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This work focuses on the thermal ageing in air of a silane-crosslinked polyethylene stabilised with an ex- 

cess of phenolic antioxidant (Irganox 1076®) in the temperature range between 87 °C and 130 °C. In such 

case, it was shown in previous works that the antioxidant is present in two physical states: dissolved in

the polymer matrix and exuded at the sample surface under the form of crystals. The purpose was, in

particular, to investigate the role of an antioxidant excess in the stabilisation process of the polymer. On

this purpose, the pure antioxidant crystals (i.e. the commercial powder) and a polymer sample stabilised

with only dissolved antioxidants (i.e. in a concentration lower than the solubility threshold) were inves- 

tigated at 130 °C to isolate and elucidate the thermal ageing behaviour of each antioxidant phase. For all 

the three studied samples, quinone methide and cinnamate species were formed through the chemical

consumption of antioxidants. For both stabilised samples (with an excess, or not, of antioxidants), simi- 

lar behaviours were observed in term of antioxidant depletion. In particular, it was shown that although

some chemical consumption was also detected, the initial antioxidant depletion was essentially due to

its physical loss through evaporation. In addition, in both cases, the polymer oxidation was observed af- 

ter the almost total depletion of antioxidants and without any additional oxidation induction period. The

comparison of the oxidation induction periods obtained at 130 °C for these two samples showed that the 

antioxidant excess efficiently participates to polymer stabilisation during thermal ageing, which could be

due to a further solubilisation of antioxidants during thermal exposure.

1. Introduction

Crosslinked low density polyethylene (XLPE) is one of the most 

widely used polymers for the insulation of electrical cables in the 

reactor buildings of nuclear power plants (NPP). In this type of ap- 

plication, XLPE is subjected to the combined effects of irradiation 

and temperature. Under normal service conditions, the dose rate is 

typically ranged between 10 −2 and 10 −1 Gy.h 

−1 and the tempera- 

ture is about 30-50 °C. However, under severe accidental conditions, 

e.g. in the event of a loss of primary coolant accident, the dose

rate and the temperature can rise up to 10 5 Gy.h 

−1 and 150 °C, re- 

spectively [1] . In order to guarantee the control and safety of NPP 

under both normal and accidental conditions, it is hence crucial 

to check the long-term resistance to radio-thermal ageing of XLPE 

insulation. 

As any hydrocarbon polymer, XLPE is sensitive to radical chain 

oxidation which, in a nuclear environment, can be initiated both by 

ionizing radiations [2–5] and temperature [6–10] . In fact, oxidative 

∗ Corresponding author.

E-mail address: xavier.colin@ensam.eu (X. Colin).

degradation is susceptible to occur at all stages of the polymer life- 

cycle (from its synthesis up to its in-service use, including its pro- 

cessing) and results into irreversible modifications of the polymer 

chemical composition, leading, more or less directly, to a loss of 

the polymer macroscopic properties. In particular, it is often con- 

sidered that the loss of insulating properties is due both to the 

formation of more polar species (i.e. oxidation products) and the 

increase in water absorption [ 11 , 12 ]. In contrast, mechanical em- 

brittlement results essentially from chain scissions and chemicrys- 

tallisation phenomenon [ 13 , 14 ]. 

In order to protect the polymers against oxidative degradation 

and ensure their long-term stability, a low concentration of an- 

tioxidants (AO) is generally incorporated into polymers during the 

first steps of their processing operation. Different types of AO exist, 

which mainly differ from their general chemical structure and their 

stabilisation mechanism. Two main types of AO are commonly 

used for NPP applications [15–17] : free radicals scavengers (also of- 

ten called primary AO), and hydroperoxides decomposers. Among 

the primary AO, hindered phenols, such as octadecyl-3-(3,5-di-tert- 

butyl-4-hydroxyphenyl)propionate, well-known as Irganox 1076®, 

have long been known to be effective against thermal oxidation in 
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Fig. 1. Simplified mechanistic scheme for the radio-thermal oxidation of a polyolefin stabilised by a hindered phenol antioxidant [ 18 , 23–26 ].

polyolefins in a large temperature range [18–22] . Their stabilisa- 

tion mechanism stems from the H-donor character of the phenol 

function of AO, i.e. its great facility to give up its H atom to a free 

radical, which induces the termination of peroxyl radicals (POO °) 
generated by the polymer oxidation reaction [ 18 , 23–26 ], as shown 

in Fig. 1 . 

However, due to their significant difference in polarity, the sol- 

ubility of hindered phenols in polyolefins is generally low, typi- 

cally less than 1 wt% in polyethylene (PE) [ 17 , 27 , 28 ]. Due to this 

limited solubility, an oversaturation can easily occur in industrially 

formulated polyolefins. In fact, AO are generally incorporated into 

polymers during the processing operation at high temperatures in 

melt state, i.e. in conditions where AO are usually highly soluble in 

polymers. However, during cooling, as the polymer crystallises and 

the AO solubility in the amorphous phase decreases with temper- 

ature, the polymer can rapidly become supersaturated in AO, lead- 

ing to several phenomena such as a phase separation of AO from 

the polymer matrix, and the exudation and blooming of AO at the 

sample surface [29–32] . 

In our previous studies on a PE-based material stabilised with 

different concentrations of Irganox 1076® [ 29 , 33 ], a phase separa- 

tion was detected above a threshold concentration of AO of about 

0.9 wt% (i.e. ≈ 1.6 × 10 −2 mol.L −1 ) at ambient temperature. In 

particular, it was shown that AO in excess were under the form 

of crystals and only present onto the sample surface. Thus, two 

different situations were distinguished depending on the AO con- 

centration. When the AO concentration [AO] is below or equal to 

the threshold concentration (noted [AO] c ), the stabilisation is con- 

sidered homogeneous because all AO are dissolved in the polymer 

matrix. In contrast, when [AO] is above [AO] c , the stabilisation is 

considered heterogeneous because the polymer matrix is fully sat- 

urated with dissolved AO but, in addition, AO in excess are exuded 

and crystallised at the sample surface. The question that naturally 

arises is: do AO crystals also contribute to the polymer stabilisation 

under the different exposure conditions of a nuclear environment? 

The present study aims at investigating the stabilisation effi- 

ciency by Irganox 1076® in a heterogeneously stabilised silane- 

crosslinked polyethylene (Si-XLPE) during its thermal ageing in air 

at three different temperatures: 87 °C, 110 °C, and 130 °C. The anal- 

yses will be performed using the same experimental methodol- 

ogy established in our previous publications [ 29 , 33 ]. Given the mi- 

crostructural complexity of this material, the first stage will consist 

in isolating and elucidating the thermal ageing behaviour of its two 

constitutive phases (i.e. AO crystals and homogeneously stabilised 

Si-XLPE matrix) by additionally examining three model materials 

in turn (as schematically represented in Fig. 2 ): i) the as-received 

Irganox 1076® powder; ii) a Si-XLPE sample stabilised with 0.6 

wt% of Irganox 1076® (i.e. below the threshold concentration of 

0.9 wt%); iii) the pure Si-XLPE matrix. This first stage is necessary 

not only to determine the ageing mechanisms in each phase, but 

also to deduce the possible additional ageing mechanisms operat- 

ing in the more complex material under study. Then, the study of 

the thermal ageing of the heterogeneously stabilised sample will 

enable to check the reliability of the previous ageing mechanisms 

in the more complex material, and to investigate the stabilisation 

efficiency by antioxidants in excess (crystals). 

2. Materials and methods

2.1. KBr disc with Irganox 1076®

The commercial Irganox 1076® (whose chemical structure is 

shown in Fig. 3 ) was supplied by Sigma Aldrich under the form 

of a white powder. It should be mentioned that some physico- 

chemical characteristics of the as-received commercial powder 

were already determined and discussed in our previous work [29] . 

In particular, it was shown that its crystalline structure (i.e. form 

I) is the same than the AO crystals exuded at the surface of the

heterogeneously stabilised samples.

The thin KBr disc was prepared by mixing 100 mg of KBr pow- 

der with 1 mg of Irganox 1076® powder. The resulting mixture was 

grinded into a fine powder using a mortar then compressed for 5 

minutes under 4 MPa to obtain the KBr disc. 

2.2. Films of silane-crosslinked polyethylene stabilised with Irganox 

1076®

Films of silane-crosslinked polyethylene (Si-XLPE) of about 600 

μm thick containing about 0.6 wt% and 2.1 wt% of Irganox 1076®

were gratefully provided by Nexans. These films were respectively 

produced by hot-compression and extrusion moulding from pel- 

lets of a linear low-density polyethylene grafted with a vinyl tri- 

methoxy silane (Si-g-LLDPE). The crosslinking of the polymer was 

performed by immersion in water at 65 °C for 48 hours. The den- 

sity, crystallinity ratio and gel content of the resulting Si-XLPE are 

about 0.918 g.cm 

−3 , 41%, and 71%, respectively. 

It should be mentioned that the pellets of Si-g-LLDPE already 

contained a small amount of storage AO (about 0.1 wt%), mainly 

BHT and Irganox 1076®, prior to the addition of Irganox 1076®

during the processing operation [29] . These storage AO were con- 

sidered for the calculation of the total concentration of AO in the 

Si-XLPE films, thus inducing a slight difference between the total 

concentrations of ester and phenol functions. 

All films were stored at ambient temperature in a desiccator 

containing silica gel before any physico-chemical characterization. 

2.3. Surface cleaning treatment 

The surface of the heterogeneously stabilised Si-XLPE films 

were gently cleaned with absorbing paper and acetone as polar 



Fig. 2. Schematic representation of the microstructure of the heterogeneously stabilised polymer under study and the three model materials to be additionally investigated

in order to elucidate the ageing mechanisms. [AO] c corresponds to the solubility threshold of AO in the polymer matrix.

Fig. 3. Chemical structure of Irganox 1076®.

solvent (supplied by Sigma-Aldrich) in order to remove all AO crys- 

tals present on their surface without changing the concentration 

of the AO dissolved in their bulk, as previously shown in reference 

[33] . Thanks to this surface cleaning, it was possible to deconvolve

the physico-chemical responses of dissolved and crystallised AO.

2.4. Ageing conditions 

All the thermal ageing experiments were performed in air- 

ventilated thermal ovens. The pure Irganox 1076® powder (in KBr 

disc) and the Si-XLPE film stabilised with 0.6 wt% of Irganox 1076®

were only thermally aged at 130 °C. In contrast, the Si-XLPE film 

stabilised with 2.1 wt% of Irganox 1076® was exposed to three dif- 

ferent temperatures of ageing: 87 °C, 110 °C, and 130 °C. It should 

also be mentioned that an almost pure Si-XLPE film, i.e. produced 

from pellets of Si-g-LLDPE without the addition of Irganox 1076®, 

was also aged under the same exposure conditions as a control 

sample. 

