimental techniques were hence used to
characterize Mod3 during its radiochemical ageing at three different dose rates: 8.5 Gy/h, 77.8 Gy/h
and 400 Gy/h.
However, as can be observed in Figure 4.9, showing the FTIR spectra obtained for Mod3 during its
radiochemical ageing at the three studied dose rates, polymer oxidation products are already appearing for the first withdrawals. Moreover, DSC analysis (under N2) also showed an increase of the polymer
crystallinity, as was observed for the polymer matrix (Mod1) oxidation under the same ageing conditions.
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Figure 4.9. Changes in the carbonyl region of the FTIR spectrum of Mod3 during its radiochemical
ageing under γ-irradiation at: (a) 8.5 Gy/h, (b) 77.8 Gy/h, and (c) 400 Gy/h.
In addition, OIT measurements at 190°C are already about zero for the first withdrawals, suggesting
that no more active AO is present.
In case of the radiochemical ageing of Mod3, it hence appeared that the polymer oxidation was already
detected for the first withdrawal of all the three dose rates under study. The AO depletion study was
thus not possible here as no more active AO can be detected anymore starting from the first withdrawal.

4.6 Conclusion
The depletion of a thiodipropionate in a Si-XPLE matrix (Mod3) was investigated during thermal ageing
in air at 87°C, 110°C and 130°C using two complementary physico-chemical techniques: FTIR spectroscopy and DSC under O2. It appeared that this depletion is the result of two contributions: physical loss
and chemical consumption (by the stabilization reactions). Physical loss is by far the main depletion
mechanism and it is evaporation-controlled. The corresponding evaporation constant appeared to be
one decade lower than in a linear PE presumably due to the higher polarity of the Si-XLPE matrix, thus
inducing a reduction in the evaporation rate of AO. However, this hypothesis would imply that the two
PE materials contain almost the same initial concentration of POOH, which cannot be demonstrated
due to the lack of data for linear PE. Nonetheless, this study highlighted the insufficient amount of data
available in the literature on the evaporation of thiodipropionate antioxidants, compared to phenolic
antioxidants [29]–[32].
The small contribution of the chemical reaction was also estimated using a new kinetic equation established at low conversion ratios of the stabilization reaction. The corresponding rate constant and
the initial concentration of POOH were determined separately from the slope at the origin and the
subsequent positive curvature of the depletion curve of AO. The activation energy of this rate constant
was found to be relatively close to the few values reported in the literature. However, this value must
be considered with caution due to the limited amount of data acquired in this study but also available
in the literature, which does not allow checking the validity of Arrhenius law. Furthermore, in a first
approach, a single bimolecular reaction was considered for the stabilization process although it has
been shown, in the literature, that the reaction products of sulphides (e.g. sulfoxides S=O) can also
reduce hydroperoxides in subsequent stabilisation steps [25]–[27].
The same kinetic study was also intended to be done for the radiochemical ageing of Mod3, as the
model established can also be extrapolated to radiochemical ageing. However, it appeared that no
more active AO was detected starting from the first withdrawal, for all the three studied dose rates.
Furthermore, for all the dose rates, the polymer oxidation was also already detected by several techniques (FTIR spectroscopy and DSC under N2) starting from the first withdrawal, as it was also observed
for Mod1. The AO depletion could hence not be assessed during the radiochemical ageing of Mod3.
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Future work is now focusing on Mod2, i.e. Si-XLPE stabilized with the phenolic AO. In this latter
material, it was indeed observed that both dissolved AO and crystallised AO were initially present in
the sample. In a recent work [7], results of OIT measurements performed at 200-205°C suggest that
AO crystals would efficiently participate in the polymer stabilization process, at least under these experimental conditions (i.e. in molten state at high temperature and under pure O2). However, further
investigation is still needed to elucidate the role of AO crystals during the oxidative reactions, in particular during thermal and radio-oxidations and hence, to determine whether or not an excess of AO
could be favourable for improving the polymer lifetime.
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5 Calculation of energy barriers involved in
the radio‐oxidation of polyethylene (CEA)
5.1 Introduction
In deliverable D4.2 of the project we reported on our first efforts in order to estimate from the atomic
scale, using first principles calculations, the energy barriers needed as input parameters for kinetic
simulations of ageing, as those described also in section 3.2 of this document. The main results of D4.2
were on the capture of an oxygen molecule by an alkyl radical on a small alkane molecule and a few
preliminary models of a hydroperoxide group and a possible decomposition route. Now, in this document, we approach in a more systematic way the most probable kinetic pathways leading to stable
oxidation of polyethylene, in the form of carbonyl defects, namely ketones, through intermediate species like hydroperoxides and also hydroxyl radicals which, as we will show, can play a crucial role in the
kinetic path.
Most of the reactions we discuss have been studied for two models : 1) a molecular one, consisting in
a relatively small alkane molecule featuring, on its chain, a defective group, like a ketone, and 2) a solid
one, where the same defective group and the associated reactions are studied inside a crystalline
supercell containing on the order of a hundred atoms. For the molecular model, in some cases we
tested alkane molecules of various lengths (see, e.g., the section 5.4.1.1 on oxygen capture) ; if not
specified the calculations are based on an octane molecule.
The tools used are the same as those described in the D4.2 report : first principles calculations based
on Density Functional Theory (DFT), for which technical details are described in the next section, as
well as the algorithms for the search of saddle points.
Our results suggest that the role of hydroxyl radical as transient species has been up to now overlooked
in kinetic simulations of PE degradations, and we suggest reactions that should be included in current
kinetic simulation schemes in the future.

