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Glossary
Abbreviation/ acronym Description
A

IR absorbance

AO

Antioxidant

ATH

Tri-hydrated alumina fillers

C=O (or P=O)

Carbonyl products

H

Molar enthalpy

Hm

Melting enthalpy

Hm0

Melting enthalpy of the PE crystal

HPOOH

Decomposition enthalpy of POOH

DSC

Differential scanning calorimetry

e

Sample thickness



Molar extinction coefficient

FTIR

Fourier transform infra-red spectroscopy

I

Dose rate

IR

Infra-red

OH

Hydroxyl products

OIT

Oxidation induction time
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Abbreviation/ acronym Description
POOH

Hydroperoxides

QO2

Oxygen consumption



Density of additive free Si-XLPE

a

Density of the amorphous phase of Si-XLPE

ATH

Density of ATH fillers

C

Density of PE crystals

Comp

Density of ATH filled Si-XLPE (i.e. composite material)

Si-XLPE

Silane-crosslinked low density polyethylene

T

Temperature

TGA

Thermogravimetric analysis

V

Volume fraction

VATH

Volume fraction of ATH fillers

VC

Volume fraction of PE crystals

X

Mass fraction

XATH

Mass fraction of fillers

XC

Crystallinity ratio of Si-XLPE
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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 D4.6 of the work package WP4. It deals with the kinetic
modelling of the radio-thermal ageing of the Si-XLPE matrix filled with three different ATH contents: 0,
25 and 50 phr. In a first part, these three materials are characterized with a series of complementary
chemical techniques (including TGA analysis, OIT measurements, FTIR spectroscopy, DSC analysis and
density measurements) before and after their radio-thermal ageing. Experimental results are analysed
in order to more precisely define their chemical composition and microstructure and to evidence the
possible influence of ATH fillers on the oxidation kinetics of the Si-XLPE matrix. In a second part, the
fundamental bases of the kinetic model are recalled, then this latter is extended to the ATH filled SiXLPE. Finally, the reliability of the kinetic model is checked by comparing its prediction with the experimental data obtained for the ATH filled Si-XLPE.

Public

Copyright TeaM Cables consortium

Page 6 / 31

TMC-D4-6-Kinetics_modelling_formulated_polymer_ageing_with_fillers.docx
TEAM CABLES – 755183
08/06/2021

2 Introduction
The objective of this deliverable is to extend the kinetic model elaborated for accurately describing the
radio-thermal oxidation of the additive free to the ATH filled Si-XLPE. First of all, the possible influence
of the ATH fillers on the oxidation kinetics of the Si-XLPE matrix is investigated with a series of complementary chemical techniques (including OIT measurements, FTIR spectroscopy, DSC analysis and density measurements). On this basis, the kinetic model is then extended to the ATH filled Si-XLPE and its
reliability is checked with experimental results obtained during the radio-thermal ageing.
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3 Experimental part
3.1 Description of materials
The composition of the different materials under study is briefly recalled in Table 1.
Table 1: Composition of Mod1, Mod5 and Mod6;

Name

Composition

Mod1

Si-XLPE

Mod5

Si-XLPE filled with 25 phr of
ATH

Mod6

Si-XLPE filled with 50 phr of
ATH

Shape of samples

Tape of 0.5 mm thick

3.2 Characterization of unaged materials
The three materials under study were first characterized before aging with several common laboratory
techniques (TGA analysis, OIT measurements, FTIR spectroscopy, DSC analysis and density measurements) in order to more precisely define their chemical composition and microstructure (in particular,
their crystallinity ratio and filler content).

3.2.1 TGA analysis
The mass fraction of ATH fillers in Mod1, Mod5 and Mod6 was checked by TGA analysis. A few mg of
each material were subjected to a temperature ramp between 30°C and 650°C with a heating rate of
10°C.min-1 under a nitrogen flow of 50 mL.min-1 in the cavity of a TA Instruments TGA Q500 thermogravimeter. For each material, this experiment was repeated three times the assess the error measurement.
Examples of ATG thermograms are reported in Figure 1. For each material, the derivative of the mass
percentage with respect to temperature allows to better visualize the different degradation stages and
to determine the average temperatures at which the degradation rate is maximum.

Figure 1: TGA thermograms of unaged Mod1, Mod5 and Mod6.

For Si-XLPE without any additive (i.e. for Mod1), there is a single degradation stage corresponding to
polymer pyrolysis, whose the maximum rate is located at about 483°C. In the case of the filled Si-XLPE
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(i.e. for Mod5 and Mod6), in contrast, a second degradation stage is observed around 310-320°C, which
is assigned to the dehydration of the ATH fillers.
According to literature [1], the dehydration of ATH fillers is a complex reaction involving several stages.
Fully hydrated fillers, whose current chemical formula is generally written: Al(OH)3, can also be represented with the hydrate: [Al2O3, 3H2O]. ATH fillers start to dissociate into Al2O3 and H2O from 80°C, first
giving the following hydrate: [Al2O3, 2H2O]. Then the reaction continues progressively when increasing
the temperature. At 900°C, the fillers still contain a few thousands of water percentage that they lose
only at 1200°C to finally give Al2O3. Moreover, as long as the temperature is not very high (typically,
for T < 1000°C), the reaction is considered as reversible.
In our case, as the ATH fillers have presumably undergone a beginning of dehydration and a partial
rehydration during the different processing stages of the tapes [2]: mixing between 100 and 150°C,
moulding by extrusion between 150 and 180°C, crosslinking in water at 65°C for 48h, etc., their real
hydration state in the Si-XLPE matrix is not well known. In a first approach, it will be noted: [Al2O3,
nH2O], with 2 < n < 3.
The TGA thermograms of Figure 1 are composed of three plateaus, each one allowing to determine in
turn the corresponding mass fraction of the almost totally dried fillers (final plateau), water (gap between the first and second plateaus) and Si-XLPE matrix (gap between the second and third plateaus).
The mass fraction of ATH fillers can simply be deduced by summation of the two first mass fractions.
In addition, let us recall that the mass fraction of water in the hydrate [Al2O3, nH2O] is given by:
18 𝑛

