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Abstract

Thermo-oxidation (50 — 160 °C) of two polymer materials widely used as electrical insulators
in cable systems was studied: a peroxide cross-linked polyethylene (XLPE) and a peroxide
cross-linked ethylene propylene diene monomer (XLEPR). The materials were characterised
by infrared spectroscopy measurements and tensile testing. Arrhenius treatment was applied
to the data, using the relative conversion rate methodology and the shift factor methodology
over the entire temperature range. The physical state of the material (semi-crystalline or
amorphous) was shown to have no influence on the Arrhenius behaviour for two reasons: (a)
no Arrhenius deviation was observed at the melting temperature of the polyethylene matrix
(117 °C) and (b) an Arrhenius deviation was observed at the same temperature (50 °C) for the
two polymers, despite their difference in terms of crystallinity and physical state at the ageing
temperatures studied. This deviation at low temperature led to large overestimations of

lifetime predictions for both materials (28 % for XLPE and 78 % for XLEPR).
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1. Introduction

For many years, ensuring the durability of materials has been a major concern in various
fields, such as the structures and buildings, automotive and aeronautics, and packaging
industries, Materials are submitted to different environmental conditions and substances
during their use, such as oxygen, light, heat, radiation or humidity. This induces degradation
of the material, which then fails to satisfy the requirements for its application. The cable
industry is particularly interested in assessing the durability of materials used in nuclear
power plants, rolling stock or photovoltaic applications. Polymers such as cross-linked
polyethylene (PE) and cross-linked ethylene propylene diene monomer (EPR) are widely used
as insulating materials. In such applications, temperature elevation is generally the main stress
to which the polymers are subjected during their operation, and it leads to thermo-oxidation.
The consequences of thermo-oxidation for PE and EPR were reported in the literature: they
include modification of the chemical structure [1-6], changes in the macromolecular
architecture and the cross-linked network [7—12], and modification of mechanical properties.
Recently, the present authors have used a multi-scale analysis to study the structure-properties

relationships capable of correlating chemical and mechanical results [13].

When durability problematics are discussed, the main challenge for industry is the
determination of lifetimes for the materials used. There are economic and regulatory issues
linked to equipment maintenance as well as strategic issues behind this challenge. In polymer
ageing, the prediction of lifetime has been based for many years on the Arrhenius law, which

results in a proportional relationship between rate constant of the thermo-oxidation k and the

. 1
inverse of the absolute temperature ol such as:

—Fa
k = A X exp (_RT ) (Eq- 1)

where A is a pre-exponential factor, E, is the activation energy and R is the gas constant.

Accelerated thermal ageing at temperatures above the operating temperature of the material is



used to accelerate the physicochemical phenomena. The results are then extrapolated to the
working temperature of the materials. Generally, a specific property of the material is
monitored to account for the degradation. Thus, it is possible to predict the behaviour of the

material at the temperature of interest.
The Arrhenius methodology for lifetime prediction involves the following hypotheses:

- From a kinetic point of view, the thermo-oxidation phenomenon is assimilated as an
elementary process, which has a single Arrhenius temperature dependence [14,15]. As
has been known for a long time, thermo-oxidation is composed of several reaction
steps. Experts on the ageing of materials have assumed that the overall thermo-
oxidation mechanism, despite its complexity, should obey the Arrhenius law with one
“global” or “apparent” activation energys;

- It is assumed that the activation energy is constant over the temperature range. This
means that there is no change in the reaction mechanism between the studied
accelerated temperature range and the temperature of interest for which a prediction is

needed.

The Arrhenius methodology has, for years, led to many controversies. Numerous examples of
the nonlinearity of the law over the studied temperature range have already been reported in
the literature. In a work of 2005, Celina et al. [16] did an extensive review of the literature of
previous evidence of non-Arrhenius behaviours. Cases of non-linearities have often been
reported for polyethylene and polypropylene. For polypropylene, Tamblyn and Newland [17]
were among the first to report an Arrhenius deviation for the material thermally aged between
70 °C and 160 °C, leading to an overestimation of the lifetime (one week from the experiment
versus five years from the extrapolation). In 1981, Billingham et al. [18] reported an
Arrhenius deviation for an isotactic polypropylene occurring in the polymer melting region.
They reported induction periods much longer than predicted from the melt state region data,
which they attributed to the restriction of the mobility of the polymeric radicals imposed by

the crystallisation process.