For each ageing temperature, samples were removed regularly 

from ovens and cooled to room temperature in the dry atmosphere 

of a desiccator before being analysed by complementary physico- 

chemical characterisation techniques. 

2.5. Fourier-Transform Infrared (FTIR) spectroscopy 

This technique was used to monitor the modifications of the 

samples chemical composition. In particular, FTIR spectroscopy was 

used to identify and quantify the different AO phases (dissolved 

and crystallised) and the oxidation products (from AO and the 

polymer matrix) detected during the thermal exposure in air. For 

these purposes, this technique was used in two different modes: 

Attenuated Total Reflectance (ATR) mode and transmission mode. 

In fact, in ATR mode, the penetration depth of the IR radiation 

in PE samples is generally ranged between 0.2 and 1.3 μm, for a 

wavenumber typically varying from 40 0 0 to 650 cm 

−1 [29] . There- 

fore, in ATR mode, mainly the surface of the polymer films is anal- 

ysed. In contrast, in transmission mode, the sample is analysed 

throughout its whole thickness (i.e. both the surface and the bulk). 

With regard to AO, in ATR mode, mainly the IR signature of the AO 

crystals present on the sample surface is detected, while in trans- 

mission mode, both the IR signatures of dissolved and crystallised 

AO can be observed. 

Previous works have indeed shown that FTIR spectroscopy is a 

very efficient technique to identify the physical state (i.e. dissolved 

or crystallised) of AO in PE-based materials [ 29 , 33 ], but also to dis- 

tinguish the different polymorphic forms of AO crystals [ 29 , 31 ] as, 

in each case, a specific IR signature can be observed by FTIR spec- 

troscopy. The position of the IR absorption bands of interest of AO 

and their attribution, depending on the physical state or the crys- 

talline structure of AO, are compiled in Table 1 . 

Table 1

IR absorption bands of Irganox 1076® and their attribution [ 29 , 31 , 33 ].

Attribution Wavenumber (cm 

−1 ) 

In “dispersed state”

(i.e. dissolved in PE)

3648-3649 (O-H of phenol)

1740-1741 (C = O of ester) 

Crystalline Form I 3639-3642 (O-H of phenol)

1733-1736 (C = O of ester) 

1279 (C-O of ester)

Crystalline Form II 3590 (O-H of phenol)

1723-1726 (C = O of ester) 

1288 (C-O of ester)

Crystalline Form III 3609-3612 (O-H of phenol)

1720-1723 (C = O of ester) 

1288 (C-O of ester)



When performed in transmission mode, FTIR spectroscopy can 

be used to estimate the concentration of chemical species using 

the Beer-Lambert’s law, which can be written as follows: 

A = ε × e × C (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 ). AO in the Si-XLPE films were 

titrated using the FTIR calibration curves established both for the 

phenol and ester functions of Irganox 1076® in our previous stud- 

ies [ 29 , 33 ]. Moreover, AO oxidation products were quantified using 

molar extinction coefficients from literature. Their values will be 

given later in the results and discussion section. 

FTIR spectra were recorded at room temperature using a Perkin 

Elmer FTIR Frontier spectrometer from 40 0 0 to 650 cm 

−1 in ATR 

mode, and from 40 0 0 to 40 0 cm 

−1 in transmission mode, after 

averaging the 16 scans obtained with a minimum resolution of 

4 cm 

−1 . In the case of ATR mode, the analyses were performed 

with a diamond/ZnSe crystal. Moreover, in order to better moni- 

tor all the chemical and physical modifications throughout thermal 

ageing, the FTIR spectra obtained in ATR mode were normalised 

with the absorbance of the CH 2 scissoring vibrations at 1472 cm 

−1 

assigned to the PE crystal phase [ 34 ]. In contrast, the FTIR spec- 

tra obtained in transmission mode were only normalised with the 

films thickness. 

2.6. Ultraviolet spectroscopy (UV) 

This technique was used as a complementary technique of FTIR 

spectroscopy to monitor the AO depletion and the formation of its 

main oxidation products during the thermal exposure in air. 

Indeed, the phenol function of Irganox 1076® can be detected 

around 270-280 nm, as reported in the literature [35] , while its 

main oxidation products can be detected around 300-320 nm [36] . 

As for FTIR spectroscopy, the Beer-lambert’s law ( Eq. 1 ) can also 

be applied in UV spectroscopy to quantify the chemical species. 

The main interest of this technique lies in the fact that the molar 

extinction coefficients for AO and its oxidation products are gener- 

ally higher in UV than in IR, thus allowing a better detection in UV, 

even at low concentrations. However, for the same reason, the UV 

absorption bands of interest can be more easily saturated, in par- 

ticular when high concentrations are concerned. For the titration 

by UV spectroscopy, the molar extinction coefficients were taken 

from literature. Their values will be given later in the results and 

discussion section. 

UV spectra were recorded at room temperature using a Perkin 

Elmer Lambda 35 UV-Visible spectrometer from 200 to 400 nm 

with a scanning rate of 60 nm.min 

−1 in transmission mode. 

2.7. Differential Scanning Calorimetry under O 2 (OIT measurements) 

This technique was used to measure the oxidation induction 

time (OIT) at a given temperature of the stabilised Si-XLPE films 

throughout their thermal exposure in air, which gives an estima- 

tion of the global concentration of active AO in PE-based materials 

[ 33 , 37 ]. Such a correlation can be written as follows: 

OIT(T) = K T × [ AO ] + OI T 0 (T) (2) 

Where K T 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 phenols), and 

OIT(T) and OIT 0 (T) the values of OIT at the measurement temper- 

ature for the stabilised and non-stabilised polymer matrix, respec- 

tively. For the pure Si-XLPE matrix, OIT 0 is near zero in pure O 2 

atmosphere at 205 °C. 

Table 2

Melting properties of Irganox 1076® depending on its crystalline structure

[ 29 , 31 , 38 ].

Crystalline form of Irganox 1076® Form I Form II Form III

Melting point ( °C) 51 ± 1 51 ± 1 47 ± 1 

�H ∞ ,AO (J.g −1 ) 120 ± 3 123 ± 4 142 ± 9 

�H ∞ ,AO (kJ.mol −1 ) 64 ± 2 65 ± 2 75 ± 5 

OIT measurements were performed under a pure O 2 flow at 

205 °C using TA Instrument DSC Q10 and Q20 calorimeters. This 

temperature was chosen in order to have an acceptable duration 

of experiments for both the unaged and aged samples. Samples 

of about 5 mg were introduced in open standard aluminium pans. 

The samples were first heated under pure N 2 flow (50 mL.min 

-1 ) 

from room temperature to 205 °C, at a heating rate of 10 °C.min 

−1 . 

After an isotherm segment of 5 min for temperature equilibration, 

the gas flow was switched from N 2 to O 2 . An isotherm at 205 °C 

was then performed under pure O 2 flow (50 mL.min 

−1 ) in order to 

access the oxidation induction time (OIT) at this temperature. The 

OIT value was determined using the tangent method, which corre- 

sponds to the duration period between the introduction of the O 2 

flow in the DSC cavity and the onset of the oxidation exotherm. 

2.8. Differential Scanning Calorimetry under N 2 (DSC measurements) 

This technique was used for detecting and quantifying the AO 

crystals in all samples (i.e. Irganox 1076® powder and Si-XLPE 

films), but also for monitoring the consequences of oxidation on 

the crystallinity ratio of the polymer matrix. 

In our previous studies [ 29 , 33 , 37 ], it was shown that AO crys- 

tals can also be easily detected by DSC analysis, due to the pres- 

ence of their melting peak around 50 °C on the DSC thermograms. 

Then, knowing the melting enthalpy of AO crystals, it is possible 

to estimate the concentration of insoluble AO in the polymer films 

using the following equation: 

[ AO ] insol =
�H m , AO , polymer 

�H ∞ , AO 

× ρPE (3) 

Where ρPE is the polymer density (0.918 g.cm 

−3 ), 

�H m,AO,polymer the melting enthalpy of AO crystals in the polymer 

sample under study (J.g −1 ), and �H ∞ ,AO the melting enthalpy of 

pure AO crystal (kJ.mol −1 ). As previously recalled, Irganox 1076®

can undergo polymorphism, and each polymorph has specific 

physico-chemical properties. In particular, the melting properties 

of the three possible crystalline forms of Irganox 1076® are 

compiled in Table 2 [ 29 , 31 , 38 ]. 

On the other hand, the crystallinity ratio ( χc ) of Si-XLPE can be 

determined from the area under the corresponding melting peak 

in the DSC thermogram using the common following equation: 

χc = 

�H m 

�H ∞ 

(4) 

Where �H m 

and �H ∞ 

are the melting enthalpies (expressed in 

J.g −1 ) of the sample under investigation and the PE crystal, respec- 

tively. In literature, the commonly used value for �H ∞ 

is 290 J.g −1 

[ 39 , 40 ]. 

DSC thermograms were recorded using a TA instrument DSC 

Q10 0 0 calorimeter beforehand calibrated with an indium refer- 

ence. The DSC experiments were performed on samples with a 

mass ranged between 5 and 8 mg introduced in closed standard 

aluminium pans. The analyses were performed under a pure N 2 

flow of 50 mL.min 

−1 , in the temperature range between -50 °C and 

250 °C, with heating and cooling rates of 10 °C.min 

−1 . 



Fig. 4. General experimental methodology used in this work.

Fig. 5. Changes in the FTIR spectrum in transmission mode of the pure Irganox 1076® powder during its thermal ageing at 130 °C in air: (a) between 3700 and 3550 cm 

−1 , 

(b) between 180 0-150 0 cm 

−1 , and (c) between 1500-1000 cm 

−1 . 

2.9. Optical microscopy 

This technique was used to observe the surface of the Si-XLPE 

films. It is thus complementary to FTIR spectroscopy in ATR mode 

and DSC analysis under N 2 in order to confirm the presence, or 

absence, of AO crystals. 

The surface of the Si-XLPE films was examined before and after 

acetone cleaning using a Zeiss Axio Imager 2 optical microscope. 

The microscopic observations were performed in reflection mode 

with a polarised light. 

The general experimental methodology used for this study is 

summarised in Fig. 4 . It is noteworthy to mention that, in the case 

of the heterogeneously stabilised sample under study, all the ex- 

periments which have just been detailed were used. 

3. Results and discussion

3.1. Thermal ageing at 130 °C of pure Irganox 1076®

The KBr disc containing 1 wt% of pure Irganox 1076® powder 

was aged at 130 °C in air. The sampling was regularly performed 

throughout thermal exposure and the degradation of Irganox 

1076® was monitored by FTIR spectroscopy in transmission mode. 