𝑋𝑤𝑎𝑡𝑒𝑟 = 102+18 𝑛

(Eq. 1)

It comes:
𝑛=

5.66 𝑋𝑤𝑎𝑡𝑒𝑟
1−𝑋𝑤𝑎𝑡𝑒𝑟

(Eq. 2)

Thus, the mass fraction of water in the fully hydrated fillers, for which n = 3, is: 𝑋𝑤𝑎𝑡𝑒𝑟 = 28.6%. From
the experimental results reported in Table 2, it can be determined that the mass fraction of water in
the ATH fillers in Mod5 and Mod6 is: 𝑋𝑤𝑎𝑡𝑒𝑟 = (33.0 ± 0.2)%. Finally, it can be deduced that this
latter quantity corresponds to a hydrate with 𝑛 = 2.79 ± 0.03.
Table 2: Mass fraction of ATH fillers and Si-XLPE matrix in Mod5 and Mod6 measured by TGA in nitrogen.

Mass fraction of fillers XATH (%)
Al2O3

H2O

Al2O3, nH2O

Mass fraction of
matrix XSi-XLPE (%)

Mod1

0

0

0

100

Mod5

13.93

6.93

20.86

79.14

Mod6

22.27

10.88

33.15

66.82

Materials

3.2.2 OIT measurement
ENSAM measured the OIT in pure oxygen of all the materials under study in the TMC project with a TA
Instruments DSC Q20 calorimeter. The measurement protocol is reported in deliverable D3.2 [3].
The OIT values obtained for unaged Mod1, Mod5 and Mod6 at three different temperatures are compiled in Table 3. It must be recalled that all these samples contain a small quantity of storage phenolic
antioxidants (mainly Irganox 1076).
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Table 3: OIT values of unaged Mod1, Mod5 and Mod6 measured by DSC in pure oxygen at 190, 200 and 210°C.

Temperature
(°C)

OIT (min)
Mod1

Mod5

Mod6

190

39 ± 3

92 ± 41

47 ± 2

200

13 ± 3

29 ± 11

17 ± 1

210

4±1

12 ± 7

6±1

Table 3 shows that, at the three measurement temperatures, OIT is higher for Mod5 (containing 25
phr of ATH fillers) than for Mod6 (containing 50 phr of ATH fillers). One can thus consider two possibilities to explain such a result:
i)

ATH fillers reduce the efficiency of the storage antioxidants, for instance by physical adsorption
on their surface (which involves a hydrogen bonding between the OH groups of phenols and
ATH fillers). Such an antagonist effect has been reported several times for mixtures of phenolic
antioxidants and carbon blacks in polyolefin matrices [4,5]. It can also be suspected to occur
for mineral fillers containing plenty OH groups, such as ATH fillers.

ii) The concentration of the antioxidants is about twice lower in Mod6 (containing 50 phr of ATH
fillers) than in Mod5 (containing 25 phr of ATH fillers) presumably because, in the former sample, the mixing conditions (in particular, the torque and temperature) were more severe in
order to deagglomerate the ATH fillers and thus, to better disperse them into the Si-XLPE matrix during the processing of the tapes. These more severe conditions presumably led to a further chemical consumption of the storage antioxidants in Mod6 than in Mod5.
In the next section, the concentration of storage antioxidants will be determined in the three materials
under study to decide between these two possibilities.

3.2.3 FTIR spectroscopy
ENSAM measured the FTIR signature in both transmission and ATR mode of all the materials under
study in the project with a Perkin Elmer FTIR Frontier spectrometer. The measurement protocol is also
reported in deliverable D3.2 [3].
The FTIR spectra obtained in transmission mode for unaged Mod1, Mod5 and Mod6 are reported in
Figure 2. These spectra are constituted by the characteristic IR bands of Si-XLPE, ATH fillers and phenolic antioxidants.

Public

Copyright TeaM Cables consortium

Page 10 / 31

TMC-D4-6-Kinetics_modelling_formulated_polymer_ageing_with_fillers.docx
TEAM CABLES – 755183
08/06/2021

Figure 2: FTIR spectra in transmission mode of unaged Mod1, Mod5 and Mod6.

If focusing on the IR absorption bands of the ester (at about 1742 cm-1) and phenol groups (at about
3647 cm-1) of Irganox 1076 (see Figure 3), a difference can clearly be evidenced in the stabilization of
Mod1, Mod5 and Mod6. In each material, the corresponding concentration of Irganox 1076 was determined using the classical Beer-Lambert’s law:
𝐴
𝑒

= 𝜀 . [𝐴𝑂]

(Eq. 3)

where A/e is the absorbance of the considered AO group (i.e. ester or phenol) normalized by the sample thickness, and Ɛ is the corresponding molar extinction coefficient. The values of Ɛ for the ester and
phenol groups of Irganox 1076 have already been determined in references [6,7]. Ɛ is typically 490
L.mol.cm-1 for the ester and 100 L.mol.cm-1 for the phenol group.

Figure 3: Zoom of the FTIR spectra of Figure 2 in the hydroxyl (left) and carbonyl regions (right).

The numerical application of Eq. 3 led to the values of AO concentration reported in Table 4. It should
be mentioned that the IR absorption band of the phenol group (at about 3647 cm-1) was only used for
Mod1 because, for Mod5 and Mod6, this band is totally masked by the (much more) intense bands of
the ATH fillers in the hydroxyl region (see Figure 3 left). It should also be noted that, since the IR band
of the phenol group is closely surrounded by two other bands (at about 3600 and 3700 cm-1) assigned
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to Si-XLPE matrix, a mathematical deconvolution of the hydroxyl region was necessary to access its
absorbance.
From these calculations, it can be concluded that Mod1 and Mod6 display almost the same AO concentration. In contrast, as suspected, Mod 5 contains approximately a twice lower concentration in
antioxidants, which militates in favour of the second assumption (ii) put forward in the previous section. It can also be concluded that OIT and FTIR results are in perfect agreement.
Table 4: Concentration of storage antioxidants in unaged Mod1, Mod5 and Mod6 measured by FTIR spectroscopy in transmission mode.