For polyethylene, in 1986, Kramer et al. [19] reported an Arrhenius discontinuity near 150 °C
in the case of the thermo-oxidation of two differently stabilised cross-linked polyethylenes.
The authors attributed the deviation to an unspecified mechanistic change (for the highly
effective antioxidant system) and to the melting temperature of the polyethylene matrix (for

the less effective antioxidant system). In other works, Howard et al. [20,21] reported an
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overestimation of the lifetime for a low-density polyethylene when extrapolating high-
temperature of differential thermal analysis (DTA) data (140 — 220 °C) below 80 °C. The
authors attributed this deviation to lower solubility of stabilisers in polyethylene below this
critical temperature, inducing the diffusion and loss of the stabiliser in the atmosphere. The
same conclusion has been reported by Langlois et al. [22] for a cross-linked polyethylene for
which a deviation has been observed near the melting point of the polyethylene. The authors
assigned this deviation to changes in antioxidant solubility when crossing this transition
temperature. Furthermore, many studies were interested in assessing the diffusion and
solubility behaviour of antioxidants in polyolefins [23-29]. In these studies, diffusion and
solubility coefficients were shown to be smaller at lower temperatures, and, more
interestingly, that these coefficients did not obey the Arrhenius law. From a compilation of
literature data and their own work, Khelidj et al. [30] reported an Arrhenius deviation for
polyethylene occurring at 80 °C. They proposed a kinetic model able to explain this deviation
based on peroxy radical diffusion, which would be higher above this temperature, thus

restraining the termination step of the thermo-oxidation chain reaction.

Diffusion-limited oxidation problematics were also proposed as an explanation for Arrhenius
deviations [31-35]. It is therefore noticed that many justifications have been provided by the
ageing community to tentatively explain the observed Arrhenius deviations, leading to some
controversies. These observed deviations shown at certain temperatures are generally
explained by a difference in the chemical mechanism, by a diffusion-limited oxidation
process, by polymer physical changes (crystallinity), or by the presence of stabilisers (and

their diffusion or solubility), leading to erroneous lifetime predictions.

In this work, in order to investigate the influence of crystallinity on lifetime prediction using
the Arrhenius law, thermo-oxidation of cross-linked PE and EPR, with different
morphological state (crystallinity), was carried out at six ageing temperatures ranging from 50
to 160 °C. Ageing characterisation was carried out using infrared spectroscopy measurements
and tensile tests. The Arrhenius law was used to determine the activation energies of thermo-
oxidation. One of the particularities of this paper is the use and critical comparison of two
approaches. The first is the “relative conversion rate approach”, which allows us to determine
the evolution of activation energies during the progress of thermo-oxidation, as monitored by
infrared spectroscopy and tensile tests. The second is the “shift factor approach”, which is
based on the time-temperature principle and was proposed initially by Gillen and co-workers

[31,33,34,36,37]. The novelty of this work is the achievement of thermal ageing at a low
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temperature (50 °C), in order to compare the results obtained from the experience with the
results obtained from Arrhenius predictions using extrapolations from data at high
temperatures. The temperature range studied is thus very large (50 — 160 °C). The study of
low temperatures (50 — 70 °C) is of particular interest because they are close to those that the
material will experience during natural ageing in normal use (in nuclear power plants, for

example).

2. Experimental Section
2.1. Materials

Two materials were studied in this work. The first was a linear low-density polyethylene
(LLDPE) produced by Ineos (Tmeiing = 105 — 125 °C, density = 0.93 kg.m™, melt flow index
MFI = 3.3 g/10 min). The second was an ethylene-propylene diene monomer copolymer
(EPDM) produced by Exxon Mobil (density = 0.87, Mooney viscosity ML (1+4 at 125 °C) =
25). The ethylene content is 77.0 wt%, and the vinyl norbornene (VNB) content is 0.9 wt%. In
the rest of the work, this material is referred to as EPR because of the very low content of

diene. Both materials were cross-linked using 2 wt% dicumyl peroxide (DCP) from Arkema.