The FTIR spectra obtained before and after different durations at 

130 °C in air are shown in Fig. 5 . 

As previously reminded, Irganox 1076® can exist under differ- 

ent crystalline forms, each of them having a specific IR signature 

[ 29 , 31 , 38 , 41 ]. In our previous work [29] , it was shown that the 

commercially available Irganox 1076® powder was crystallised un- 

der the so-called Form I. For this crystalline Form I, the IR bands of 

the phenol (O-H) and ester functions (C = O) are observed around 

3640 cm 

−1 and 1735 cm 

−1 , respectively, as shown in Fig. 5 a and 

Fig. 5 b . After 24 h of exposure at 130 °C in air, however, several 

changes were observed. In the hydroxyls spectral region (i.e. be- 

tween 3700 and 3550 cm 

−1 , Fig. 5 a ), the IR band of phenol at 

3640 cm 

−1 seems no longer present, but two other IR bands are 

now observed at 3648 cm 

−1 and around 3600 cm 

−1 . Meanwhile, 

in the carbonyls spectral region (between 1500 and 1800 cm 

−1 , 

Fig. 5 b ), the IR band of the ester function of AO at 1735 cm 

−1 

is still present but has significantly decreased, and a broadening 

band around 1719 cm 

−1 is observed. In addition, IR bands around 

1633 cm 

-1 and 1600 cm 

−1 are also appearing. The changes ob- 

served in the hydroxyls spectral region could be due to a change 

in the chemical environment of the phenol functions, either due to 

a modification of the chemical structure of AO and/or a modifica- 

tion of intermolecular interactions involving the phenol functions 

of AO. 

A first possibility could be a modification of the crystalline 

structure of AO after thermal exposure at 130 °C in air. Let us re- 

member that the as-received Irganox 1076® powder is crystallised 
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Scheme 1. Reaction pathways proposed for the thermal degradation of pure phenolic AO or polyolefins stabilised with phenolic AO [ 18–20 , 42–46 ].

under the so-called Form I with a melting point around 51 °C. In 

our previous study [29] , indeed, it was observed a recrystallization 

of this AO powder under another crystalline form after a thermal 

treatment above its melting point, in particular under the Form III 

which is characterized with a melting point around 47 °C. The new 

positions of the phenol and ester IR bands observed here after 24 

h at 130 °C could correspond to this crystalline Form III, typically 

characterized by IR absorptions around 3610 cm 

−1 and 1723 cm 

−1 , 

respectively [ 29 , 31 , 38 ]. However, according to Saunier et al. [31] , 

this crystalline Form III has another specific IR band at 1288 cm 

−1 

(C-O stretching of the ester). But here, as shown in Fig. 5 c , no IR 

band seems to be detected at 1288 cm 

−1 , which does not allow us 

to conclude. 

Another explanation could involve the change of the chemi- 

cal structure of AO due to its thermal degradation. Indeed, during 

the thermal oxidative ageing of the pure phenolic AO, but also of 

polymers stabilised with phenolic AO,this latter can undergo sev- 

eral chemical transformations, as shown in Scheme 1 [ 18–20 , 42–

46 ]. The first radical species formed from phenolic AO during ox- 

idative ageing are phenoxyl radicals, which can be generated by 

reaction of the phenol function of AO with various dehydrogena- 

tion agents, such as peroxyl radical (ROO °) or molecular oxygen 

(which is a bi-radical) [20] . These phenoxyl radicals can then lead 

to a long list of transformation products, as shown in Scheme 1 . 

For instance, one of the main degradation products of hindered 

phenols are quinone methides [ 18–20 , 42–46 ]. According to Pospisil 

[18] , these species can be generated by bimolecular disproportion- 

ation, radical attack by peroxyl radicals or an intramolecular re- 

arrangement. In FTIR spectra, these species can typically be ob- 

served around 1630-1640 cm 

−1 (C = O stretching) and 1590-1610 

cm 

−1 (C = C stretching) [47] . The small growing IR bands observed 

around 1633 cm 

−1 and 1600 cm 

−1 in Fig. 5 b could thus be at- 

tributed to quinone methides. Cinnamate species can also be de- 

tected during the oxidative ageing of pure phenolic AO or poly- 

mers stabilised with phenolic AO [ 42 , 43 , 45 , 46 ]. They can be gener- 

ated by an intramolecular rearrangement of quinone methides, as 

shown in Scheme 1 . Due to the conjugation effect in unsaturated 

esters, such as cinnamates, these species are typically observed in 

FTIR spectra at slightly lower wavenumbers than saturated esters: 

typically around 1710-1730 cm 

−1 for the C = O stretching of unsat- 

urated esters, against around 1730-1750 cm 

−1 for the C = O stretch- 

ing of saturated esters [ 16 , 48–51 ]. The IR band observed around 

1719 cm 

−1 in Fig. 5 b could thus correspond to cinnamate species. 

Finally, as ageing in air at 130 °C proceeds, most of the IR bands 

are decreasing with ageing time, at the exception of the IR bands 

around 1633 and 1600 cm 

−1 , which seem rather to slightly in- 

crease, as shown in Fig. 5 b . These observation are presumably due 

to a combination between AO physical loss by evaporation and 

chemical degradation. 

To summarize, several changes were observed by FTIR spec- 

troscopy after the thermal exposure of the pure Irganox 1076® at 

130 °C in air. Most of the changes were observed just after 24 h 

of exposure. In particular, the formation of quinone methides (IR 

bands around 1633 and 1600 cm 

-1 ) and cinnamate species (IR band 

at 1719 cm 

−1 ) are suspected to occur. Moreover, although the re- 

crystallization of Irganox 1076® into crystalline Form III (previously 



Fig. 6. Changes in the three normalised regions of interest of the FTIR spectrum in ATR mode of the Si-XLPE stabilised with 0.6 wt% of Irganox 1076® during its thermal

ageing at 130 °C in air: (a) between 380 0-30 0 0 cm 

−1 , (b) between 190 0-150 0 cm 

−1 , and (c) between 150 0-70 0 cm 

−1 . 

detected by DSC analysis) was not confirmed by FTIR spectroscopy, 

a modification of intermolecular interactions (such as H-bonding) 

involving phenol functions cannot be totally excluded, in particu- 

lar to explain the formation of two new IR bands in the hydrox- 

yls spectral region ( Fig. 5 a ). Indeed, as new chemical species are 

formed during the thermal exposure of AO, its chemical environ- 

ment is modified and new intermolecular interactions can hence 

occur. 

3.2. Physico-chemical characterization of the thermal ageing at 130 °C 
of the Si-XLPE stabilised with a homogeneous distribution of Irganox 

1076®

The thermal ageing under air at 130 °C of a Si-XLPE stabilised 

with 0.6 wt% of Irganox 1076® was investigated using the general 

methodology detailed in Fig. 4 . It should be emphasized that, in 

this sample, the concentration of AO is below the concentration 

threshold of 0.9 wt%, meaning that all the AO is dissolved in the 

polymer matrix. 

3.2.1. Surface analysis (FTIR spectroscopy in ATR mode) 

The FTIR spectra obtained in ATR mode before and after differ- 

ent durations at 130 °C in air are shown in Fig. 6 . The three spectral 

regions of interest were normalised with the absorbance of the IR 

band at 1472 cm 

−1 assigned to the PE crystal phase [31] to better 

visualize the changes. 

As expected, no IR band of Irganox 1076® is initially detected, 

and only IR bands of Si-XLPE are actually observed at the sam- 

ple surface. As the ageing proceeds, no significant changes are first 

detected in the FTIR spectra. Then, after 92 days of exposure at 

130 °C, OIT at 205 °C becomes relatively low (about 3 min), mean- 

ing that active AO are still present but in a very low concentration. 

Therefore, a small IR band, which could be due to ketones from 

the polymer oxidation, starts to be detected around 1720 cm 

−1 . 

After 94 days of exposure at 130 °C, OIT is null and IR bands cor- 

responding to a wide variety of oxidation products of Si-XLPE are 

more clearly detected. The large IR band between 30 0 0 and 3500 

cm 

−1 is attributed to hydroxyl functions of alcohols, hydroperox- 

ides, and/or carboxylic acids. In the carbonyls region, the main IR 

bands at 1711 cm 

−1 , 1733 cm 

−1 , and 1775 cm 

−1 correspond to car- 

boxylic acids, esters, and lactones, respectively. The IR signatures of 

carbonyl and hydroxyl species are also observed between 10 0 0 and 

1500 cm 

−1 , in particular around 1410 cm 

−1 and 1240 cm 

-1 where 

the IR bands are attributed to the C-O stretching of alcohols and/or 

carboxylic acids, but also around 1169 cm 

−1 and 1110 cm 

−1 where 

the IR bands are assigned to the C-O stretching of carbonyls. In 

addition, around 950 cm 

-1 , trans vinylene species (C = C), also re- 

sulting from Si-XLPE oxidation, are detected. 

3.2.2. Morphological changes (DSC analysis) 

The DSC thermograms and the corresponding values of crys- 

tallinity ratio of the polymer (determined using Eq. 4 ) determined 

before and after different durations at 130 °C in air are shown in 

Fig. 7 . 

As it can be observed in Fig. 7 a , no melting peak of Irganox 

1076® around 50 °C is detected, confirming that no Irganox 1076®

crystal is present in this sample. This observation is in perfect 

agreement with the previous results of FTIR spectroscopy in ATR 

mode. Moreover, a modification of the general shape of the melting 

peak of Si-XLPE can first be pointed out after 15 days of exposure 

at 130 °C. In fact, as the ageing temperature is above the melting 

point of Si-XLPE (about 114 °C), all the polymer crystals are melted 

during thermal exposure and thus, a total recrystallization occurs 

during the sample cooling at room temperature before DSC analy- 

sis. In addition, as it can be observed in Fig. 7 b , a slight decrease in 

the crystallinity ratio of Si-XLPE is detected during the first ageing 

duration, which is likely due to a post-crosslinking phenomenon of 

the polymer matrix. Indeed, such a phenomenon was already evi- 

denced during the thermal ageing at 130 °C in air of a Si-XLPE sta- 

bilised with a thiopropionate AO [37] . Then, as the thermal ageing 

proceeds, no significant modification of the crystallinity ratio of Si- 

XLPE is observed until about 96 days. At the end of this induction 

period, a sudden and sharp decrease in the crystallinity ratio of Si- 

XLPE is detected, clearly indicating the beginning of the polymer 

oxidation, as previously shown by FTIR spectroscopy in ATR mode. 