5.2 Methodology
The essential tool leading to the results presented here are total energies as calculated in the framework of DFT.DFT. The main lines of the methodology are essentially the same described in the previous
D4.2 report, but we will discuss two specific points that bear a certain importance for the scope of
application of our calculations; we mean the exchange-correlation functional and the saddle point
search used in order to obtain minimum energy paths and energy barriers for the reactions.

Exchange-correlation functionals and other technical details
The calculations have been done using the Quantum-Espresso (Giannozzi, 2009)[QE] package using
,both norm conserving and ultrasoft pseudopotentials already employed for our previous studies on
PE (Roma, 2018). The choice of the exchange correlation (xc) functional, the main approximation in
DFT calculations, was guided by a compromise between accuracy and computational cost; most
calculations presented here were obtained with a gradient corrected (GGA) functional (optB86b+vdW
(Klimeš, 2011)) containing a long-range nonlocal correlation term, which is known to describe quite
well weak interactions. These are important especially in describing solid PE, where chain-chain
interactions are of van der Waals (vdW) type. The computational overload coming from the van der
Waals contribution is not prohibitive with respect to standard semilocal functionals of the GGA family.
Conversely, a more rigorous treatment of the exchange part, including a Hartree-Fock exact exchange
contribution (i.e., a hybrid xc-functional), implies at least an order of magnitude increase in computing
time. For this reason, we did only a few test calculations with a hybrid functional; we chose a functional
which optimizes the local and non-local exchange part to use it in combination with the same vdW
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term as in the optB86B+vdW; this functional is referred to as vdw-df-cx0 (Berland, 2017). All
calculations were performed with an energy cut-off of 60 Rydberg; relaxations of the atomic structures
were pursued down to a force threshold of 10-3Ry/Bohr. For some hybrid functional calculations, which
are much more time consuming than those using optB86b+vdW, we used the relaxed configuration
obtained with the latter.
We investigated both molecular and solid PE models. For isolated molecules we used a cell size 40x40
Bohr wide in the plane perpendicular to the alkane chain ; for solid PE we employed 2x1x4 supercells
containing 96 atoms and we used 8 k-points for the sampling of the Brillouin zone.