A/e (cm-1)

[AO] mol/L

C=O (ester)

O-H (phenol)

C=O (ester)

O-H (phenol)

Mod1

1.16

3.02

2.3 x 10-3

3.1 x 10-3

Mod5

3.64

/

8.2 x 10-3

/

Mod6

1.4

/

2.5 x 10-3

/

3.2.4 DSC analysis
ENSAM determines the crystalline morphology of all the materials under study in the TeaM Cables
project with a TA Instruments DSC Q1000 calorimeter. The measurement protocol is also reported in
deliverable D3.2 [3].
The DSC thermograms obtained for unaged Mod1, Mod5 and Mod6 are reported in Figure 4. These
thermograms show almost the same crystalline morphology for the three materials: the polymer melting starts just above the ambient temperature and ends at about 125°C. The main melting peak is
centred around (114.5 ± 0.2)°C, whereas the two secondary melting peaks, which correspond to
smaller PE crystals, are centred around (86.0 ± 0.5)°C and (49.0 ± 0.1)°C. These results clearly demonstrate that the ATH fillers have no influence on the crystallization kinetics of the Si-XLPE matrix.

Figure 4: DSC thermograms of unaged Mod1 a), Mod5 b) and Mod6 c).

The global crystallinity ratio Xc of the polymer was determined using the common equation:
∆𝐻

𝑋𝑐 = ∆𝐻 𝑚 . 100
𝑚0

(Eq. 4)

where ∆𝐻𝑚 is the sum of the areas under the endothermic peaks observed between 25 and 125 °C on
the DSC thermogram, and ∆𝐻𝑚0 is the melting enthalpy of the PE crystal. According to literature [8],
∆𝐻𝑚0 = 292 J.g −1.
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Table 5: Crystallinity ratio of unaged Mod1, Mod5 and Mod6 measured by DSC in pure nitrogen.

Crystallinity ratio Xc (%)
Mod1

Mod5

Mod6

42.1

42.8

43.0

3.2.5 Density measurements
Finally, the densities of unaged Mod1, Mod5 and Mod6 were measured by hydrostatic weighing at
room temperature (23°C) in order to access their volume fraction of PE crystals and ATH fillers. Rectangular samples were weighed first in air, then in immersion in ethanol, with a Mettler Toledo
MS104TS microbalance. Their density was determined by applying the Archimedes’ principle:
ρ=

mAir
ρ
mAir −mIm Eth

(Eq. 5)

where mAir and mIm are the sample weights in air and in immersion, respectively, and ρEth is the
density of ethanol at 23 °C (ρEth = 0.789 [9]).
For filled materials (i.e. Mod5 and Mod 6), the density of the Si-XLPE matrix was deduced using the
common mixture law:
𝜌𝑐𝑜𝑚𝑝 = 𝜌𝑆𝑖−𝑋𝐿𝑃𝐸 (1 − 𝑉𝐴𝑇𝐻 ) + 𝜌𝐴𝑇𝐻 . 𝑉𝐴𝑇𝐻
i.e.

𝜌𝑆𝑖−𝑋𝐿𝑃𝐸 =

𝜌𝑐𝑜𝑚𝑝 −𝜌𝐴𝑇𝐻 .𝑉𝐴𝑇𝐻
1−𝑉𝐴𝑇𝐻

(Eq. 6)
(Eq. 7)

where 𝜌𝑆𝑖−𝑋𝐿𝑃𝐸 and 𝜌𝐴𝑇𝐻 are the densities of the Si-XLPE matrix and ATH fillers, respectively: 𝜌𝐴𝑇𝐻 =
2.42 [10]. 𝑉𝐴𝑇𝐻 is the volume fraction of ATH fillers in the composite material.
The volume fraction of ATH fillers 𝑉𝐴𝑇𝐻 was directly deduced from its mass fraction 𝑋𝐴𝑇𝐻 , previously
determined by TGA analysis, as follows:
𝑉𝐴𝑇𝐻 =

𝜌𝑐𝑜𝑚𝑝
𝜌𝐴𝑇𝐻

𝑋𝐴𝑇𝐻

(Eq. 8)

In a same manner, the volume fraction of crystals 𝑉𝐶 was directly deduced from its mass fraction 𝑋𝐶 ,
previously determined by DSC analysis, as follows:
𝑉𝑐 = 𝑋𝑐

𝜌𝑆𝑖−𝑋𝐿𝑃𝐸
𝜌𝑐

(Eq. 9)

where 𝜌𝑐 is the density of PE crystal: 𝜌𝑐 = 1.014 [11].
The values determined for 𝜌𝑐𝑜𝑚𝑝 , 𝜌𝑆𝑖−𝑋𝐿𝑃𝐸 , 𝑉𝐴𝑇𝐻 and 𝑉𝐶 with the unaged Mod1, Mod5 and Mod6 are
compiled in Table 6.
Table 6: Densities of unaged Mod1, Mod5, Mod6 measured by hydrostatic weighing at 23°C. Corresponding values for the
density of the Si-XLPE matrix and the volume fraction of ATH fillers and PE crystals.

Public

𝝆𝒄𝒐𝒎𝒑

𝝆𝑺𝒊−𝑿𝑳𝑷𝑬

VATH (%)

VC (%)

Mod1

/

0.914

0

37.9

Mod5

1.032

0.903

8.5

37.6

Mod6

1.146

0.910

15.6

38.6
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3.3 Characterization of aged materials
The three materials under study (i.e. Mod1, Mod5 and Mod6) were also characterized after radiothermal ageing in air with almost all the previous laboratory techniques (OIT measurements, FTIR spectroscopy, DSC analysis and density measurements) in order to monitor the consequences of oxidation
on their chemical composition and microstructure, but also to elucidate the corresponding degradation mechanisms.