Finally, the formation of a broad exothermic peak between 150 

and 220 °C is also observed in the DSC thermograms, in particu- 

lar for the sample aged 94 days at 130 °C in air. This exothermic 

peak is, in fact, due to the thermal decomposition of hydroperox- 

ide species (POOH), which, as shown in Scheme 1 , are one of the 

by-products of the possible stabilisation reactions of the phenolic 

AO with peroxyl radicals. The concentration of POOH can be esti- 

mated by DSC from the area under the exothermic peak of their 

thermal decomposition using the following equation [ 7 , 52 , 53 ] : 

[ POOH ] = 

�H POOH 

�H theory 

× ρPE (5) 

Where ρPE is the polymer density (here 0.918 g.cm 

−3 ) and 

�H theory the theoretical enthalpy of the thermal decomposition of 

one mole of POOH ( �H theory = - 291 kJ.mol −1 [52] ).

The changes with time of exposure in the POOH concentra- 

tion (determined by DSC) and the normalised absorbance of car- 

bonyl species due to polymer oxidation (determined by FTIR spec- 

troscopy in ATR mode at 1711 cm 

−1 ) are compared in Fig. 8 . As 

previously said, POOH are detected after 94 days of exposure at 

130 °C in air with a maximum concentration of about 0.3 mol.L −1 . 

It can be observed that this duration exactly corresponds to the 

induction time of carbonyl species. At this time of exposure, all 



Fig. 7. (a) Changes in the DSC thermogram (heating rate of 10 °C.min −1 ) of the Si-XLPE stabilised with 0.6 wt% of Irganox 1076® during its thermal ageing at 130 °C in air. 

(b) Corresponding changes in the crystallinity ratio of the polymer with time of exposure.

Fig. 8. Comparison of the changes in ( �) the hydroperoxide concentration (deter- 

mined by DSC under N 2 ) and ( ●) the normalised absorbance of carbonyl species 

(determined by FTIR spectroscopy in ATR mode at 1711 cm 

-1 ) during the thermal

ageing at 130 °C in air of the Si-XLPE stabilised with 0.6 wt% of Irganox 1076®.

the phenolic AO have been consumed by the stabilisation reac- 

tions (OIT = 0), thus leading to an accumulation of POOH into the 

polymer matrix. It is expected that the AO consumption suddenly 

auto-accelerates as their concentration vanishes, because these lat- 

ter have more and more difficulties in blocking the polymer oxida- 

tion. It is thus not surprising to suddenly detect POOH without any 

prior warning. 

However, at 130 °C, the thermal decomposition of POOH (both 

by unimolecular and bimolecular pathways) is also very rapid. That 

is the reason why, as soon as they are detected, POOH already 

start to disappear from the polymer matrix, thus leading to the 

formation of radical species, which initiate the oxidation reaction. 

It should be remembered that the thermal decomposition of POOH 

is all the more rapid as their concentration is high [ 6 , 14 , 53 ]. For 

such a high POOH concentration, around 0.3 mol.L −1 , it is thus not 

surprising not to observe an additional induction period specific 

to the thermal oxidation of the polymer matrix without antiox- 

idant. On the contrary, the polymer oxidation starts with a very 

high rate as soon as the phenolic AO have been totally consumed 

by the stabilisation reactions. Indeed, in Fig. 8 , it can be observed 

an almost vertical increase of the carbonyl build-up. No doubt that, 

under these conditions, the embrittlement criterion of the polymer 

matrix will be quickly reached and the oxidation induction time 

would correspond to the polymer lifetime. 

3.2.3. Chemical changes in the bulk 

3.2.3.1. FTIR spectroscopy in transmission mode. Finally, the FTIR 

spectra obtained in transmission mode before and after different 

durations at 130 °C in air are shown in Fig. 9 . Both hydroxyls (be- 

tween 3750 and 3550 cm 

−1 ) and carbonyls spectral regions (be- 

tween 1850 and 1600 cm 

−1 ) were normalised with the sample 

thickness to better visualize the changes. 

In the hydroxyls region, three main IR bands can be observed 

for the unaged material. The IR band at 3605 cm 

−1 is due to two- 

phonon combinations of CH 2 asymmetric stretching and rocking 

modes, i.e. to the PE matrix itself [54–56] . In addition, the IR band 

at 3695 cm 

−1 is attributed to the O-H stretching of residual silanol 

functions (Si-OH) [ 48 , 57–59 ]. Indeed, crosslinking via the silane 

route first occurs by the hydrolysis of alkoxysilane functions (Si-OR, 

where R is an alkyl function) into silanol functions, which then re- 

act with one another through a condensation reaction to form the 

siloxane functions (Si-O-Si). Finally, the third IR band at 3649 cm 

−1 

corresponds to the phenol functions of Irganox 1076®. 

In the carbonyls region, only one IR band is initially detected at 

1741 cm 

−1 , corresponding to the ester function of AO. As expected, 

the IR positions of the phenol and ester functions of Irganox 1076®

corresponds well to those of dissolved AO (in dispersed state), as 

recalled in Table 1 . 

As already observed for the pure Irganox 1076® powder, IR 

bands around 1633 cm 

−1 and 1720 cm 

−1 appear during ther- 

mal ageing. As previously mentioned, these IR bands can respec- 

tively be assigned to quinone methides and hydroxycinnamates, 

both resulting from the chemical consumption of AO. Indeed, as 

the ageing proceeds, it can be observed that the IR band of the 

phenol functions decreases continuously. Meanwhile, in the car- 

bonyls region, a broad IR band between 1730 and 1700 cm 

−1 (sev- 

eral types of carbonyl species) appears and increases with age- 

ing time. This composite band is mostly visible from 43 days 

of exposure. Then, after 94 days of exposure, another large IR 

band between 30 0 0 and 350 0 cm 

−1 (O-H bonds of hydroperox- 

ides, alcohols and/or carboxylic acids) is in turn observed, and the 

FTIR spectra saturate in the carbonyls region due to a significant 

formation of carbonyl species, i.e. high conversion ratios of the 

polymer oxidation reaction, as already suggested by our previous 

results. 

Using the Beer-Lambert’s law ( Eq. 1 ) , the concentrations of phe- 

nols, esters and cinnamates were estimated from FTIR results. The 

molar extinction coefficients of the phenol and ester functions of 

the AO dissolved in the PE matrix were already determined in 

a previous work [29] and are about 100 L.mol −1 .cm 

−1 and 490 

L.mol −1 .cm 

−1 , respectively. In contrast, the molar extinction co- 

efficients of quinones and cinnamates were selected from liter- 



Fig. 9. Changes in the two normalised regions of interest of the FTIR spectrum in transmission mode of the Si-XLPE stabilised with 0.6 wt% of Irganox 1076® during

its thermal ageing at 130 °C in air: (a) between 3750-3550 cm 

−1 , and (b) between 1850-1600 cm 

−1 . (c) Corresponding changes in the concentrations of the characteristic 

functions of AO and its degradation products with time of exposure: ( � ) phenols, ( � ) esters, ( ♦ ) cinnamates and ( �) quinones. 

ature. According to Flett [51] , aromatic ketones and esters have 

molar extinction coefficients typically ranged between 280-490 

L.mol −1 .cm 

−1 and 50 0-70 0 L.mol -1 .cm 

-1 , respectively. In a first ap- 

proximation, orders of magnitude of 400 L.mol −1 .cm 

−1 and 700 

L.mol −1 .cm 

−1 were respectively considered in this study. 

The concentrations of these four chemical functions were plot- 

ted against time of exposure in Fig. 9 c . Three kinetic regimes can 

clearly be distinguished: 

i) In the first regime (until about 43 days of exposure), the

concentrations of both phenol and ester functions of AO de- 

crease with ageing time, which can be due to its chemi- 

cal consumption and/or its physical loss through evapora- 

tion. In this same regime, some quinone methides (IR band

at 1633 cm 

−1 ) and cinnamates (IR band at 1719 cm 

−1 ) are

also detected, indicating that the chemical consumption of

AO is really occurring. It should be noted that the satu- 

rated ester function (initially present in Irganox 1076®) is

kept in quinone methides, but has disappeared in cinna- 

mates which, on the contrary, contain an unsaturated es- 

ter. Hence, a decrease in the saturated ester functions (IR

band at 1741 cm 

−1 ) is either due to the AO physical loss

through evaporation and/or the formation of cinnamates.

At 25 days of exposure, for instance, the concentrations of

formed quinone methides and cinnamates are estimated to

be around 3 ×10 −4 mol.L -1 and 5 ×10 −4 mol.L −1 , respectively.

Meanwhile, the decreases in the concentrations of phenol

and ester functions of the AO are estimated at approximately

4 ×10 −3 mol.L −1 and 2 ×10 −3 mol.L −1 , respectively. These re- 

sults hence suggest that, in this first regime, the evaporation

of AO predominates largely over its chemical consumption

since its characteristic functions (phenol and ester) disap- 

pear one order of magnitude faster than the formation of its

degradation products (quinone methides and cinnamates). In

fact, let us remind that in stabilised polymers, the chemical

consumption of phenolic AO generally is due to the reaction

of AO with peroxyl radicals (POO °) resulting from the poly- 

mer oxidation. However, in stabilised polymers, the initial

concentration of POOH (and thus, of peroxyl radicals) is gen- 

erally very low, which could explain the few chemical con- 

sumption of AO observed in this first regime. Moreover, as

quinone methides and cinnamates were also detected during

the thermal ageing at 130 °C in air of the pure AO powder,

the chemical consumption of AO, from the direct reaction of

AO with molecular oxygen (which is a bi-radical), can also

not be totally excluded; although such a reaction is gener- 

ally considered negligible in the case of hydrocarbon poly- 

mers exposed to such conditions (i.e. typically at T < 200 °C 

and under low O 2 partial pressures) [ 26 , 42 , 60 ]. 

ii) In the second regime (between 43 and 66 days of expo- 

sure), the concentration of esters (IR band at 1741 cm 

−1 ) 

seems to remain relatively constant around 7 ×10 −3 mol.L −1 

although the concentration of phenols continues to de- 

crease with ageing time. In the same time, the concen- 

tration of quinone methides decreases, while the concen- 

tration of cinnamates (IR band at 1719 cm 

−1 ) increases 

more significantly. Let us recall that, according to literature, 

and reminded in Scheme 1 , cinnamates are formed by an 

intramolecular rearrangement of quinone methides, which 

could explain the opposite evolutions in the concentrations 

of these two chemical species. In addition, it is also notewor- 

thy that, according to literature [61] , alkylperoxycyclohexa- 

dienone species would also be formed in high yield from 

the reaction between phenolic AO and peroxyl radicals. The 

carbonyl moiety of these species can, according to litera- 

ture, typically be detected around 1695-1712 cm 

−1 [61] . The 

apparent increase of cinnamates concentration (IR band at 

1719 cm 

−1 ) could, hence, also be due to the formation of 

alkylperoxycyclohexadienones, which absorb in almost the 

same spectral range. Indeed, it can be observed that the cor- 

responding carbonyl IR massif is relatively broad and thus, 

might contain the contributions of several species. In addi- 

tion, let us note that saturated ester functions are present in 

alkylperoxycyclohexadienones, but not in cinnamates. Thus, 

the formation of alkylperoxycyclohexadienones does not in- 

volve the depletion of saturated ester functions (IR band at 

1741 cm 

−1 ), unlike the formation of cinnamates. As the in- 

crease in the IR band at 1719 cm 

−1 is accompanied with the 

depletion of phenol functions but no apparent change in the 

concentration of saturated esters, the formation of alkylper- 

oxycyclohexadienones is also suspected to occur. Moreover, 

as reminded in Fig. 1 and Scheme 1 , the formation of 

alkylperoxycyclohexadienones requires the presence of per- 

oxyl radicals, which are formed from the polymer oxidation. 