The search for energy barriers: advantages of Nudged Elastic Band (NEB) method vs gradient
methods
Calculating total energies is of course inevitable in order to predict energy barriers, however the search
for saddle points in complex energy landscapes if far from being a trivial endeavour. In the available
literature several studies on energy barriers in polyethylene (Pfaendtner, 2006), (de Sainte Claire,
2009), (Hayes, 2009), (Kyseľ, 2011) have used the tools available in the Gaussian software package,
which is the most used DFT package in the chemistry community for dealing with molecular systems.
Such methods, like Linear Synchronous Transit (LST), Quadratic Synchronous Transit (QST), are not
particularly robust for finding saddle points in complex energy pathways where reactant and product
may be separated by a corrugated energy landscape. In studies dealing with diffusion of point defects
in solids most used is the NEB (Nudged Elastic Band) method (Henkelman, 2000), which allows a simultaneous optimization of a series of atomic configurations along a transition path, with a non-holonomic constraint made by fictitious spring forces, preventing configurations situated between the
initial and final states to relax to one of them. Another approach currently used is to use a series of
calculations with holonomic constraints, like distance, coordination angles or similar geometric constraints, between the initial and final state. Most results presented here have been obtained using the
NEB method, but we have occasionally used distance constraints as a check or as a preliminary path
search tool, finally refined with NEB. The use of constraints can sometimes lead to an unknown final
state, while NEB always requires the knowledge of reactants and products.

5.3 Majority product of thermal oxidation and alternative reaction pathways
The assessment of radio-oxidation ageing in polymers under irradiation stems from the detection and
quantification of oxidation products by various methods, for example by infrared spectroscopy. The
determination of relative concentration of various oxidation products and transient chemical species,
as well as their dependence on ageing conditions, is very important. Typically, carbonyl defects of various kinds (ketones, aldehydes, carboxylic acids, esters, enones, lactones) are considered between
these oxidation products, and previous studies seem to support the conclusion that, in various conditions, ketone groups are dominant stable products of the ageing process (Costa, 1997), (Salvalaggio,
2006), (Fodor, 1984). The possible kinetic paths leading to such products are several, and here we will
review the most frequently considered ones, in particular the route involving the formation of hydroperoxide species (POOH) as intermediate steps, as stressed by recent studies (Da Cruz, 2016).
Theoretical approaches based on atomic scale understanding of relevant reactions and their energy
barriers are relatively sparse and fairly recent (Hayes, 2009), (Chan, 1998), (Kyseľ, 2011), (Oluwoye,
2015), (Pfaendtner, 2006), (de Sainte Claire, 2009). Many of these studies focus on reactions occurring
for molecular species, but some of them consider solid surfaces (Oluwoye, 2015) or interfaces
(Ceresoli, 2004). We think it is worth revisiting some of these reactions using a consistent approach for
both molecular and solid systems in order to compare them, and using the robust NEB method for
finding minimum energy paths. We focus on reaction pathways involving the formation and decomposition of hydroperoxide species, guided essentially by the two recent papers by da Cruz et al. (Da Cruz,
2016) and Oluwoye et al. (Oluwoye, 2015), and summarize the most relevant reaction paths in Figure
5.1.
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Figure 5.1. A summary of presumable reaction paths including the main mechanism for the radio oxidation of polyethylene. Alkyl radical production (1) leads to oxygen capture (2) which can be followed
by unimolecular (3a-c) or bimolecular (4) formation of hydroperoxide species. The decomposition of
these transient chemical groups can occur via various unimolecular or bimolecular pathways proposed here, giving, at the end, water, ketones and new radicals pursuing the chain degradation reaction.
Everything starts with the direct production of alkyl radicals by irradiation. Although this step would
deserve a thorough study to understand the conditions and mechanisms leading to hydrogen abstraction, it needs tools able to describe bond breaking following electronic excitation, a fairly difficult task,
so we take it here for granted and proceed as in most studies on polymer degradation. Given alkyl
radicals, in an oxidative environment, oxygen capture takes place (reaction 2) followed by unimolecular (3a-c) or bimolecular (4) formation of hydroperoxides. The latter are transient species, which eventually disappear by various unimolecular or bimolecular decomposition mechanisms. The reactions
that we consider produces water, ketones, and further radicals (in particular hydroxyl ones) which take
part to radical chain degradation reactions.
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5.4 Results
Oxygen diffusion and capture
5.4.1.1 Molecular models
Our calculations of oxygen capture by alkyl radicals on a molecular model (isolated and finite alkane
chains of various lengths) essentially confirms the preliminary results shown in D4.2 last year, finding
that a magnetic (spin 3/2) O2 molecule binds spontaneously to an alkyl radical forming a spin ½ peroxy
radical. The barrier variation with the size of the molecule is negligible even for small molecules with
four carbons in the chain (see Figure 5.2a); capture by an alkyl radical at chain end (Figure 5.2b), does
not change substantially the result.
5.4.1.2 Solid models
We compared a similar oxygen capture reaction by an alkyl radical simulated in a crystalline solid
supercell, which leads to qualitatively similar results. Quantitatively, however, energy gain by the oxygen capture is larger in crystalline PE (2.3 eV) than for the molecular system (1.8 eV), which suggests
that in the amorphous, or interface, regions, where the density is lower and the local environment
closer to the molecular level, the re-emission of O2 might be slightly more favourable than in the crystalline regions. Figure 5.2c shows the energy profile along the reaction; the starting point is a configuration where the oxygen molecule is inserted in a channel between polymer chains, as far as possible
from the alkyl radical. Such a configuration was used also (without the alkyl radical) to estimate the
solution energy of an oxygen molecule in PE and its diffusion activation energy.