3.3.1 OIT measurements
First of all, the changes in OIT of Mod1, Mod5 and Mod6 (measured in pure oxygen at 190°C) after
several exposure durations in different radio-thermal environments are reported Table 7. Only the
results obtained under  radiation at low temperature close to ambient (i.e. for an almost pure radiochemical ageing) and in the absence of  radiation at moderate temperature (i.e. for a pure thermal
ageing) are given.
As shown several times in literature [12], when they are the only antioxidants incorporated in a polymer matrix, the phenolic antioxidants are not really efficient under  radiation. Here, the consequence
is dramatic because they are present in a very low concentration in the Si-XLPE matrix (see Table 4).
Indeed, they are totally consumed by the radio-oxidation reaction from the first irradiation dose, regardless of the dose rate. In contrast, phenolic antioxidants allow to delay the onset of thermal oxidation. As expected, the induction period is a decreasing function of temperature.
Table 7: OIT values of Mod1, Mod5 and Mod6 measured by DSC in pure oxygen at 190°C in different radio-thermal environments.

Ageing time
(h)

Mod1

Mod5

Mod6

Unaged

0

39 ± 3

92 ± 41

47 ± 2

2900

0

0

0

6000

0

0

0

9500

0

0

0

12800

0

0

0

15500

0

0

0

860

0

0

0

1850

0

0

0

2830

0

0

0

3280

0

0

0

4800

0

0

0

170

0

2

0

330

0

0

0

500

0

0

0

670

0

0

0

840

0

0

0

3500

18 ± 1

90 ± 5

22 ± 1

6900

3±1

60 ± 8

8±3

8.5 Gy/h
47 °C

Radiochemical
ageing

77.8 Gy/h
47 °C

400 Gy/h
21 °C

Thermal
ageing

Public

OIT at 190 °C (min)

Ageing conditions

87 °C
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110 °C

10400

0

16 ± 1

0

13900

0

0

0

17400

0

0

0

2900

20 ± 1

55 ± 6

24 ± 1

4900

7±1

15 ± 1

5±2

7800

0

3±2

0

10400

0

0

0

13000

0

0

0

3.3.2 FTIR spectroscopy
Then, the changes in the chemical structure of the Si-XLPE matrix in Mod1, Mod5 and Mod6 during the
exposure in the different radio-thermal environments under investigation have been monitored by
FTIR spectroscopy in ATR mode. In accordance with literature [13-18], it was found that the main chemical changes occurred in the carbonyl (i.e. 1900-1500 cm-1) and the hydroxyl regions (3500-3000 cm-1).
As an example, the build-up of carbonyl products in Mod1, Mod5 and Mod6 under the mildest exposure conditions, i.e. during the radiochemical ageing in air under 8.5 Gy/h at 47°C and during the thermal ageing in air at 87°C, is shown in Figure 5 and Figure 6, respectively.

Figure 5: Changes in the FTIR spectrum of the carbonyl region of Mod1 (a), Mod5 (b) and Mod6 (c) during their radiochemical ageing in air under 8.5 Gy/h at 47°C.

Figure 6: Changes in the FTIR spectrum of the carbonyl region of Mod1 (a), Mod5 (b) and Mod6 (c) during their thermal ageing in air at 87°C.

Always in accordance with literature [13-18], the IR absorption band of carbonyls is a composite band.
Indeed, it clearly appears as the sum of the elemental contributions of, at least, three main carbonyl
products: carboxylic acids at 1715 cm-1, esters at 1736 cm-1, and lactones at 1778 cm-1. However, due
to its large width, the presence of several other products such as: unsaturated and saturated ketones
(around 1690-1705 cm-1 and 1720-1725 cm-1, respectively) and aldehydes (around 1730-1736 cm-1), is
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also highly probable [13-18]. The growth of an additional IR band assigned to C=C unsaturations can
also be observed around 1650 cm-1.
The changes in the absorbance of carboxylic acids were normalized with the absorbance of the CH2
scissoring vibration at 1472 cm-1 assigned to the PE crystal phase [19]. Then, this absorbance ratio has
been plotted as a function of ageing time for Mod1, Mod5 and Mod6 subjected to the different radiothermal conditions under investigation in Figures 7 and 8.
In accordance with the TIO measurements, in the case of the almost pure radiochemical ageing, Figure
5 shows that carbonyls are formed in Mod1, Mod5 and Mod6 from the early periods of exposure,
regardless of the dose rate. No influence of the ATH fillers is observed as the three materials under
study display the same oxidation kinetics.
However, in the case of the pure thermal ageing, Figure 6 shows the existence of a short induction
period due to the initial presence of a small concentration of storage phenolic antioxidants. Here again,
there is no influence of the ATH fillers as Mod1 and Mod6 display the same oxidation kinetics and the
only behavioural difference observed with Mod5 concerns the induction period, which is approximately twice longer for Mod5 in comparison to Mod1 and Mod6. This gap can easily be explained by
the difference in the initial concentration of storage antioxidants, which is also twice higher in Mod5
in comparison to Mod1 and Mod6.

Figure 7: Changes in the normalized absorbance of carboxylic acids in Mod1, Mod5 and Mod6 during their radiochemical
ageing in air under 8.5 Gy/h at 47°C (a), 77.8 Gy/h at 47°C (b) and 400 Gy/h at 21°C (c).

Figure 8: Chnages in the normalized absorbance of carboxylic acids in Mod1, Mod5 and Mod6 during their thermal ageing in
air at 87°C (a) and 110°C (b).
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3.3.3 DSC analysis
In addition, the changes in the chemical structure and crystalline morphology of the Si-XLPE matrix in
Mod1, Mod5 and Mod6 during the exposure in the different radio-thermal environments under investigation have been determined by DSC analysis. As a first example, the changes in the DSC thermogram
of Mod1, Mod5 and Mod6 during their radiochemical ageing in air under 8.5 Gy/h at 47°C are shown
in Figure 9.
It clearly appears that the radiochemical ageing induces two main changes in the DSC thermogram. On
the one hand, the two initial shoulders of the main melting peak (around 50 and 85°C) disappear during
the radiochemical ageing, presumably due to their progressive integration into the main melting peak.
On the other hand, an exothermic peak appears and grows 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
on linear PE [16], it results from the thermal decomposition of hydroperoxides (POOH) under pure
nitrogen in the DSC cavity. The concentration of POOH was determined as follows:
∆𝐻𝑃𝑂𝑂𝐻
∆𝐻
𝐴𝑇𝐻
𝑡ℎ𝑒𝑜𝑟𝑦

1

[𝑃𝑂𝑂𝐻] = 1−𝑋

(Eq. 10)

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 [16]. 𝑋𝐴𝑇𝐻 is the mass fraction of ATH fillers whose values
are reported in Table 1.