According to literature [ 26 , 62 ], the chemical consumption of 

phenolic AO by peroxyl radicals should be observed after 

an induction period, as the initial concentration of POOH 

(and thus, peroxyl radicals POO °) is generally very low, if 

not near zero. Finally, it should be mentioned that, in the 

long term, the IR bands of saturated esters (at 1741 cm 

−1 ) 

and cinnamates (at 1719 cm 

−1 ) should also be impacted by 

the formation of some oxidation products from the poly- 

mer matrix, such as aldehydes and ketones, which respec- 

tively absorb around 1730-1740 cm 

−1 and 1718-1720 cm 

−1 

[ 37 , 63 , 64 ]. 



Fig. 10. (a) Changes in the normalised UV spectrum of the Si-XLPE stabilised with 0.6 wt% of Irganox 1076® during its the thermal ageing at 130 °C in air; (b) Corresponding

changes in the concentrations of ( ♦ ) cinnamates, ( �) conjugated quinones and ( �) unconjugated quinones with time of exposure. 

iii) In the last regime (i.e. beyond 66 days of exposure), the IR

bands around 1770-1790 cm 

−1 slightly increase, presumably

due to the formation of lactones from the polymer oxidation.

A similar behaviour was observed in a previous work on the

thermal ageing of a Si-XLPE stabilised with a thiodipropi- 

onate AO [37] .

3.2.3.2. UV spectroscopy in transmission mode. As shown previously, 

quinones can be detected around 1633 cm 

−1 by FTIR spectroscopy. 

However, as shown in Fig. 5 b and Fig. 9 b , their absorbance is 

generally very low. In literature, UV spectroscopy is hence more 

often used to detect them as their molar extinction coefficient 

in UV is much higher. In fact, Klemchuk and Horng [36] found 

molar extinction coefficients of about 35 0 0 0 (at 314 nm) and 

45 0 0 0 L.mol −1 .cm 

−1 (at 322 nm) for unconjugated and conjugated 

bisquinonemethides, respectively. 

The UV spectra obtained before and after different durations at 

130 °C in air are shown in Fig. 10 a . These spectra were also nor- 

malised with the film thickness (e) to better visualize the changes. 

In UV spectroscopy, in addition to quinone methides, the aromatic 

phenols and hydroxycinnamates can also be detected around 275 

nm and 300 nm [36] , respectively. 

As for FTIR spectroscopy, the Beer-Lambert’s law ( Eq. 1 ) was 

used to quantify the chemical species detected by UV spectroscopy. 

In particular, the concentration of quinone methides and cinna- 

mates were estimated using the following molar extinction co- 

efficients from literature: 35 0 0 0 L.mol −1 .cm 

−1 for conjugated 

quinones (UV band at 325 nm), 45 0 0 0 L.mol −1 .cm 

−1 for un- 

conjugated quinones (UV band at 312 nm) [36] , and 35 0 0 0 

L.mol −1 .cm 

−1 for hydroxycinnamates (UV band at 300 nm) [36] . 

The calculated concentrations were then plotted against time of 

exposure in Fig. 10 b . 

The results obtained by UV spectroscopy suggest that quinone 

methides are the main degradation products of AO, with a total 

concentration of about 3 ×10 −4 mol.L −1 after 25 days of exposure 

at 130 °C, while the concentration of cinnamates is about 1 ×10 −4 

mol.L −1 . This is the same concentration of quinones previously de- 

termined by FTIR spectroscopy. In contrast, the concentration of 

cinnamates is about five times lower than previously determined 

by FTIR spectroscopy. This concentration difference might be due 

to the additional contribution of carbonyl species due to polymer 

oxidation in FTIR spectroscopy, as previously mentioned. However, 

it should be pointed out that this difference is totally negligible 

at low conversion ratios, for instance after 15 days of exposure at 

130 °C. In this case, indeed, the concentrations of quinones and cin- 

namates estimated by FTIR and UV spectroscopies are of the same 

order of magnitude, thus giving a good confidence in the values of 

the molar extinction coefficients chosen for this study. 

Unfortunately, for heterogeneously stabilised samples (i.e. with 

a concentration of Irganox 1076® higher than 0.9 wt%), UV spec- 

troscopy could not be used to quantify the AO and its degradation 

products due to the saturation of the corresponding UV absorption 

bands. Thus, for these samples, only FTIR spectroscopy was used. 

3.3. Physico-chemical characterization of the thermal ageing of the 

Si-XLPE stabilised with an excess of Irganox 1076®

The thermal ageing of a Si-XLPE stabilised with 2.1 wt% of 

Irganox 1076® was investigated in air at three different tempera- 

tures: 87 °C, 110 °C, and 130 °C, using the same general methodology 

detailed in Fig. 4 . 

3.3.1. Surface analysis (FTIR spectroscopy in ATR mode vs. Optical 

microscopy) 

The FTIR spectra in ATR mode obtained before and after differ- 

ent durations at 87 °C, 110 °C, and 130 °C in air are shown in Fig. 11 , 

Fig. 12 , and Fig. 13 , respectively. As for the homogeneously sta- 

bilised sample, a special attention was paid to the three spectral 

regions of interest normalised with the IR band at 1472 cm 

−1 . 

AO crystals are initially detected on the film surface. Indeed, 

the initial FTIR spectrum contains IR bands at 3639 and 1733 cm 

−1 

corresponding to the phenol and ester functions of AO under the 

crystalline Form I, respectively. As a reminder, the material under 

study was stabilised by an initial concentration of Irganox 1076®

above its solubility threshold (about 0.9 wt%) in PE-based mate- 

rials [ 29 , 33 ]. These AO in excess exuded and recrystallized at the 

sample surface during the processing operation [33] . 

As the thermal ageing proceeds, the IR bands of AO crystals un- 

der the Form I decrease for the three exposure temperatures un- 

der investigation, suggesting a decrease of the amount of AO crys- 

tals present at the sample surface. In addition, in the case of ther- 

mal ageing at 130 °C ( Fig. 13 ), the formation of IR bands at 3612 

cm 

−1 and 1723 cm 

−1 is observed after 71 days of exposure. These 

IR bands are characteristic of AO under the crystalline Form III, 

as recalled in Table 1 . Only in this case, an additional IR band is 

detected at 1288 cm 

−1 , which is not present, neither for the un- 

aged, nor for all other aged samples. According to Saunier et al. 

[31] , this IR band at 1288 cm 

-1 is specific to the crystalline Forms 

II and III (C-O stretching of the ester) as it is not observed for the 

crystalline Form I. In order to confirm the presence of this new 

crystalline form of AO, the sample surface was examined by optical 

microscopy before and after 71 days of exposure at 130 °C. Indeed, 

it was shown in literature that, depending on the crystalline form 

involved, Irganox 1076® crystals can have specific shapes and, in 

particular, the crystalline Form III of Irganox 1076® was observed 

as needle-shaped crystals [ 29 , 31 ]. On Fig. 14 , it can be observed 



Fig. 11. Changes in the three normalised regions of interest of the FTIR spectrum in ATR mode of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its thermal

ageing at 87 °C in air: (a) between 380 0-30 0 0 cm 

−1 , (b) between 190 0-150 0 cm 

−1 , and (c) between 150 0-90 0 cm 

−1 . 

Fig. 12. Changes in the three normalised regions of interest of the FTIR spectrum in ATR mode of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its thermal

ageing at 110 °C in air: (a) between 380 0-30 0 0 cm 

−1 , (b) between 190 0-150 0 cm 

−1 , and (c) between 150 0-90 0 cm 

−1 . 

Fig. 13. Changes in the three normalised regions of interest of the FTIR spectrum in ATR mode of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its thermal

ageing at 130 °C in air: (a) between 380 0-30 0 0 cm 

−1 , (b) between 190 0-150 0 cm 

−1 , and (c) between 150 0-90 0 cm 

−1 . 

Fig. 14. Micrographs of the surface of the Si-XLPE film stabilised with 2.1 wt% of Irganox 1076®: (a) before and (b) after 71 days of exposure at 130 °C under air (with a

magnification of ×500). 



that before thermal ageing, AO crystals of various sizes (from few 

microns to a dozen of microns) were present at the sample sur- 

face, while after 71 days of exposure at 130 °C, needle-shaped crys- 

tals are now covering the sample surface. It can be thus concluded 

that both FTIR spectroscopy in ATR mode and optical microscopy 

confirm the polymorphism of Irganox 1076® after 71 days of ex- 

posure at 130 °C in air. 

For the three exposure temperatures under investigation and, 

in particular, for thermal ageing at 130 °C, the appearance of an IR 

band around 1630-1635 cm 

−1 was also noticed during the early 

periods of exposure. It should be recalled that this IR band was al- 

ready observed during the thermal ageing at 130 °C in air of both 

of the pure AO powder and the homogeneously stabilised Si-XLPE 

film. It is assigned to quinone methides resulting from the reac- 

tion of the phenol function of AO with peroxyl radicals and/or 

molecular oxygen. These observations hence suggest that, while 

the amount of AO crystals decreases with time of exposure on the 

sample surface, due to a further dissolution of AO into the poly- 

mer matrix favoured by the sample exposure to higher tempera- 

tures (the melting point of AO crystals is about 50 °C) and/or its 

evaporation, a non-negligible part of the AO is also chemically con- 

sumed. Unfortunately, at this stage of the investigations, it is not 

possible to know in which physical state (i.e. dissolved or crys- 

tallised) are the AO the most prone to chemical consumption. This 

is surely a difficult problem to solve because it cannot be excluded 

that a part of the degradation products (e.g. quinone methides and 

cinnamates) formed in the AO crystals dissolves into the polymer 

matrix during thermal ageing, since these latter are less polar than 

the initial phenolic AO. 