Figure 5.2. Oxygen capture energy profiles by an alkyl radical in : (a) alkane molecules with the alkyl
in the middle of the chain (b) alkane molecules with an alkyl at chain end (c) solid crystalline PE. In the
latter the oxygen molecule, before the capture by the alkyl, is inserted far from it in a channel between the polymer chains (and the zero of energy is taken at this configuration).).
Indeed, given the spontaneous capture of O2 by alkyl radicals, oxygen diffusion in the material is crucial
to activate radio-oxidation mechanism far from the surface. The insertion of an O2 molecule in PE has
an energy cost that decreases when the size of the channel increases (as could have been expected
from a similar case in amorphous SiO2 (Bongiorno, 2002); at the equilibrium volume of crystalline PE
the solution energy is quite high (1.7 eV), but with an interchain distance only 0.2 Å larger, it drops to
only 0.2 eV, suggesting that in the amorphous regions, where the density is lower, oxygen molecules
can be easily accommodated at room temperature. By calculations at variable cell size, we estimate
the solution energy at constant (zero) pressure to be in the order of 1 eV. To investigate the migration
energy, we performed a few NEB calculations which revealed a variety of small undulations in the
energy landscape, in the order of only 0.1 eV. The configurations along one of the calculated migration
jumps constituting the NEB path are shown in Figure 5.3. With migration barriers in this energy range,
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it is reasonable to use ab initio molecular dynamics at temperatures close to room temperature in
order to see directly the migration and thus, by simulations at a few chosen temperatures, estimate a
migration free energy. Such calculations are underway.