The two polymers were processed with the cross-linking agent for 7 min using an internal
mixer with a volume of 300 cm® at temperatures of 125 °C for PE and 95 °C for EPR. The
materials were then processed with an extruder. The samples were then compression-moulded
at 180 °C for crosslinking under a pressure of 18 tons for 9.5 min for PE and 8.5 min for EPR.
Sheets of 1.0 + 0.1 mm and films of 200 + 10 um thickness were obtained with this protocol.
Cross-linked PE and cross-linked EPR are referred to as XLPE and XLEPR, respectively, in

this work.
2.2. Thermal ageing conditions

Thermal ageing was performed using natural convection ovens operating at 50 °C, 70 °C,
90 °C, 120 °C, 140 °C and 160 °C. The oven temperature was controlled before and during
the tests, with a tolerance of + 1°C. According to the International Electrotechnical
Commission (IEC) 60216-4-2 international standard [38], air renewal rates must be set

between 5 and 20 per hour: in this work, the air renewal rate was set between 16 and 20.

2.3. Caracterisation techniques



2.3.1. Infrared spectroscopy

Infrared spectra were recorded in transmission mode on 200 um thick films using a Thermo
Scientific Nicolet 6700 spectrometer, with 32 scans and a 4 cm™! resolution. The band at 2019
cm’! associated with the twisting of CH, and which the intensity did not change with ageing,
was used as a reference peak [39—42] and allowed for a thickness correction for the different

tested films.
2.3.2. Tensile tests

Mechanical tensile testing was performed according to international standard IEC 60811-501
[43] at room temperature, using a Zwick Z010 machine with a 500 N load cell. The crosshead
speed was 250 mm.min! and the displacement was measured using a mechanical
extensometer in the central part of the specimen. Five dumbbell-shaped test specimens of 1

mm thickness were tested for each ageing time.
2.4. Determination of a relative conversion rate o

To quantitatively characterise the progress of polymer degradation, the term o was defined as
the relative conversion rate of the thermo-oxidation reaction, and it can vary from 0 to 1 or 0

% to 100 %, as in:

P,—P
as [%] = ————x 100 (Eq.2)

I max ~ P to

where P; is the “quantity” or “property” of the material at time ¢, Py is the “quantity” or
“property” at t=0, Pmuax 1s the chosen extremum property level, which can be assimilated to an
“end-of-life” criterion (or to a maximum property level measured), and Py is the initial value
of the property at t=0. This relative conversion rate can be determined from different
characterisation techniques, such as those mentioned above. For example, o can be defined
from infrared spectroscopy measurements, as in the work of Musto ef al. [44]. In our case, a
relative conversion rate denoted as as was linked to the formation of the main oxidation
product, i.e., ketones for XLPE and carboxylic acids for XLEPR, and especially to the
absorbance AA = A;— Aoat 1720 cm™, as in:

A — A4y
AAmax - AAtO

(Eq. 3)

as [%] =

where A; is the absorbance at 1720 cm™ at time ¢, Ao is the absorbance at 1720 cm™! at t=0,

AAmax 1s the maximum level of absorbance chosen for data processing and 4A is the initial
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absorbance at t=0, which is by definition equal to 0. 4A .. Was initially chosen at 2 so that o
= 0 % would correspond to the end of the induction period, defined as the first measurable
and significant increase in the absorbance, and os = 1 would correspond to the criterion AA =
2. Between AA =0 and AA = 2, the absorbance scale was cut into 10 parts so that as = 10 %
would correspond to AA = 0.2, as =20 % to AA =0.4, as =30 % to AA = 0.6, etc.

We also defined a relative conversion rate denoted as om, which was linked to the loss of the

mechanical properties, and especially to the elongation at break property (EAB), as in:

EAB; — EAB, (Eqg. 4)
%] = x 100
aml%) = ——Fag,

where EAB; is the elongation at break at time ¢, EABy is the initial elongation at break at t=0
(490 % for XLPE), EAByax 1s the maximum level of elongation at break chosen for data
processing and EABy is the initial elongation at break at t=0 (490 %). EABuax Was initially
chosen at 50 %.