Then, as the thermal ageing proceeds, no IR band is detected 

for AO at the sample surface, in contrast, a slight growth in the IR 

bands in the carbonyls spectral range (around 1737 cm 

−1 and 1716 

cm 

−1 ) is noticed. These latter are typically attributed to aldehydes 

and ketones from PE oxidation. The increase in their absorbance 

with time of exposure is clearly a sign of the onset of polymer 

oxidation at the sample surface, as these IR bands were also ob- 

served during the thermal ageing of the pure Si-XLPE. Indeed, as 

for a linear PE [ 65 , 66 ], the thermal oxidation of Si-XLPE leads to 

the formation of a wide variety of carbonyl species such as: car- 

boxylic acids and saturated ketones (typically between 1700 and 

1720 cm 

−1 ), aldehydes and esters (between 1730 and 1740 cm 

−1 ), 

and γ -lactones (around 1770-1790 cm 

−1 ) [ 48 , 65–67 ]. 

For thermal ageing at 130 °C in air, in particular, these IR bands 

first slowly increase up to 404 days of exposure for which, as pre- 

viously observed for the homogenously stabilised sample, oxida- 

tion accelerates suddenly. In contrast, for the other two tempera- 

tures of exposure (87 and 110 °C), although some oxidation prod- 

ucts of polymer are detected by FTIR spectroscopy in ATR mode, 

their absorbance remain quite low. It should be noted that the OIT 

values measured at 205 °C for most samples aged at 87 °C and 110 °C 

are still non-null: about 100 min after 720 days of exposure at 

87 °C and about 20 min after 740 days at 110 °C. They correspond to 

AO concentrations of about 3 ×10 −2 mol.L −1 and 5 ×10 −3 mol.L −1 , 

respectively. These concentrations were estimated using Eq. 2 and 

the calibration curve obtained for OIT at 205 °C in our previous 

work [33] . 

3.3.2. Morphological changes (DSC analysis) 

Fig. 15 shows the DSC thermograms (under N 2 ) obtained during 

the thermal ageing at 87 °C, 110 °C, and 130 °C in air of the hetero- 

geneously stabilised Si-XLPE film. 

A modification of the general shape of the melting peak of 

Si-XLPE can be noticed in the early periods of exposure for the 

three temperatures under investigation. The same behaviour was 

observed during the thermal ageing of a Si-XLPE stabilised with a 

thiopropionate AO [37] , and for the Si-XLPE film stabilised with 0.6 

wt% of Irganox 1076® aged at 130 °C. These modifications are due 

to the partial or total melting of polymer crystals during thermal 

ageing. When the temperature of exposure is located within the 

melting range of Si-XLPE (i.e. at 87 °C and 110 °C), almost all the 

smallest crystals having a melting point lower than the temper- 

ature of exposure are transformed into larger crystals which are 

stable at the temperature of exposure, presumably by coalescence 

[ 68 , 69 ]. As a consequence, the lower part of the melting peak dis- 

appears, the melting peak becomes narrower and can be shifted 

towards higher temperatures (in particular at 110 °C). Under these 

conditions, it is not surprising that almost no recrystallization is 

observed during the sample cooling to room temperature before 

DSC analysis, except perhaps at 110 °C where a small secondary 

melting peak can be seen around 90 °C on the DSC thermograms. 

When the temperature of exposure is higher than the melt- 

ing range of Si-XLPE (i.e. at 130 °C), in contrast, all the polymer 

crystals are melted during the thermal ageing and a total recrys- 

tallization occurs during the sample cooling at room temperature 

before the DSC analysis. It should be pointed out that the Si- 

XLPE was crosslinked in its solid state (at 65 °C). Therefore, this 

crosslinked polymer is initially characterized by the same crys- 

talline morphology as the starting linear low density polyethy- 

lene (Si-g-LLDPE). However, in molten state, its macromolecular 

chains are now crosslinked and thus, are characterized by a re- 

duced molecular mobility which hinders the recrystallization of 

the largest crystals. It is thus not surprising to observe a widening 

and a shift of the melting peak towards the lower temperatures af- 

ter recrystallization. These changes in crystalline morphology seem 

to be accelerated with the polymer oxidation, in particular from 

404 days of exposure in air at 130 °C. 

As the thermal ageing proceeds, no additional modification is 

observed on the DSC thermograms for the two lowest temper- 

atures, which is consistent with the previous results. Indeed, it 

should be remembered that, at 87 and 110 °C, OIT never becomes 

null and very few polymer oxidation products are detected by FTIR 

spectroscopy in ATR mode. In contrast, at 130 °C, as already ob- 

served for the homogeneously stabilised Si-XLPE ( Fig. 7 ), a broad 

exothermic peak starts to appear on the DSC thermogram between 

130 and 220 °C after 402 days of exposure, due to the thermal de- 

composition of POOH species. The concentration of POOH accumu- 

lated in the polymer matrix was estimated using Eq. 5 and plot- 

ted against time of exposure in Fig. 16 . As for the homogeneously 

stabilised sample, the normalised absorbance of carbonyl species 

due to polymer oxidation (determined by FTIR spectroscopy in ATR 

mode at 1711 cm 

−1 ) has also been plotted in the same graph. 

As for the homogeneously stabilised sample, as soon as the 

phenolic AO are completely depleted (OIT = 0), the hydroperox- 

ides are suddenly detected by DSC with a maximum concentration 

of about 0.1 mol.L −1 . These latter immediately initiate the thermal 

oxidation of the polymer matrix with a very high rate. However, 

as expected, the induction time of carbonyl species is much longer 

for the heterogeneously than the homogeneously stabilised sam- 

ple: 404 days against 94 days of exposure at 130 °C in air. 

Now, if looking at the crystallinity ratio of Si-XLPE determined 

with Eq. 4 , no significant change is observed during the thermal 

ageing at 87 and 110 °C in air, as shown in Fig. 17 . Indeed, there 

is still no significant sign of polymer oxidation, although some IR 

bands of oxidation products were detected by FTIR spectroscopy 

in ATR mode ( Fig. 11 and Fig. 12 ). At 130 °C in air, in contrast, an 

initial slight decrease in the crystallinity ratio (typically from 41 

± 1 % up to 37 ± 1 % after 30 days of exposure) is observed pre- 

sumably due to the polymer post-crosslinking in molten state. This 

assumption was successfully checked by swelling test in refluxing 

p-xylene (typically from 71 ± 1 % up to 76 ± 1 % after 71 days 

of exposure). After 404 days of exposure, a sudden catastrophic 

decrease in the crystallinity ratio is detected due to polymer ox- 



Fig. 15. Changes in the DSC thermogram (heating rate of 10 °C.min −1 ) of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its thermal ageing in air at: (a) 87 °C, 

(b) 110 °C, and (c) 130 °C.

Fig. 16. Comparison of the changes in ( �) the hydroperoxide concentration (ob- 

tained by DSC under N 2 ) and ( ●) the normalised absorbance of carbonyl species 

(determined by FTIR spectroscopy ATR mode at 1711 cm 

-1 ) during the thermal age- 

ing at 130 °C in air of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076®.

Fig. 17. Changes in the crystallinity ratio of the Si-XLPE stabilised with 2.1 wt% of

Irganox 1076® during its thermal ageing in air at ( �) 87 °C, ( ●) 110 °C, and ( � ) 130 °C. 

idation. Indeed, this duration exactly corresponds to the induc- 

tion time of carbonyl species detected by FTIR spectroscopy in ATR 

mode ( Fig. 16 ). It should be remembered that the same behaviour 

was observed for the homogeneously stabilised Si-XLPE with 0.6 

wt% of AO ( Fig. 7 ) and for the pure Si-XLPE both aged at 130 °C in 

air. 

Moreover, the DSC thermograms, determined in the first peri- 

ods of exposure at the three temperatures under investigation in 

Fig. 15 , have been zoomed between 30 and 70 °C in Fig. 18 . In this 

temperature range, an endothermic peak is clearly detected at 51 °C 

on the initial DSC thermogram. It should be remembered that this 

latter is assigned to the melting of Irganox 1076® crystals under 

the Form I ( Table 2 ). For the three temperatures of exposure, this 

peak disappear with ageing time. There is thus a continuous de- 

crease in the concentration of AO crystals during thermal ageing, 

as already shown by FTIR spectroscopy in ATR mode. When AO 

crystals are no longer detected at the sample surface by FTIR spec- 

troscopy in ATR mode ( Fig. 11 , Fig. 12 , Fig. 13 ), there is no longer 

melting peak of AO crystals on the DSC thermograms. This result 

is not surprising because, in our previous study [33] , it was shown 

that AO crystals are only present at the sample surface. 

Table 3 compiles the concentrations of AO crystals estimated by 

DSC (using Eq. 3 ) during the thermal ageing in air at 87 °C, 110 °C, 

and 130 °C, for the heterogeneously stabilised Si-XLPE film. 

Finally, after 71 days of exposure at 130 °C, a second endother- 

mic peak is detected by DSC at a slightly lower temperature (47 °C) 

than the melting peak of the initial crystalline Form I of AO (51 °C). 

According to Table 2 , this new peak is assigned to the melting of 

Irganox 1076® crystals under the Form III. This result is also in 

perfect agreement with the previous FTIR analyses in ATR mode 

and the pervious examinations by optical microscopy which both 

showed the presence of Irganox 1076® crystals under the Form III 

at the sample surface for the same thermal exposure conditions. 

3.3.3. Chemical changes in the bulk (FTIR spectroscopy in 

transmission mode) 

Finally, the FTIR spectra obtained in transmission mode before 

and after different durations in air at the three different tempera- 

tures under investigation are shown in Fig. 19 . Both hydroxyls (be- 

tween 3750 and 3850 cm 

−1 ) and carbonyls spectral regions (be- 

tween 1850 and 1600 cm 

−1 ) were normalised with the sample 

thickness to better visualize the changes. 

In the hydroxyls region, three main IR bands were observed for 

the unaged material. As a reminder, the IR band at 3605 cm 

−1 is 

due to the PE matrix itself, while the IR band at 3695 cm 

−1 is due 

to the O-H stretching from residual silanol functions. The third IR 

band centred at 3642 cm 

−1 is attributed to the phenol function 

of Irganox 1076®. In particular, as reminded in Table 1 , this latter 

corresponds to the crystalline Form I of Irganox 1076®. 

During the first periods of exposure, the same behaviour is ob- 

served for the three temperatures under investigation. At first, it 

can be noticed that the IR band at 3695 cm 

−1 (Si-OH) decreases 

due to the post-crosslinking of the polymer matrix via the con- 

densation of residual Si-OH functions. Then, as also previously ob- 

served for the thermal ageing of the pure AO powder and the ho- 

mogeneously stabilised Si-XLPE in air at 130 °C, two new IR bands 

appear between 1650-1600 cm 

-1 and around 1720 cm 

−1 on the 

FTIR spectrum. As a reminder, these two IR bands were respec- 

tively attributed to quinone methides and hydroxycinnamates, both 



Fig. 18. Zoom between 30 and 70 °C of the DSC thermograms determined in the first periods of exposure during the thermal ageing in air at: (a) 87 °C, (b) 110 °C, and (c)

130 °C in Fig. 15 .