Formation of hydroperoxide species
As shown in Figure 5.1, several paths towards the formation of hydroperoxide species, starting from a peroxy radical, can be envisaged. First,
we have to distinguish unimolecular processes, where the peroxy radical
abstracts a hydrogen atom from the same polymer chain to which it is
attached. In this case we considered the three closest hydrogen atoms,
i.e., those in α, β, γ positions (reactions 3c, 3b, 3a respectively in Figure
5.1). These reactions can be calculated both for a single alkane molecule
and in a model of solid PE.
Another possible way to form a hydroperoxide is to combine the peroxy
radical with a hydrogen atom coming from a neighbouring chain; in this
case, which can occur only inside solid PE, the neighbouring chain is left
with an alkyl radical after the formation of the hydroperoxide. This is depicted in reaction 4 of Figure 5.1.
5.4.1.3 Molecular models
First of all, we set up NEB calculations for reaction 3a-c for an alkane
molecule containing 8 carbons. The minimum energy profiles found by
NEB calculations are shown in Figure 5.4, panels a) to c). The abstraction
from γ position is clearly the most favourable H-transfer process. We
note that the end product of reaction 3c, in spite of being initially set up
as a hydroperoxide, becomes in fact spontaneously a ketone by dissociation of a hydroxyl radical. This is consistent with experimental findings
on the kinetics of hydroperoxide decomposition (Vaghjiani, 1989),
(Gugumus, 2000) suggesting that α-alkyl-hydroperoxide radicals have
very short lifetime in the order of a few tenths of μs. Conversely, when
the alkyl is produced in α or β position with respect to the hydroperoxide,
they do not react spontaneously.
5.4.1.4 Solid models
The results obtained for the same reaction in the crystalline model are
shown in panels 4-5 of Figure 5.4. The activation energies in the solid are
very close to those calculated for an isolated molecule, suggesting that
Figure 5.3. Configurations the environment here has a negligible influence. The only major differof an oxygen molecule in ence that we should stress is the final product of reaction 3c: while in
polyethylene along a mi- both cases a ketone group is produced, for the solid the hydroxyl radical
gration path in a channel spontaneously reacts with a neighbouring chain to form a water molebetween the polymer
cule, leaving an alkyl radical. The latter is of course important for enterchains as obtained through taining a chain reaction starting again from reaction 2 of Figure 5.1. The
a NEB calculation.
intermediate structures for reaction 3c in the crystalline solid are shown
in Figure 5.5.
In a solid the saturation of a peroxy radical can occur through an H-abstraction from a neighbouring
chain (reaction 4 of Figure 5.1). We have estimated the reaction barrier corresponding to this process
by choosing the nearest H atoms to the peroxy radical in our crystalline PE model. The resulting energy
profile is shown in Figure 5.6., which shows that this process is competitive with reaction 3a (intramo-
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lecular abstraction of the hydrogen in γ position to the peroxy radical). Experimentally it might be difficult to distinguish various processes for hydrogen abstraction (uni or bimolecular) especially when
their reaction barriers are so close; our results are consistent with the activation energy previously
used in kinetic modelling for reaction 4, 0.76 eV (Khelidj, 2006), (Khelidj, 2006).

Figure 5.4. Minimum energy profiles calculated for reactions 3a-c of Figure 5.1 for an isolated molecule (panels a-c) and in crystalline PE (panels d-f). The final product of reaction 3c is not the same in
the two cases.

Figure 5.5. Snapshots along the reaction path corresponding to reaction 3c of Figure 5.1 in crystalline
PE. The corresponding energy profile is in Figure 5.4f. The final configuration (panel d) includes a water molecule in the upper right corner, close to an alkyl radical, and a ketone.

Hydroperoxide decomposition reactions

Figure 5.6. Energy profile for a
bimolecular hydrogen abstraction by a peroxy radical in crystalline PE.

Public

We have shown in Figure 5.1 several hydroperoxide decomposition
reactions. We can already anticipate that it might be possible to
class these reactions according to the starting bond cleavage; for
example, unimolecular reactions 5 and 9c start both with the breaking of the PO-OH bond of the hydroperoxide group. When two
chains are involved (bimolecular reactions), the situation is more
complicated, because bond breaking and structural deformations
may have similar contributions to the reaction energy barrier. In
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some cases, we found that the outcomes are not the same for the same reactions in the molecular
model and in crystalline PE, due to the reactivity of the radicals, in particular the hydroxyl radical, with
neighbouring polymer chains. For example, reaction 5 in the crystal, turns out to be an intermediate,
unstable, step of reaction 6, because the •OH radical reacts spontaneously with a neighbouring chain.
A similar situation occurs with reaction 9b.
5.4.1.5