Figure 9: Changes in the DSC thermogram of Mod1 (a), Mod5 (b) and Mod6 (c) during their radiochemical ageing in air under 8.5 Gy/h at 47°C.

In particular, three key pieces of information have been taken from the DSC thermograms: the melting
temperature Tm and crystallinity ratio XC, but also the hydroperoxide concentration [𝑃𝑂𝑂𝐻]. XC and
[𝑃𝑂𝑂𝐻] were determined according to Eq. 4 and Eq. 10, respectively. Then, XC and [𝑃𝑂𝑂𝐻] have been
plotted as a function of ageing time for Mod1, Mod5 and Mod6 subjected to the different radio-thermal conditions under investigation in Figures 10 and 11, respectively.

Figure 10: Changes in the crystallinity ratio of Mod1, Mod5 and Mod 6 during their radiochemical ageing in air under 8.5
Gy/h at 47°C (a), 77.8 Gy/h at 47°C (b) and 400 Gy/h at 21°C.
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Three important conclusions can be drawn from these results:
i)

First of all, as said previously, the secondary crystalline lamellae thicken during the radiochemical ageing, presumably due to oxidation induced chemicrystallization. This harmonization in the crystalline morphology is the main cause of the increase in XC in the three
materials under study. Indeed, it can be seen that the temperature of the main melting
peak is almost unaffected by these changes, thus indicating that the larger crystalline lamellae remain stable during the radiochemical aging.

ii)

Then, the concentration of POOH increases from the early periods of exposure, regardless
of the dose rate, but for the two lowest dose rates (i.e. 8.5 and 77.8 Gy/h), this concentration reaches a maximum value before starting to decrease. This non-monotonic behaviour
clearly indicates that thermal ageing superimposed to radiochemical ageing in the long
term [20]. Indeed, as the rate of the thermal decomposition of POOH is proportional to
their concentration, this rate increases with the accumulation of POOH in the material. At
long term, this rate becomes of the same order of magnitude as the propagation rate of
oxidation, thus causing the appearance of an asymptotic concentration for POOH. When
this rate becomes faster than the propagation rate of oxidation, the POOH concentration
starts to decrease, as experimentally observed in Figures 11a) and 11b).

iii)

Finally, the DSC results confirm that the ATH fillers have no influence on the radiochemical
ageing of the Si-XLPE matrix, since Mod1, Mod5 and Mod6 display almost the same
changes in XC and [𝑃𝑂𝑂𝐻] with time of exposure (within the measurement errors) for the
three radiochemical ageing conditions under investigation.

Figure 11: Changes in the POOH concentration in Mod1, Mod5 and Mod6 during their radiochemical ageing in air under 8.5
Gy/h at 47°C (a), 77.8 Gy/h at 47°C (b) and 400 Gy/h at 21°C (c).

The same DSC analyses were performed in the case of thermal ageing. As a second example, the
changes in the DSC thermogram of Mod1, Mod5 and Mod6 during the thermal ageing in air at 87°C
are shown in Figure 12. Contrarily to radiochemical ageing, here, the two initial shoulders of the main
melting peak (around 50 and 85°C) do not disappear and the increase in XC is much smaller.

Figure 12: Changes in the DSC thermogram of Mod1 (a), Mod5 (b) and Mod6 (c) during their thermal ageing in air at 87 °C.

In fact, at the end of the induction period (see Figure 8), thermal oxidation seems to rather lead to a
decrease in XC. Figure 13 shows that the rate of this decrease is thermoactivated, in particular it is as
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faster as the fraction of molten crystals is higher. No doubt, the thermal oxidation of the Si-XLPE matrix
does not only lead to chain scissions. Even if chain scissions are largely predominant in the Si-XLPE
matrix, a secondary crosslinking process takes place leading to a progressive branching of macromolecules and thus, preventing them from crystallizing when the samples are removed from ovens to be
cooled at room temperature before their characterization.
Despite this new major difference between radiochemical and thermal ageings, it can be seen, once
again, that there is no influence of the ATH fillers as Mod1 and Mod6 display almost the same behaviour (within the measurement errors) and the only behavioural difference with Mod5 concerns the
induction period which, as already said, can easily be explained by considering the initial concentrations of storage antioxidants.

Figure 13: Changes in the crystallinity ratio of Mod1, Mod5 and Mod 6 during their thermal ageing in air at 85°C (a) and
110°C (b).

In contrast, no exothermic peak corresponding to POOH decomposition was detected on the DSC thermograms after thermal ageing.

3.4 Density measurements
Finally, the changes in the density of the Si-XLPE matrix in Mod1, Mod5 and Mod6 during the exposure
in the different radiochemical environments under investigation have been determined by hydrostatic
weighing. Then, the density has been plotted versus the corresponding volume fraction of crystals 𝑉𝐶
in Figure 14.
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Figure 14: Density versus crystallinity ratio for the Si-XLPE matrix in Mod1, Mod5 and Mod6 radiochemically aged in air under 8.5 Gy/h at 47°C, 77.8 Gy/h at 47°C and 400 Gy/h at 21°C.