Table 3

Concentration of AO crystals [AO] insol estimated by DSC for the heterogeneously stabilised Si-XLPE film during its thermal ageing under

air at 87 °C, 110 °C, and 130 °C.

T = 87 °C T = 110 °C T = 130 °C 

Ageing time (days) [AO] insol (mol.L −1 ) Ageing time (days) [AO] insol (mol.L −1 ) Ageing time (days) [AO] insol (mol.L −1 ) 

0 (2.4 ± 0.4) x 10 −2 0 (2.4 ± 0.4) x 10 −2 0 (2.4 ± 0.4) x 10 −2 

144 (2.0 ± 0.2) x 10 −2 108 (6.1 ± 0.1) x 10 −3 31 (6.0 ± 0.1) x 10 −3 

288 (7.6 ± 0.1) x 10 −4 213 / 71 (4.5 ± 0.1) x 10 −3 

307 / - - 100 /

resulting from the AO chemical consumption. Another interesting 

observation is the shift of the initial IR bands of the phenol and 

ester functions of Irganox 1076® during this first ageing stage. This 

spectral modification was already observed in a previous study on 

the same material but after thermal treatment under primary vac- 

uum at 70 °C [29] . In fact, the material under study contains 2.1 

wt% of Irganox 1076®, in which one part of AO is solubilised into 

the polymer matrix and the second part of AO is exuded under 

the form of crystals. As reminded in Table 1 , it was shown in this 

previous study that the position of the IR bands of the phenol and 

ester functions is different depending on the physical state of AO 

in the polymer matrix (i.e. solubilised or crystallised), but also de- 

pending on its crystalline structure. Here, it appears that the IR 

bands of the phenol and ester functions are initially centred at 

3642 and 1736 cm 

−1 , respectively. They thus correspond to the 

crystalline Form I. Then, as the thermal ageing proceeds, a shift 

of these two IR bands towards 3649 cm 

−1 and 1741 cm 

−1 , respec- 

tively, can be observed. According to Table 1 , these two new po- 

sitions correspond to AO dissolved in PE (i.e. in dispersed state). 

Consequently, this shift could be due to a decrease of AO crys- 

tals concentration during thermal ageing and/or an increase in the 

soluble fraction of AO into the polymer matrix. Possible explana- 

tions could be a further solubilisation of AO into the polymer ma- 

trix favoured by the sample exposure to higher temperatures (the 

melting point of AO crystals is about 50 °C), and/or a faster deple- 

tion of AO crystals due to physical loss and chemical consumption. 

As the thermal ageing proceeds, it can be seen a continuous 

decrease in the IR bands of the phenol and ester functions of AO 

at 3648 cm 

−1 and 1740 cm 

−1 , respectively. In addition, for the 

two highest temperatures of exposure (110 and 130 °C), new IR 

bands already observed in ATR mode appear in the carbonyls re- 

gion around 1738 cm 

−1 , 1770 cm 

−1 , and 1790 cm 

−1 . As previously 

mentioned, these new IR bands are due to polymer oxidation, as 

they were also observed during the thermal ageing of the pure 

Si-XLPE, but also during the thermal ageing of the Si-XLPE sta- 

bilised with a thiopropionate AO [37] . Finally, after 403 days of ex- 

posure at the highest temperature (130 °C), the IR bands that have 

appeared in the carbonyls region begin to saturate, while new IR 

bands appear at 3550 cm 

−1 and between 350 0-320 0 cm 

−1 in the 

hydroxyls region. According to literature, these latter are due to hy- 

droperoxides species (free and H-bonded OH) [66] . It should be re- 

membered that these hydroperoxide species were also detected by 

DSC analysis (exothermic peak between 130 and 220 °C) in Fig. 15 c . 

The total concentrations of phenol and ester functions of AO 

were determined by FTIR spectroscopy in transmission mode us- 

ing Eq. 1 and the calibration curves reported in our previous pub- 

lications [ 29 , 33 ]. As for the homogenously stabilised Si-XLPE, the 

concentrations of quinone methides (IR band at 1633 cm 

−1 ) and 

cinnamates (IR band at 1720 cm 

−1 ) were also estimated. The re- 

sulting concentrations have been plotted against time of exposure 

at the three temperatures under investigation in Fig. 20 a , Fig. 20 b , 

and Fig. 20 c . As for the homogenously stabilised Si-XLPE, three ki- 

netic regimes can clearly be distinguished. 

i) In the first regime, there is a decrease of both the phe- 

nol and ester functions of AO, presumably due to the phys- 

ical loss of AO through evaporation and/or its chemical

consumption. Meanwhile, an initial increase in the concen- 

tration of both quinone methides and cinnamates is ob- 

served (after which their concentrations remain relatively

constant), thus confirming the chemical consumption of AO.

It is also noteworthy that the higher the exposure tem- 

perature, the higher the concentration of quinone methides

and cinnamates. However, the concentration of quinone me- 

thides never exceeds 5 ×10 −3 mol.L −1 , while the decrease in

the concentration of the phenol functions of AO is much

higher, typically about 2 ×10 −2 mol.L −1 after 100 days of

exposure at 130 °C. As previously concluded for the homo- 

geneously stabilised sample, in this first regime, although

some degradation products of AO resulting from its chemical

consumption are detected, AO depletion is essentially due to

physical loss by evaporation.

ii) In the second regime only observed at 110 °C and 130 °C
(never reached at 87 °C for the exposure duration under

study), the concentration of quinone methides decreases,

while the concentration of cinnamates starts to slightly in- 

crease. Meanwhile, the concentration of phenols decreases

further, but the concentration of saturated ester functions



Fig. 19. Changes in the two normalised regions of interest (i.e. between 3850-3550 cm 

−1 and between 1850-1600 cm 

−1 ) of the FTIR spectrum in transmission mode of the 

Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its thermal ageing in air: (a) at 87 °C, (b) at 110 °C, and (c) at 130 °C.

Fig. 20. Changes in the concentrations of the characteristic functions of AO and its degradation products during the thermal ageing in air of the Si-XLPE stabilised with 2.1

wt% of Irganox 1076® at: (a) 87 °C, (b) 110 °C, and (c) 130 °C. ( � ) phenols, ( � ) esters, ( ♦ ) cinnamates, and ( �) quinones. 

(IR band at 1741 cm 

−1 ) remains relatively constant. The 

same behaviour was previously observed for the homoge- 

neously stabilised sample at 130 °C, which was presumably 

due to either the transformation of quinone methides into 

cinnamates and/or the formation of alkylperoxycyclohexa- 

dienones from the reaction between AO and the peroxyl 

radicals resulting from polymer oxidation. Interestingly, for 

the two highest temperatures of exposure (i.e. at 110 °C and 

130 °C), this second regime seems to be observed when 

the AO concentration is about 1.3 ×10 −2 mol.L −1 , which ap- 

proximately corresponds to a loss of about 70% of the ini- 

tial AO concentration. It should be mentioned that a sec- 

ond regime for a loss of about 75% of the initial AO con- 

centration was also reported by Tireau et al. [62] for the 

thermal ageing in air at temperatures ranged between 40 

and 80 °C for a HDPE stabilised with Irganox 1010 (phenolic 

AO). 

iii) Then, as the thermal ageing proceeds further at 130 °C, a

third regime is detected. In this last regime, both the con- 

centration of esters and cinnamates increase while the con- 

centration of phenols is still decreasing with the time of ex- 

posure. These apparent increases in the saturated esters (IR

band at 1741 cm 

−1 ) and cinnamates (IR band around 1720

cm 

−1 ) are probably due to the formation of polymer oxida- 

tion products, which can overlap the IR bands of the esters

and cinnamates as they absorb in the same spectral range. In

contrast, the decrease in the concentration of phenols is due

to AO depletion. It is also noteworthy that this last regime is

observed when the concentration of active AO is relatively

low, typically about 3 ×10 −3 mol.L -1 after 360 days of expo-



sure at 130 °C, which corresponds to a loss of about 90% of 

the initial AO concentration. The formation of very small IR 

bands of oxidation products (in particular, ketones at 1718 

cm 

−1 ) was already detected during the thermal ageing in 

air at temperatures between 87 °C and 130 °C of the Si-XLPE 

stabilised with a thiodipropionate AO. In particular, oxida- 

tion products were observed when OIT at 195 °C is relatively 

low: typically about 20 min, which corresponds to a residual 

concentration of active functions of AO (i.e. sulphides in that 

case) of about 10 −3 mol.L −1 . However, the detected concen- 

tration of ketones was still relatively low (about 10 −3 -10 −2 

mol.L −1 ), thus suggesting the first signs of the polymer oxi- 

dation [37] . In addition, for PE stabilised with Irganox 1076®, 

Moisan and Lever [70] also observed the appearance of oxi- 

dation products (IR band of ketones at 1720 cm 

−1 ) although 

AO were still present in the material. Here again, the con- 

centrations of detected oxidation products were very low. 

These results hence 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. 

Finally, after 403 days of exposure in air at 130 °C, OIT value at 

205 °C is zero, i.e. no more active AO is present in the Si-XLPE sam- 

ple. Thenceforth, hydroperoxide species start to be detected (both 

by FTIR spectroscopy and DSC analysis), and the FTIR spectra (in 

transmission mode) in the carbonyls region start to saturate. This 

bands saturation is to be related to the significant increase in the 

normalised absorbance of carbonyl species measured by FTIR spec- 

troscopy in ATR mode and the significant decrease in the crys- 

tallinity ratio of Si-XLPE detected by DSC analysis, both suggesting 

a catastrophic auto-acceleration of the polymer oxidation. For the 

two lowest temperatures (i.e. at 87 °C and 110 °C), however, even af- 

ter 700 days of exposure, no significant sign of polymer oxidation 

is still detected. 

3.3.4. Analysis after removal of antioxidant crystals at the sample 

surface 

3.3.4.1. Surface analysis (FTIR spectroscopy in ATR mode). To check 

the validity of the assumption, whereby a further solubilisation 

of AO is occurring during the thermal ageing in air at high tem- 

perature, the surface of some aged samples was cleaned using 

acetone in order to remove the exuded AO crystals. In our pre- 

vious study [33] , it was indeed shown that all AO in excess 

were exuded at the sample surface and that surface cleaning 

with acetone is an efficient method to remove all the AO crys- 

tals. This treatment will hence enable to characterize only the dis- 

solved AO through the same experimental methodology used until 

then. 

In Fig. 21 are shown the FTIR spectra obtained in ATR mode (i.e. 

on sample surface) of the heterogeneously stabilised sample aged 

in air at 130 °C, before and after its surface cleaning with acetone. 