Molecular models

The only truly unimolecular reactions for the decomposition of hydroperoxides, between those shown
in Figure 5.1, are reactions 5 and reactions 9c. Reaction 6 is sometimes called pseudo-unimolecular,
because it involves only one defective (hydroperoxide) group; it needs, however, a neighbouring alkane chain. Reaction 9a,b need only one polymer chain, but require the presence of the hydroxyl radical.
Reaction 5 proceeds in a similar way as the reverse of an oxygen capture, featuring instead an •OH
radical. The energy profile, shown in Figure 5.7., shows indeed a sort of plateau when the •OH radical
is sufficiently far from the alkoxy radical. The energy gain is somewhat higher (~2 eV) than for oxygen
capture. The relevant point is that, if an alkoxy radical is present, it will spontaneously capture an •OH
radical to form a hydroperoxide.
The dissociation of hydroperoxides along this route is thus not very probable and this is in agreement
with a previous estimation of 2% (Gugumus, 2000) based on experimental results analysed through
kinetic equations.
The •OH radical is involved also in reactions 9a-b, and it turns out
to react spontaneously with the hydroperoxide group, decomposing it as shown in Figure 5.1, in a water molecule plus a peroxy
radical (for reaction 9a) and in a ketone plus a water molecule and
a further •OH radical (for reaction 9b). The latter can trigger further
reactions with other hydroperoxides but also with ketones (Irmgard Frank, 1998).
Reaction 9c proceeds as shown in Figure 5.1 for the molecular
model, giving a ketone and a water molecule, with a relatively high
Figure 5.7. Energy profile for re- reaction barrier of almost 2 eV. The energy profile will be shown in
the next section for comparison with the solid model. As menaction 5 of Figure 5.1, a unimolecular hydroperoxide decom- tioned above, this reaction starts with the cleavage of the PO-OH
position as calculated for a mole- bond as in reaction 5, and it is thus not surprising that the energy
cule with 8 carbon atoms. The re- barriers for these reactions are similar, around 2 eV.
verse reaction between an alkoxy 5.4.1.6
Solid models
radical on the chain and an hyReactions 6, 7 and 8 of Figure 5.1 can be realized only by the presdroxyl, is almost spontaneous.
ence of a neighbouring chain, then we simulated them in our crystalline PE model. We present the energy profiles of these reactions
together in Figure 5.8, panels a-c.
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Figure 5.8. Energy profiles calculated for reaction 6, 7, 8 (panels a-c) of Figure 5.1.
For the first, reaction 6, the outcome from our calculations is not the same as generally expected and
shown in Figure 5.1. The reason has to be found in the spontaneous H-abstraction reaction between
the alkoxy radical and a neighbouring chain, giving an alcohol and a further alkyl radical. This reaction
is exothermic and a backward reaction is highly improbable, as it would imply overcoming a high barrier, in the order of 3 eV.
Reactions 7 and 8 follow each other in a sequence; they may become relevant only when a sufficiently
high concentration of hydroperoxides is present, as it involves two of them. The first step presents,
nevertheless, a relatively high barrier (1.5 eV), while the second step, previously considered to occur
spontaneously (Zolotova, 1971), (Gugumus, 2005) proceeds with a small barrier of 0.2 eV. Considering
the fact that reaction 7 was calculated putting the two hydroperoxides in the closest position, and still
the barrier is relatively high, we presume that reactions between hydroperoxides at larger distance
contribute negligibly to the hydroperoxide decomposition, as their barrier is probably even higher. This
remark can help assess the so-called “cage effect”.
Reactions 9a-c are unimolecular reactions producing water. In two cases (a and b) they imply the participation of a hydroxyl radical, and in two (other) cases (b and c) they include a ketone in the final
product. According to our calculations, the two reactions involving •OH are spontaneous, both in the
crystal and for a molecule. For the latter, we are still checking at which distance the •OH radical can be
considered isolated from the molecule (i.e., not interacting with it). We checked the spontaneous character of these reactions also with hybrid functionals.
Reaction 9a proceeds qualitatively in the same way in the molecular and solid models, with an intermediate step where the hydrogen is abstracted from the hydroperoxide but not yet bound to the •OH
to form a water molecule; distances suggest an important role of hydrogen bonding.
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Figure 5.9. Snapshots for reaction 9b for the molecular model (above, 4 configurations) and for the PE
crystal (below, 6 configurations). The white arrows in snapshots 2,4,5 for the solid indicate the abstracted hydrogens (snapshots 2 and 5) and the transient •OH radical (snapshot 4).
Conversely, for reaction 9b, the presence of nearby chains leads in the solid to a different outcome
than for the molecular model. The two different sequences are shown in Figure 5.9, where it is clear
that in the solid, after the formation of the first water molecule, the remaining •OH abstracts a further
hydrogen atom from a neighbouring chain, to form a second water molecule and leave an alkyl chain,
ready for further chain reactions. The two reactions are thus:
𝑦𝑖𝑒𝑙𝑑𝑠