A linear relationship is clearly observed for the three materials and the three dose rates under study,
which can easily be explained by considering the relationship usually reported for semi-crystalline polymers. Indeed, in these latter, the density 𝜌 can be expressed as a function of the densities of its amorphous 𝜌𝑎 and crystalline phases 𝜌𝐶 as follows:
𝜌 = 𝑉𝐶 𝜌𝐶 + (1 − 𝑉𝐶 )𝜌𝑎

(Eq. 11)

where 𝑉𝐶 is the volume fraction of crystals.
According to Eq. 11, two main causes can be responsible for an increase in 𝜌 during the radio-thermal
ageing:
i)

The incorporation of “heavy” atoms such as oxygen into a polymer structure initially containing
many “light” atoms (i.e. carbon and hydrogen) induces an increase in its density [21-26]. Since
crystals are impermeable to oxygen, oxidation only occurs in the amorphous phase where it
thus induces an increase in 𝜌𝑎 .

ii) In the previous section, it was shown that oxidation leads to a predominance of chain scissions
over crosslinking. Chain scissions progressively destroy the macromolecular network from
which are extracted short linear fragments, which can easily migrate towards crystalline lamellae if the amorphous phase is in rubbery state. The integration of these short fragments to
crystalline lamellae induces a chemicrystallization, i.e. a thickening of crystalline lamellae and
an increase in the crystallinity ratios (i.e. 𝑋𝐶 and 𝑉𝐶 ), as experimentally observed for radiochemical ageing.
The resulting changes in 𝜌 can thus be written as follows:
𝜕𝜌

𝑑𝜌 = 𝜕𝜌 |
𝑎

𝜕𝜌

𝑉𝐶 =𝑉𝐶 𝑖𝑛𝑖

𝑑𝜌𝑎 + 𝜕𝑉 |
𝐶

𝜌𝑎 =𝜌𝑎 𝑖𝑛𝑖

𝑑𝑉𝐶

(Eq. 12)

where 𝑉𝐶 𝑖𝑛𝑖 and 𝜌𝑎 𝑖𝑛𝑖 are the respective values of 𝑉𝐶 and 𝜌𝑎 for the unaged Si-XLPE. As an example,
for Si-XLPE without any additive (i.e. Mod 1), 𝑉𝐶 𝑖𝑛𝑖 = 37.9% and 𝜌𝑎 𝑖𝑛𝑖 = 0.85 [27].
Considering Eq. 11, it can easily be shown that:
𝜕𝜌
|
𝜕𝜌𝑎 𝑉 =𝑉
𝐶
𝐶 𝑖𝑛𝑖

= 1 − 𝑉𝐶 𝑖𝑛𝑖

and

𝜕𝜌
|
𝜕𝑉𝐶 𝜌 =𝜌
𝑎
𝑎 𝑖𝑛𝑖

= 𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖

(Eq. 13)

The introduction of these two quantities into Eq. 12 finally gives:
𝑑𝜌 = (1 − 𝑉𝐶 𝑖𝑛𝑖 )𝑑𝜌𝑎 + (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )𝑑𝑉𝐶
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i.e.

∆𝜌 = (1 − 𝑉𝐶 𝑖𝑛𝑖 )∆𝜌𝑎 + (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )∆𝑉𝐶

(Eq. 15)

In fact, the linear relationship observed for the three materials and the three dose rates under study
checks the reliability of Eq. 15.
In addition, the absence of the influence of fillers is once again confirmed. Only a small gap can be
observed between the densities of Mod5 measured during its radio-thermal ageing under the lowest
dose rate (i.e. 8.5 Gy/h) and the master curve which groups all the other values of density. This gap
must be confirmed.
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4 Kinetic modelling part
4.1 Foundations of the kinetic model
The mechanistic scheme chosen for accurately describing radio-thermal oxidation of Si-XLPE without
any additive (i.e. Mod1) 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) at low temperature close to ambient was detailed in deliverable D4.2
[28] and in reference [20]. As a reminder, the main feature of this mechanistic scheme is that oxidation
is initiated by both the polymer radiolysis (1R), and the thermal decomposition of POOH in bimolecular
mode (1T):
Initiation:
1R) PH + h → P• + ½H2
1T) 2POOH → P• + PO2•

(𝑟𝑖 = 10−7 𝐺𝑖 𝐼)
(k1)

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.
The system of differential equations derived from this mechanistic scheme was analytically solved using only two simplifying (but realistic) assumptions [20,28]:
a) Oxidation is mainly initiated by the polymer radiolysis throughout the exposure (i.e. 𝑟𝑖 ≫
2𝑘1 [𝑃𝑂𝑂𝐻]2), the thermal decomposition of POOH being an additional (but secondary)
source of radicals at long term.
b) Radical species reach a steady-state regime from the early periods of the radio-thermal exposure (i.e. 𝑑[𝑅𝑎𝑑]⁄𝑑𝑡 = 0).
Only using these two assumptions, the following equations were found for:
i)

The concentration of POOH:
1−𝑏 𝐸𝑥𝑝(−𝐾𝑡)
1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

[𝑃𝑂𝑂𝐻] = [𝑃𝑂𝑂𝐻]∞
with

[𝑃𝑂𝑂𝐻]∞ = (

(Eq. 16)

1/2
𝑘3 [𝑃𝐻] 𝑟𝑖 1/2 𝛽𝐶
(
)
)
2𝑘1𝑏 2𝑘6
1+𝛽𝐶

(Eq. 17)

1/2
𝑟𝑖 1/2 𝛽𝐶
)
)
2𝑘6
1+𝛽𝐶

𝐾 = 2 (2𝑘3 [𝑃𝐻]𝑘1𝑏 (
and

[𝑃𝑂𝑂𝐻] −[𝑃𝑂𝑂𝐻]

𝑏 = [𝑃𝑂𝑂𝐻]∞ +[𝑃𝑂𝑂𝐻]𝑖𝑛𝑖
∞

𝑖𝑛𝑖

(Eq. 18)
(Eq. 19)

where [𝑃𝑂𝑂𝐻]𝑖𝑛𝑖 and [𝑃𝑂𝑂𝐻]∞ are the initial and steady concentrations of hydroperoxides, respectively.
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As, for weakly pre-oxidized samples, it is usually observed that: [𝑃𝑂𝑂𝐻]∞ ≫ [𝑃𝑂𝑂𝐻]𝑖𝑛𝑖 [16,29], it can
thus be considered that: 𝑏 ≈ 1.
ii)

The concentration of carbonyls:

[𝑃 = 𝑂] = [𝛾1𝐶𝑂

𝑘3 [𝑃𝐻]
2

(

𝑟𝑖
2𝑘6

1/2 𝛽𝐶

)

1+𝛽𝐶

+ 𝛾6𝐶𝑂

𝑟𝑖
2

(

2

𝛽𝐶
1+𝛽𝐶

) ] 𝑡 + 2𝛾1𝐶𝑂

𝑘3 [𝑃𝐻]
𝐾

(

𝑟𝑖
2𝑘6

1/2 𝛽𝐶

)