3. Results and Discussion

3.1.Determination of the activation energy in the temperature range 70 — 160 °C
3.1.1. Application of the relative conversion rate a methodology

3.1.1.1.Infrared spectroscopy measurements

The purpose of this part is to determine the activation energy of the thermo-oxidation reaction
versus the “relative conversion rate” of the thermo-oxidation reaction, using spectroscopic

measurements.

The formation of XLPE oxidation products during thermo-oxidation occurring between 70 °C
and 160 °C was monitored by infrared spectroscopy. The spectra and results were reported in
a previous paper [13]. The kinetics of the formation of the main oxidation products, i.e.,
ketones exhibiting a peak at 1720 cm™!, were studied at the five studied temperatures and the

data are displayed in Figure 1 (a).
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Figure 1: (a) Kinetic evolution of infrared absorbance AA = A, — Awoat 1720 cm™ for thermo-
oxidation of XLPE at five temperatures (70 — 160 °C); (b) Example of the determination of
the time tqs £ At required to reach the criterion AA = 1, from the kinetic evolution of

absorbance AA * o for thermo-oxidation of XLPE films at 140 °C.

One recalls that thermal ageing conditions were strictly controlled: first, the air renewal rates
of the ovens were controlled and set in the same range (16 — 20 per hour) for all the ageing
tests. Second, for reproducibility purposes, different samples with thicknesses of 200 + 10 um
were aged at each temperature: the samples were placed side by side in the oven, and the
exact temperature was measured as close to the samples as possible and controlled before and
during the ageing tests. To prevent potential variabilities in thickness, not only between the
different tested films but also during thermo-oxidation, the sample thickness was corrected
using a reference band in the infrared spectra. For each ageing point, the average of the AA
absorbance at 1720 cm™!, and the associated standard deviation o (represented by an error bar
on the y-axis) were presented (Figure 1 (a)). Despite these precautions, one clearly observes
significant error bars, particularly at 140 °C, reflecting the dispersion of measurements on the
aged films and a high heterogeneity of the degradation. In many papers dealing with the
monitoring of oxidative degradation by FTIR measurements, authors report only a unique or

an average absorbance value [6,7,22,41,45-49].

To account for this deviation, two new kinetic evolutions of the infrared absorbance AA - ¢
and AA + o were drawn. An example of the 140 °C curve is given in Figure 1 (b). Thus, it
was possible to graphically determine the time tqs required to reach a given AA absorbance

value along with its uncertainty At.

Our relative conversion rate methodology, as described above, implies the association of a

relative conversion rate os with each AA absorbance value. Table 1 summarises the values of
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the relative conversion rate os (0 — 100 %) and the corresponding levels of absorbance AA at

1720 cm™ (0 - 2).

Table 1: Relative conversion rate os of the thermo-oxidation of XLPE and levels of
absorbance AA at 1720 cm™ (from O to 2).

os [%] 0 10 { 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100

AA (1720 cm™) 0 (0204060810 (12|14]| 16 |18 2.0

Then, for each relative conversion rate os, the time t,s * At required to reach the
corresponding absorbance level was noted. The linearised Arrhenius law applied to polymer
ageing is defined as follows:

(Eq.5)

E
ln(ta,s) = In(t,) — ﬁ

where t, is the time required to reach the defined oxidation criterion, #p is a parameter
depending on the processes, E, is the activation energy, R is the universal gas constant and T

is the absolute temperature. Thus, the times t, ¢ were plotted on a logarithmic scale versus the

inverse of the absolute temperature % (from 70 to 160 °C) (Figure 2).
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Figure 2: Arrhenius graph of the time required to reach different absorbance values from O to

2 for XLPE in the range 70 — 160°C.