It can be observed that, after surface cleaning, no more IR bands 

of phenol and ester functions of AO and its degradation products 

(i.e. quinone methides at 1636 cm 

-1 , and cinnamates at 1718 cm 

−1 ) 

were detected. This results hence suggest that all the AO crystals, 

and all the degradation products of AO formed at the sample sur- 

face, were well removed by cleaning surface with acetone. 

3.3.4.2. Bulk analysis (FTIR spectroscopy in transmission mode). In 

Fig. 22 , are shown the FTIR spectra obtained in transmission mode 

(i.e. analysis of the whole thickness) of the same thermally aged 

samples, before and after surface cleaning with acetone. As ex- 

pected, after surface cleaning, there is a decrease in the absorbance 

of the IR bands of AO, due to the removal of AO crystals from the 

sample surface, thus leaving only the AO dissolved in the polymer 

matrix, as already observed in our previous work [33] . Moreover, it 

can be observed that, after surface cleaning, the IR bands of both 

the phenol and ester functions of AO are more intense for the aged 

samples than for the unaged sample, thus suggesting a further dis- 

solution of AO crystals into the polymer matrix during thermal ex- 

posure. In fact, at ambient temperature, the sample stabilised with 

2.1 wt% of Irganox 1076® was well above the solubility thresh- 

old of AO in the polymer matrix (which was found to be about 

1.6 ×10 −2 mol.L −1 in our previous work [29] ), meaning that a high 

concentration of AO was in excess and under the form of AO crys- 

tals exuded at the sample surface. It should be recalled that the AO 

solubility in a polymer matrix is an increasing function of temper- 

ature [ 27 , 71 , 72 ], which means that the solubility threshold of AO is 

necessarily higher during thermal exposure at 130 °C than at ambi- 

ent temperature. It should also not be forgotten that, at this tem- 

perature, both AO and polymer are melted, which also promotes 

the further dissolution of AO as these latter are only soluble in the 

polymer amorphous phase. 

In addition, as AO are only soluble in the polymer amorphous 

phase, an increase in the fraction of the polymer amorphous phase 

should result in a further dissolution of AO into the polymer ma- 

trix. In fact, here, and in particular for thermal ageing at 130 °C, 

a decrease in the polymer crystallinity ratio was observed during 

the first stage of the thermal exposure, which could thus have in- 

duced the slight increase in the dissolved AO concentration. Fur- 

thermore, a last explanation for this increase would involve a pro- 

gressive modification of the global polarity of the samples due to 

the formation of oxidation products (polar species) from AO and/or 

polymer during thermal exposure. 

Finally, in Fig. 22 , it can also be noticed that, after surface clean- 

ing, the absorbance of the IR bands of quinones and cinnamates 

decreases slightly, but that these two degradation products of AO 

are still present. It should be recalled that the quinones and cin- 

namates detected after thermal exposure on the sample surface 

were all removed by surface cleaning ( Fig. 21 ). Therefore, the ob- 

served decrease in these two IR bands is just due to the removal of 

the degradation products of AO from the sample surface. It can be 

thus concluded that the remaining quinones and cinnamates are 

dissolved in the sample bulk. 

Table 4 compiles the total concentrations of AO (i.e. both dis- 

solved and crystallised) and the concentrations of AO crystals esti- 

mated by FTIR spectroscopy and DSC for the heterogeneously sta- 

bilised sample before and after thermal ageing in air at 130 °C, and 

before and after surface cleaning with acetone. 

The results are quite consistent with a further solubilisation of 

AO crystals into the polymer matrix during thermal exposure, as 

the concentration of dissolved AO in the polymer matrix (i.e. de- 

termined by FTIR spectroscopy after surface cleaning) was higher 

during than before the first stage of thermal exposure. In addition, 

the differences between the AO concentrations determined before 

and after surface cleaning (by FTIR spectroscopy) are very close to 

the concentrations of AO crystals (determined by DSC analysis). It 

should also be pointed out that, after 100 days in air at 130 °C, no 

more AO crystals were detected by DSC analysis (i.e. only dissolved 

AO were present), and that a similar concentration of AO was de- 

termined (by FTIR spectroscopy) for the sample aged for 71 days 

in air at 130 °C after surface cleaning. During the exposure at high 

temperature, the AO in excess can hence also participate to the sta- 

bilisation process as they can further solubilise into the polymer 

matrix, ultimately resulting into a quasi-homogeneous distribution 

of AO. 

For the two lower temperatures under investigation (i.e. at 87 °C 

and 110 °C), the surface cleaning was not performed. However, sim- 

ilar results can be suspected as the total concentration of AO (de- 

termined by FTIR spectroscopy in transmission mode) in aged sam- 



Fig. 21. Changes in the two normalised regions of interest of the FTIR spectrum in ATR mode of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its thermal

ageing at 130 °C in air, before (solid lines) and after surface cleaning with acetone (dashed lines): (a) between 3700-3550 cm 

−1 and (b) between 180 0-160 0 cm 

−1 . 

Fig. 22. Changes in the two normalised regions of interest of the FTIR spectrum in transmission mode of the Si-XLPE stabilised with 2.1 wt% of Irganox 1076® during its

thermal ageing at 130 °C in air, before (solid lines) and after surface cleaning with acetone (dashed lines): (a) between 3750-3550 cm 

−1 and (b) between 180 0-160 0 cm 

−1 . 

Table 4

Concentration of AO estimated by FTIR and DSC for the heterogeneously stabilised Si-XLPE film during its thermal

ageing under air at 130 °C, before and after surface cleaning with acetone.

Sample

FTIR (Transmission) DSC (N 2 )

[AO] tot (mol.L −1 ) 

(from phenol IR band) [AO] insol (mol.L −1 ) 

Unaged No surface cleaning (4.1 ± 0.2) x 10 −2 (2.4 ± 0.4) x 10 −2 

After surface cleaning (1.6 ± 0.1) x 10 −2 /

After 31 days at 130 °C No surface cleaning (3.2 ± 0.1) x 10 −2 (6.0 ± 0.1) x 10 −3 

After surface cleaning (2.6 ± 0.1) x 10 −2 /

After 71 days at 130 °C No surface cleaning (2.9 ± 0.1) x 10 −2 (4.5 ± 0.1) x 10 −3 

After surface cleaning (2.1 ± 0.1) x 10 −2 /

After 100 days at 130 °C No surface cleaning (2.2 ± 0.2) x 10 −2 /

Table 5

Concentration of AO estimated by FTIR and DSC for the heterogeneously stabilised

Si-XLPE film during its thermal ageing under air at 87 °C and 110 °C.

Sample

FTIR (Transmission) DSC (N 2 )

[AO] tot (mol.L −1 ) 

(from phenol IR band)

[AO] insol

(mol.L −1 ) 

After 307 days at 87 °C (3.0 ± 0.1) x 10 −2 /

After 213 days at 110 °C (2.8 ± 0.2) x 10 −2 /

ples, where no more AO crystals are no longer detected (both 

by DSC and FTIR spectroscopy in ATR mode), is also higher than 

the concentration of dissolved AO in the unaged sample (1.6 ×10 −2 

mol.L −1 ), as shown in Table 5 . 

4. Conclusion

The thermal ageing in air between 87 and 130 °C of a Si-XLPE 

stabilised with an excess of phenolic antioxidant (Irganox 1076®) 

was investigated using several complementary techniques. Given 

the microstructural complexity of the material, which contains 

both dissolved and crystallised AO, simpler materials were first in- 

vestigated to separate and elucidate the behaviour of pure AO crys- 

tals and dissolved AO in the Si-XLPE matrix. 

The thermal ageing in air at 130 °C of the pure AO crystals was 

investigated using the as-received commercial powder. Through 

FTIR spectroscopy analysis, several chemical changes were de- 

tected. Along with the decrease of the AO IR bands, presumably 

due to AO evaporation, appearance of new IR bands were also 

rapidly detected. In the carbonyls region, the new IR bands were 



mainly assigned to quinone methide and cinnamate species, result- 

ing from the chemical consumption of AO. In contrast, in order to 

explain the appearance of new IR bands in the hydroxyls region, 

although the polymorphism of Irganox 1076® could not be con- 

firmed by FTIR spectroscopy, a modification of intermolecular in- 

teractions involving the phenol functions was also considered. 

The FTIR analysis of the thermal ageing in air at 130 °C of the 

homogeneously stabilised Si-XLPE showed the formation of the 

same oxidation products as observed for the pure AO crystals: 

quinone methides and cinnamates, then confirmed by UV spec- 

troscopy. For this sample, three main kinetic regimes were ob- 

served for AO depletion. In the first regime, AO depletion seems 

to be mainly due to its physical loss through evaporation, even if 

some traces of degradation products (quinone methides and cin- 

namates) resulting from its chemical consumption were also de- 

tected. In the second regime, as the AO is still depleting, a broad- 

ening of the carbonyl IR massif was observed, mainly due to the 

formation of oxidation products of AO. Then, in a last regime, IR 

bands corresponding to oxidation products of the polymer matrix 

were clearly detected, without any other apparent sign of polymer 

oxidation. As soon as the phenolic AO was completely depleted 

(OIT = 0), high concentrations in hydroperoxides were suddenly 

detected by DSC, whose the immediate decomposition led to a sig- 

nificant auto-acceleration of the thermal oxidation of the polymer 

matrix. 

In the case of the heterogeneously stabilised sample, a contin- 

uous decrease in the concentration of AO crystals was observed in 

the first stage of thermal exposure, until no more AO crystal was 

detected. This can indicate a further solubilisation of AO into the 

polymer matrix, as suggested by the surface cleaning treatment 

(with acetone) performed on some aged samples. This experiment 

also showed that the oxidation products of AO were both present 

at the sample surface (i.e. both dissolved and crystallised) and in 

the sample bulk (i.e. only dissolved). At this stage of investigation, 

it is, however, still difficult to attribute the chemical consumption 

observed to a precise phase of AO (i.e. dissolved or crystallised). 

In terms of global AO depletion, similar behaviours were ob- 

served for both the homogenously and heterogeneously stabilised 

samples, which might indicate that AO crystals can act in a similar 

manner than dissolved AO during thermal ageing. Indeed, while an 

oxidation induction period at 130 °C in air of about 100 days was 

observed for the homogeneously stabilised sample, it was pushed 

back to about 400 days for the heterogeneously stabilised sample. 

This results clearly indicates that AO in excess efficiently partic- 

ipate to the stabilisation of the polymer matrix, as already ob- 

served in our previous work [33] . Further investigations would, 

however, be needed to check if similar results can also be ob- 

tained at lower temperatures of exposure, but also to finally pro- 

pose a general kinetic model for Si-XLPE stabilisation by an excess 

of Irganox 1076®. 
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