1

(

1+𝛽𝐶 1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

−

1
1+𝑏

)

(Eq. 20)
where 𝛾1𝐶𝑂 and 𝛾6𝐶𝑂 are the respective formation yields of carbonyls in thermal initiation (1T) and
termination (6).
iii)

The oxygen consumption:
𝑟

1/2 𝛽𝐶
1+𝛽𝐶
6

𝑄𝑂2 = [𝑘3 [𝑃𝐻] (2𝑘𝑖 )

𝛽𝐶

𝛽𝐶

+ 𝑟𝑖 1+𝛽𝐶 (1 − 2(1+𝛽𝐶))] 𝑡

(Eq. 21)

In Eqs 17, 18, 20 and 21, C is the oxygen concentration in Si-XLPE without any additive (i.e. Mod1),
which is related to the oxygen partial pressure PO2 in the exposure environment by the classical Henry’s
law:
𝐶 = 𝑆 . 𝑃𝑂2

(Eq. 22)

where 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 [30]. As an example, in the case of an ageing in air under atmospheric pressure for which 𝑃𝑂2 =
0.21 × 105 Pa, it comes finally: 𝐶 = 3.8 × 10−4 mol. L−1 .
In addition, 𝛽 −1 corresponds to the critical value of the oxygen concentration 𝐶𝐶 above which oxygen
excess is reached:
𝛽=

1
𝐶𝐶

≈

2𝑘6 𝑘2
𝑘5 [𝑘3 [𝑃𝐻]+(2𝑟𝑖 𝑘6 )1/2 ]

(Eq. 23)

In the deliverable D4.2 [28] and in reference [20], it was shown that Eqs 16 and 20 can be used for
predicting the changes in the concentrations of hydroperoxides and carboxylic acids of Mod 1 in air in
different radio-thermal environments. As expected (see assumption (a)), a satisfying agreement was
obtained between theory and experiments as long as thermal initiation (1T) remains a secondary
source of radicals relatively to radiochemical initiation (1R), 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). However, a poorer
agreement was obtained under the lowest dose rate (i.e. 6.0 Gy.h-1) at the highest temperature (86 °C)
because, in these critical radio-thermal exposure conditions, thermal initiation becomes of the same
order of magnitude as (if not greater than) radiochemical initiation. For information, the values of the
different kinetic parameters used for these simulations have been reported in Table 8.
Table 8: Values of the kinetic parameters used for modelling the oxidation kinetics of Si-XLPE in the various radio-thermal
environments under study [20,28].

Public

T (°C)

21

47

47

86

I (Gy.h-1)

400

77.8

8.5

8.5

Gi

8

8

8

8

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

5.0  10-9

2.5  10-7

2.4  10-7

1.0  10-5

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

108

108

108

108
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k3 (L.mol-1.s-1)

1.6  10-3

1.9  10-2

1.9  10-2

3.6  10-1

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

8.0  1011

8.0  1011

8.0  1011

8.0  1011

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

1.2  1010

7.0  1010

9.0  1010

2.4  1011

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

5.0  104

1.0  106

2.0  106

6.0  107

1CO (%)

90

70

75

80

6CO (%)

90

70

75

80

4.2 Determination of the density changes
In addition, in deliverable D4.4 [31], it was shown that the increase in the density of the amorphous
phase ∆𝜌𝑎 and the increase in the crystallinity ratio ∆𝑉𝐶 are both linear functions of the oxygen consumption ∆𝑄𝑂2 . The first proportionality constant (between ∆𝜌𝑎 and ∆𝑄𝑂2 ) can be theoretically determined by making an assumption on the main oxidation product formed in the Si-XLPE matrix. In SiXLPE, but also in all other types of PE [15,16,32-35], chemical derivatization techniques (i.e. treatment
of aged samples with gaseous NH3) clearly show that ketones are by far the main oxidation product
during the radio-thermal ageing. As consequence, it can be written [36]:
∆𝜌𝑎 = 7.03 × 10−2 ∆𝑄𝑂2

(Eq. 24)

The second proportionality constant can be empirically determined by plotting the values of 𝑉𝐶 calculated with Eq. 9 versus the values of 𝑄𝑂2 calculated with Eq. 21 (see Figure 15). The slope of the resulting master curve is:
∆𝑉𝐶 = 1.96 × 10−1 ∆𝑄𝑂2

(Eq. 25)

Figure 15: Crystallinity ratio versus QO2 for the Si-XLPE matrix in Mod1, Mod5 and Mod6 radiochemically aged in air under
8.5 Gy/h at 47°C, 77.8 Gy/h at 47°C and 400 Gy/h at 21°C.

The introduction of Eqs 24 and 25 into Eq. 15 gives finally:

i.e.

Public

∆𝜌 = 7.03 × 10−2 (1 − 𝑉𝐶 𝑖𝑛𝑖 )∆𝑄𝑂2 + 1.96 × 10−1 (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )∆𝑄𝑂2

(Eq. 26)

𝜌 = 𝜌0 + 7.03 × 10−2 (1 − 𝑉𝐶 𝑖𝑛𝑖 )𝑄𝑂2 + 1.96 × 10−1 (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )𝑄𝑂2

(Eq. 27)
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where 𝑉𝐶 𝑖𝑛𝑖 and 𝜌𝐶 are the initial volume fraction and the density of the crystalline phase, respectively.
The values of 𝑉𝐶 𝑖𝑛𝑖 are reported in Table 4 and 𝜌𝑐 = 1.014 [11]. 𝜌𝑎 𝑖𝑛𝑖 is the initial density of the
amorphous phase: 𝜌𝑎 𝑖𝑛𝑖 = 0.85 [27].