Linear fits were determined by considering the uncertainties At linked to the determination of
the times tos. The activation energy E. for each relative conversion rate as could then be
determined from the slope of the corresponding straight line (according to Eg. 5). It can be
noted from Figure 2 that the times corresponding to as = O % were marred by very high

experimental errors. This can be explained by the imprecise graphical determination of the



end of the induction period (IP) at each temperature. The activation energy associated with
this particular period (highlighted in grey in the following work) will not be analysed and

discussed in this paper due to this important error.

To investigate the influence of the raw data chosen for processing on the obtained activation
energy, the same methodology was applied to different portions of the curve of the kinetic
evolution of infrared absorbance AA (Figure 1): first from O to 2, then from O to 1 and finally
from O to 0.5. For each studied absorbance curve section, the activation energy E. was plotted

as a function of the relative conversion rate os of thermo-oxidation (Figure 3).

120 120
0<AA (1720 cm™) <05 a) « 0<AA(1720cm’)<2 b)
0<AA (1720 cm™) < 1
End of the
1101 iliréicot:()t:e 110+ induction
T ¥ period (IP) = ¥ period (IP)
2 stiios iy E SRS A B
= 1001 ; = 100- Pl
2 2
w’ wr’
90 90+
80 . . " : : 80— T : : T T
Endof 20 40 60 80 100 Endof 20 40 60 80 100
the IP Relative conversion rate o [%] the IP Relative conversion rate o [%]

Figure 3: Activation energy versus the relative conversion rate for the thermo-oxidation o5 of

XLPE for absorbance values at 1720 cm™ in the ranges (a) 0 — 0.5 and 0 — 1 and (b) 0 — 2.

Due to the important uncertainties shown in Figure 1, the activation energy values should be
considered carefully. Nevertheless, trends can be observed. First, one can see from Figure 3
(a) that the values of activation energy were the same regardless of the absorbance curve
section studied, from O to 0.5 or from 0 to 1. Second, these values of activation energy were
constant regardless of the relative conversion rate os. In contrast, if AA at 1720 cm’' was
chosen between 0 and 2, it seems from Figure 3 (b) that for relative conversion rates above 70
% (AA > 1.4), the values of the activation energies tended to decrease slightly, and the error
bars seem to increase. This could be explained by the lack of experimental points between
absorbance values of 1 and 2. Moreover, the few experimental points in this domain were
marred by high uncertainties resulting from the heterogeneity of the oxidation at these levels
of degradation. Another explanation could be the nonlinearity of the Beer-Lambert law at
high absorbance and thus at high concentrations [50]. This resulted in high uncertainties in the

determination of the times tqs.
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Although a different trend seemed to exist for activation energies calculated from high
absorbance values, the overlap of error bars associated with the data points leads to the
conclusion that the activation energy can be considered independent of the absorbance curve
section studied. Thus, an average value of the activation energies determined from three
absorbance curve portions was calculated for each relative conversion rate os of the reaction

(Table 2).

Table 2: Average values of activation energies versus the relative conversion rate, calculated

from the three studied absorbance curve sections, for XLPE.

Relative conversion
10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100

rate os[ %]
Activation energy Ea | 100 | 101 | 101 | 102 | 101 | 101 | 101 | 102 | 101 | 101

[kJ.mol ] +3 | £4 | £3 | £2 | £3 | £3 |2 | £2 | £3 | %3

One can observe that the values of the activation energies were constant regardless of the

relative conversion rate.
3.1.1.2. Mechanical tests

In this section, the activation energy of the thermooxidation reaction as a function of “relative
conversion rate” am was determined from mechanical tests. The loss of XLPE mechanical
properties, especially the elongation at break (EAB), during thermo-oxidation between 70 °C
and 160 °C was monitored by tensile testing. The force-elongation curves and the results were
reported in a previous paper [13]. The kinetic evolution of the elongation at break at the five
studied temperatures is displayed in Figure 4. In this case, am was calculated with EABy =
490 % and EABmax = 50 %, using the same approach used for infrared spectroscopic

measurements.
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Figure 4: Kinetic evolution of the elongation at break for thermo-oxidation of XLPE at five

temperatures (70 — 160 °C).