Molecule:

𝑃𝑂𝑂𝐻 + •𝑂𝐻 →

Solid:

𝑃𝑂𝑂𝐻 + •𝑂𝐻 →

𝑦𝑖𝑒𝑙𝑑𝑠

𝑃• 𝑂𝑂𝐻 + 𝐻2 𝑂 →

𝑦𝑖𝑒𝑙𝑑𝑠

𝑦𝑖𝑒𝑙𝑑𝑠

𝑃 • 𝑂𝑂𝐻 + 𝐻2 𝑂 →

𝑃 = 𝑂 + •𝑂𝐻 + 𝐻2 𝑂
𝑃 = 𝑂 + 𝑃• + 2𝐻2 𝑂

Reaction 9c proceeds in a similar way for the molecule and in the solid, as shown in Figure 5., where
the energy profiles are given; the energy barrier is close to 2 eV in both cases, reminding the unimolecular reaction 5, which looks like a prerequisite for obtaining the outcome of reaction 9c, i.e., the cleavage of the PO-OH bond, after which the •OH radical can abstract the hydrogen atom opposite to the
alkoxy radical to leave a ketone, and forming a water molecule.

Figure 5.10. Energy profile of reaction 9c of Figure 5.1 for a) molecules of various sizes b) crystalline
PE.

On the role of hydroxyl radicals and alkyl diffusion
Several of the reactions previously considered for the formation and, in particular, for the decomposition of hydroperoxides, involve the presence of a hydroxyl radical, either as a transient species or as
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initial constituent or final product. It is the case for reaction 3c, where the hydroxyl is a final product
for the molecular model and a transient species in the solid. It is a product in reaction 5 and it is involved in reactions 9ac both in the solid and molecules. However, the most probable reactions leading
to the formation of hydroperoxides (reactions 3a and 4, with activation energies in the order of 0.70.8 eV), do not involve hydroxyls.
Forming hydroxyl directly from hydroperoxides is not very favourable (reaction 5 predicts an activation
energy around 2 eV), but if •OH radicals are present, they trigger a quick decomposition of hydroperoxides through reactions 9a-b.
According to de Sainte-Claire (de Sainte Claire, 2009) the presence of hydroxyls can easily catalyse the
production of alkyl radicals (even without irradiation). It is thus clear that the production and distribution of hydroxyl and alkyl radicals are connected and to properly simulate the overall [radio]-oxydation
process we need a better understanding of possible sources of both hydroxyls and alkyl radicals and
their evolution, including diffusion.
As a first step, after the diffusion of O2 as presented in section 5.4.1.2, we investigated the diffusion of
an alkyl radical, both in the molecular model and in the solid. In the latter, in addition to migration
jumps along the chain (intrachain), we can simulate interchain jumps. We considered first and second
neighbour intrachain jumps (Figure 5.11a), which give relatively high activation energies both in the
solid and molecules, of at least 1.7 eV, as shown in Figure 5.11 (panels-b-e). Conversely, the elementary jump leading to diffusion across the chains, as shown in Figure 5.11f, is in the order of only 1 eV.
This confirms what inferred from experimental results of alkyl decay rates in urea-polyethylene complex (Shimada, 1977), (Shimada, 1981).