4.3 Extension to filled materials
In previous chapter, it was evidenced with all the experimental techniques that there is no influence
of the ATH fillers on the oxidation kinetics of the Si-XLPE matrix during the radio-thermal ageing. Consequently, apart from their role of flame retardant, ATH fillers only reduce the amount of the Si-XLPE
matrix in the composite material (i.e. in Mod5 and Mod6). This diluting effect on the oxidation of the
Si-XLPE matrix can easily be taken into account by multiplying the concentrations of the different
chemical species of interest by the volume fraction of matrix. As an example, for hydroperoxides and
carbonyls, it can be written:
[𝑃𝑂𝑂𝐻]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 )[𝑃𝑂𝑂𝐻]

(Eq. 28)

1−𝑏 𝐸𝑥𝑝(−𝐾𝑡)

i.e.

[𝑃𝑂𝑂𝐻]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 )[𝑃𝑂𝑂𝐻]∞
1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

and

[𝑃 = 𝑂]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 )[𝑃 = 𝑂]
[𝑃 = 𝑂]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 ) [𝛾1𝐶𝑂

i.e.
+2(1 − 𝑉𝐴𝑇𝐻 )𝛾1𝐶𝑂

𝑘3 [𝑃𝐻] 𝑟𝑖 1/2 𝛽𝐶
( )
2
2𝑘6
1+𝛽𝐶
1/2
𝑘 [𝑃𝐻] 𝑟
𝛽𝐶
3

𝐾

(2𝑘𝑖 )
6

(Eq. 29)
(Eq. 30)
𝑟𝑖
𝛽𝐶 2
(
) ]𝑡
2 1+𝛽𝐶

+ 𝛾6𝐶𝑂
1

1

(Eq. 31)

(
− 1+𝑏)
1+𝛽𝐶 1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

where 𝑉𝐴𝑇𝐻 is the volume fraction of the ATH fillers in the composite material whose values are reported in Table 4.
In contrast, the changes in the density of the composite material are directly determined with the
classical mixture law, since the changes in the density of the Si-XLPE matrix are already given by Eq.
27. This law is recalled below:
𝜌𝑐𝑜𝑚𝑝 = 𝜌(1 − 𝑉𝐴𝑇𝐻 ) + 𝜌𝐴𝑇𝐻 . 𝑉𝐴𝑇𝐻

(Eq. 32)

where 𝜌𝐴𝑇𝐻 is the density of the ATH fillers: 𝜌𝐴𝑇𝐻 = 2.42 [10].

4.4 Checking the reliability of the kinetic model
The kinetic modelling of the changes in POOH concentration in the three materials under study during
their radio-thermal ageing, i.e. with Eq. 16 for Mod1, and Eq. 29 for Mod5 and Mo6, are shown in
Figures 16, 17 and 18, respectively. It can be seen that there is a very satisfying agreement between
theory and experiment.
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Figure 16: Changes in the POOH concentration in Mod1 during its radio-thermal ageing in air under 8.5 Gy/h at 47°C, 77.8
Gy/h at 47°C and 400 Gy/h at 21°C. Comparison between kinetic modelling (continuous lines) and experimental data
(points).

Figure 17: Changes in the POOH concentration in Mod5 during its radio-thermal ageing in air under 8.5 Gy/h at 47°C, 77.8
Gy/h at 47°C and 400 Gy/h at 21°C. Comparison between kinetic modelling (continuous lines) and experimental data
(points).
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Figure 18: Changes in the POOH concentration in Mod6 during its radiothermal ageing in air under 8.5 Gy/h at 47°C, 77.8
Gy/h at 47°C and 400 Gy/h at 21°C. Comparison between kinetic modelling (continuous lines) and experimental data
(points).

In addition, the kinetic modelling of the changes in density in the three materials under study their
during their radio-thermal ageing, i.e. with Eq. 27 for Mod1, and Eq. 32 for Mod5 and Mo6, are shown
in Figures 19, 20 and 21, respectively. Here again, a satisfying agreement is obtained between theory
and experiment.

Figure 19: Changes in the density of Mod1 during its radio-thermal ageing in air under 8.5 Gy/h at 47°C, 77.8 Gy/h at 47°C
and 400 Gy/h at 21°C. Comparison between kinetic modelling (continuous lines) and experimental data (points).

Public

Copyright TeaM Cables consortium

Page 27 / 31

TMC-D4-6-Kinetics_modelling_formulated_polymer_ageing_with_fillers.docx
TEAM CABLES – 755183
08/06/2021

Figure 20: Changes in the density of Mod5 during its radio-thermal ageing in air under 8.5 Gy/h at 47°C, 77.8 Gy/h at 47°C
and 400 Gy/h at 21°C. Comparison between kinetic modelling (continuous lines) and experimental data (points).

Figure 21: Changes in the density of Mod6 during its radio-thermal ageing in air under 8.5 Gy/h at 47°C, 77.8 Gy/h at 47°C
and 400 Gy/h at 21°C. Comparison between kinetic modelling (continuous lines) and experimental data (points).

These two series of simulation allow to definitively demonstrate the reliability of the kinetic model
chosen for describing the radio-thermal oxidation kinetics of Mod1, Mod5 and Mod6.
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5 Conclusion
In this deliverable D4.6, it was clearly shown that ATH fillers have no influence on the radio-oxidation
kinetics of the Si-XLPE matrix, but only a diluting effect. Based on this experimental observation, the
kinetic model beforehand developed for the additive free Si-XLPE (i.e. Mod1) was extended to the ATH
filled Si-XLPE (i.e. Mod5 and Mod6). Its reliability has been successfully checked by comparing its prediction with the experimental changes in the hydroperoxide concentration and density of the ATH filled
Si-XLPE (i.e. Mod5 and Mod6) during the radio-thermal ageing.
The last model extension will consist in taking into account the possible interactions between the antioxidants and ATH fillers. Indeed, in literature, it was shown by several authors that some antioxidants
fraction can be deactivated due to their physical adsorption on the filler surface, in particular involving
strong interactions such as hydrogen bonding. Such an antagonist effect was repeatedly evidenced for
mixtures of phenolic antioxidants with carbon black [4,5]. It can also be suspected to occur for mineral
fillers containing plenty OH groups, such as ATH fillers. No doubt the comparison of the experimental
results obtained for Mod6 and Mod7, i.e. for two samples containing the same content of ATH fillers
(50 phr) but a very different concentration of antioxidants, will be of a great help.
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