The elongation at break results in Figure 4 show very large error bars, even larger than those
obtained with spectroscopy measurements. Mechanical properties, especially elongation at
break, are usually characterised by high error bars due to a large disparity in the results.
Indeed, elongation at break is known to be very sensitive to the surface properties of the
material, since cracks generated at the surface can rapidly propagate to the sample core and
lead to breaking of the material [46]. Thus, because of the heterogeneity of the degradation
and depending on the “quantity” of the cracks at the surface of the material and their ability to
propagate, the same aged material could fail earlier or later, and this often leads to a high
dispersion in the results when testing different samples. In many papers dealing with the
monitoring of oxidative degradation by tensile tests, authors report only a single or an average

elongation at break value [8,11,32,51-58].

As in section 3.1.1.1., three different curve sections were studied: the first was for elongation
at break values from 490 % to 50 %, the second was from 490 % to 200 % and the final was
from 490 % to 350 %. For each curve section and for each relative conversion rate om (0 —
100 %), the times tom and their uncertainties At in reaching the corresponding level of
elongation at break were noted. By applying the linearised Arrhenius law (Eq. 5), the
activation energy E. for each relative conversion rate am could then be determined from the

slope of the straight lines (Figure 5).

120 120
« 350 < EAB < 490 % a) * 50 <EAB <490 % b)
* 200 < EAB <490 %
110+ 110+
S HNHHH 5 }U“EHME
> 100 > 100+
2, 2,
i’ " ul’ \
904 End ofthe 90 Endof the
induction induction
period (IP) period (IP)
80— T T . . T 80— T T T . :
End of 20 40 60 80 100 End of 20 40 60 80 100
the IP Relative conversion rate a,, [%] the IP Relative conversion rate a,, [%)]

Figure 5: Activation energy versus the relative conversion rate om of the thermo-oxidation for

XLPE, for EAB in the range (a) 350 — 490 % and 200 — 490 % and (b) 50 — 490 %.
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As for spectroscopy results, one can note from Figure 5 (a) that the values of activation
energy were the same regardless of the section of the elongation at break curve studied, either
from 350 to 490 % or from 200 to 490 %. Second, these values of activation energy were
constant regardless of the relative conversion rate am. In contrast, for EABs between 490 and
50 % and for relative conversion rates om above 70 % (EAB < 105 %), the values of the
activation energies tended to decrease slightly. At these levels of degradation, the material
was so mechanically damaged that the results do not appear to be consistent with those
obtained at lower relative conversion rates. Moreover, the treatment of data on mechanical
properties, especially elongation at break, at high deformation often leads to large disparities
among the different samples tested. This resulted in high uncertainties in the activation

energies.

Although a different trend seems to exist for activation energies calculated from low residual
elongation at break values, the overlap of error bars associated with data points leads to the
conclusion that the activation energy can be considered independent of the section of the
mechanical curve studied. Thus, an average value for the activation energies determined from
three sections of the absorbance curve was calculated for each relative conversion rate om of

the reaction (Table 3).

Table 3: Average values of activation energies versus the relative conversion rate Oum,

calculated from the three sections of the mechanical curve, for thermo-oxidation of XLPE.

Relative conversion
10 1 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100
rate om|[ %]

Activation energy | 105 | 106 | 106 | 106 | 105 | 105 | 106 | 105 | 105 | 105
Ea [kJ.mol ] +4 | £3 | x4 | £3 | £4 | +4 | £3 | £5 | x4 | £4

For both spectroscopic measurements and tensile test results, the activation energy was
constant regardless of the extent of degradation a. Moreover, the uncertainty associated with
each activation energy allows us to conclude that activation energies determined from both
characterisation techniques (spectroscopic measurements and tensile tests) are similar. These
results are not surprising, since a good correlation between the chemical and macromolecular

scales was highlighted in a previous paper [13].