Figure 5.11. Alkyl radical migration in PE. Panel a) : the three migration jumps considered, S1-2 are
intrachain jumps, while S3 occurs across the chains. Panels b-e show the energy profiles for jumps S12 in the molecule (b-c) and in the solid(d-e). Panel f shows the profile for migration S3 in solid PE.
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5.5 Outlook of future work
The results presented in this report are total energy barriers obtained from static NEB calculations.
Although these are in general the most important contribution to free energy barriers, and although
NEB minimum energy path provide in many cases at least a reasonable prediction of the reaction path,
an improvement that should be considered is to implement an exploration of the free energy landscape through first principles molecular dynamics. In cases where the energy barriers are low enough
(or for spontaneous processes), ordinary, unconstrained, molecular dynamics can give useful estimations of the entropic contribution to free energy barriers. Otherwise, for reactions with relatively high
energy barriers, dynamic calculations, using suitable constraints or methods like metadynamics (Laio,
2008), should allow the search for possible more favourable paths that were missed by the static calculations, and in any case allow, even here, the estimation of entropic contributions.
We are thus investigating the use of first principles molecular dynamics in some test cases, like oxygen
diffusion in solid PE. Further reactions will be investigated in this way.
Of course, the reactions discussed in this report are only a subset of a large panel of possibly interesting
reactions. In connection with the outcome of kinetic simulations discussed in section 3, other reactions
will for sure be investigated in the future.
A last direction in which improvement can be made is to approach more realistic models of PE, in
particular the amorphous regions and the interface between amorphous and crystalline ones. Such
improvements can help predict the distribution of free energy barriers of relevant reactions.
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6 Conclusion
A kinetic model was derived for pure XLPE from the radio-oxidation mechanistic scheme previously
established for pure LDPE and HDPE without making the usual assumption of thermal stability of hydroperoxides. This new model allows taking into account the triggering of the thermal ageing in the
long term, which results in an auto-acceleration of the oxidation kinetics after an initial period where
the oxidation kinetics occurs with a constant rate. The validity of some important elementary reactions
such as: the formation of hydroperoxides by H-abstraction by a peroxy radical, unimolecular and bimolecular decompositions of hydroperoxides, but also decomposition of hydroperoxides initiated by
a radical attack, was checked by ab initio calculations at the atomic scale.
A satisfying agreement was obtained between theory and experiments as long as thermal initiation
remains a secondary source of radicals relatively to radiochemical initiation (typically from 8.5 to 400
Gy.h-1 at low temperature close to ambient). A new formulation of the kinetic model is under progress
when thermal aging becomes equal to or predominates over radiochemical aging (in particular under
6.0 Gy.h-1 at 86°C). This improvement will make the model valid in accident conditions in addition to
normal operating conditions in a nuclear environment.
It has been shown how to take into account the stabilization by antioxidants in this model, considering
at first the simplest case of an almost completely dissolved antioxidant in the XLPE matrix. The much
more complete case of a poorly dissolved antioxidant in the XLPE matrix will be considered in the next
deliverable. In this latter case, the challenge will be to take into account the additional stabilizing effect
of antioxidant crystals on the sample surface. Different scenarios are currently being considered. Once
again, the validity of these new elementary reactions will be checked by ab initio calculations at the
atomic scale. Special attention will be paid to stabilization reactions by phenolic antioxidants.
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