3.1.2. Application of the shift factor methodology
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In this section, we seek to determine the activation energy of the thermo-oxidation reaction
occurring at temperatures ranging from 70 °C to 160 °C and thus to verify the validity of the
Arrhenius law over this temperature range, by a different methodology than those applied in
the previous section. For this purpose, the time-temperature principle used by Celina and co-
workers [33,59-61] was applied. This principle comes from the Williams-Landel-Ferry
mathematical model and finds its origin in studies of polymer rheology [62]. First, a reference
temperature Trer, usually the lowest experimental temperature (70°C here) is chosen. Then,
shift factors at are chosen empirically to give the best overall superposition of the data with
Trer after multiplying ar by the experimental times t from spectroscopic data (Figure 1 (a)) and

from mechanical tests (Figure 4 (a)) for each temperature data set. These shift factors obey the

1 1)1
Trep T

following Arrhenius law:
(Eq. 0)

Eq
ar = exp ?(

where ar is the empirical shift factor, E, is the activation energy, R is the gas constant and 7.r
is the reference temperature. A master curve of the best superposed data is then obtained for

spectroscopy data (Figure 6 (a)) and for mechanical data (Figure 6 (b)), with Trer = 70°C.
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Figure 6: Time-temperature superposition (Tref= 70°C) for XLPE in the range 70 — 160°C for
(a) spectroscopic data (0 < AA < 2); and (b) mechanical data (490 > EAB > 50 %).

It is necessary to recall that time-temperature superposition is only possible if the shapes of
the curves are the same, which implies that all reactions are equally accelerated when the
temperature is raised, i.e., the acceleration is constant and independent of the level of
degradation [39]. As displayed in Figure 1 (b) and Figure 4 (b), the absorbance and the

elongation at break results were plagued with large standard deviations arising from the
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limited replicability of the measurements. This resulted in uncertainties for the times t, for
each level of degradation (AA or EAB). Thus, it was also necessary for the data superposition

to account for this time variability. Consequently, the determined shift factors atr were also

accompanied with uncertainties.

As in the case of the relative conversion rate methodology, to investigate the influence of the
data chosen on the resulting activation energy, superposition was also performed on different

sections of the curves for the evolution of the absorbance AA and the elongation at break

EAB.

According to the linearised from of Eq. 6, the determined shift factors ar were plotted on a
oy . 1 .
logarithmic scale versus the inverse of the absolute temperature e For each curve section

studied, the activation energy E. could then be determined from the slopes of the straight lines

from spectroscopic and mechanical results (Figure 7).
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Figure 7: Arrhenius plot of the shift factors ar determined (a) from spectroscopic results; (b)

from mechanical results for thermo-oxidation of XLPE in the temperature range 70 — 160 °C.

A summary of the activation energies in each study range for both spectroscopic and tensile

test results is reported in Table 4.

Table 4: Calculated activation energy values according to the chosen study range for both

spectroscopic and tensile tests of thermo-oxidation of XLPE.

Spectroscopic measurements

Study range 0<AAK2 0<AAKI1 0<AAKO0S5
Ea [kJ.mol ] 102 +2 101 £2 98 +3

Tensile tests
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Study range | 50 < EAB > 490 % | 200 < EAB <490 % | 350 < EAB <490 %
Ea [kJ.mol ] 105+3 102+3 101 £2

Taking into consideration the overlap of error bars, one can conclude that the values of
activation energies are consistent regardless of the selected data range and the characterisation
technique used. The results did not show any significant variation in the activation energy,
even for very degraded samples or with high uncertainties arising when monitoring the main
oxidation product or the elongation at break. Whatever the applied methodology (relative
conversion rate or shift factor methodology), the obtained activation energy values are

similar.

However, in the rest of the work, the authors have chosen to process the data only in a certain
range to avoid large uncertainties due to a high level of degradation. Thus, the data will only
be processed for AA values down to an absorbance of 1, where the Beer-Lambert law is fully

verified, and only for EAB up to 200 %.

3.2. Investigation of thermo-oxidation at a low temperature

3.2.1. Crosslinked PE

At this step, it is important to remember that the materials used in the cable and wire industry
generally experience temperatures of approximately 50 — 70 °C. For this reason, it was
necessary to verify the validity of the Arrhenius law at low temperatures and to compare the
theoretical and experimental lifetimes of the polymer materials. For this purpose, thermo-
oxidation of XLPE samples was also carried out at 50 °C. As for the other temperatures, the
aged materials were characterised by spectroscopic measurements and tensile tests. The
kinetic evolution of the absorbance at 1720 cm™ at all temperatures, including 50°C, is

displayed in Figure 8.
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Figure 8: Kinetic evolution of infrared absorbance AA = A — Apat 1720 cm™' for thermo-

oxidation of XLPE films in the temperature range 50 — 160 °C.

At 50°C, the degradation of the material was very slow, as expected, and the results presented
here were obtained after approximately 20 500 h of ageing, i.e., at approximately 850 days or
approximately 2.3 years. Unfortunately, at this temperature, the XLPE was not damaged
enough to observe significant changes in the mechanical properties, particularly in the

elongation at break. Thus, this section only focuses on spectroscopic measurements.

First, the aim was to determine the activation energies for each relative conversion rate os of
the reaction (cf. part 3.1.). For that purpose, the times t,s = At to reach levels of absorbance
between 0 and 0.5 were noted. A AA absorbance value of approximately 0.5 corresponds to

the maximum absorbance level (AAmax) reached at 50 °C at the date of writing this paper.

Then, these times were plotted versus the inverse of the absolute temperature (Eq. 5), and
activation energies were determined from the slopes of the corresponding straight lines. To
highlight a deviation in the Arrhenius behaviour, the data were fitted separately from 90 to

160 °C and from 50 to 90 °C (Figure 9).
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Figure 9: Activation energy versus the relative conversion rate os of the thermo-oxidation,

from absorbances at 1720 cm™ in the range 0 — 0.5.

To discuss the results, it is necessary to recall that the absorbance range for processing these
data is quite restricted (0 to 0.5). Therefore, the determination of the corresponding times was
rather imprecise in such a narrow range. Moreover, below an absorbance of 0.2 (a5 < 40 %),
one is operating in the transitional regime, that is, the reaction is autoaccelerated, unlike the
situation in the permanent regime [63]. This could explain the uncertainties in the activation
energy values in this range (0 — 20 %). For this reason, we chose to calculate activation
energies at only every 20 % relative conversion rate, i.e., at each 0.1 absorbance increase for
all temperatures. By ignoring the data when as < 40 %, the fit at the highest temperatures gave
an average activation energy of approximately 104 kJ.mol!, and 96 kJ.mol"! was calculated

for the lowest temperatures.

Second, we were interested in verifying the validity of the Arrhenius at low temperature (50
°C) by using the shift factor methodology (cf. part 3.1.2.). Here, the lowest experimental
temperature, i.e., 50 °C, was chosen as the reference temperature. The 70, 90, 120, 140 and

160 °C data sets were manually shifted towards the 50 °C data set (Figure 10 (a)).
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Figure 10: (a) Manual time-temperature superposition of the IR spectroscopic data of XLPE
using Trer = 50 °C; (b) Arrhenius plot of the shift factors ar determined from spectroscopic

data of XLPE using a manual time superposition in the range 50 — 160 °C, with T = 50 °C.

The first observation is that the total superposition of the 70, 90, 120, 140 and 160 °C curves
onto the 50 °C curve is impossible because of the different shape of the 50 °C curve compared
to those for other temperatures. However, it is possible to shift the data to superimpose the

sections of the curves at which the absorbances were above 0.2, as seen from Figure 10. An
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Arrhenius plot of the shift factors associated with this so-called superposition is displayed in
Figure 10 (b) from 50 to 160 °C. The results reveal a curvature in the Arrhenius plot,
highlighted by separately fitting the data from 90 to 160 °C and the data from 50 to 90 °C.
The highest temperature fit (90 — 160 °C) gave an activation energy of 105 * 2 kJ.mol ™,
which is of the same order of magnitude as the value obtained in our previous work on the
same material [13]. The lowest temperature fit (50 — 90 °C) gave an activation energy of 97 +

1 kJ.mol!, highlighting the important decrease in the activation energy at low temperatures.

The use of the unsatisfactory superposition shown in Figure 10 (a) to determine activation
energies is clearly questionable, since it is normally not consistent with the application of the
time-temperature principle. Moreover, as the shift factor methodology is a graphical method,
the superposition seems to be at the discretion of the operator, and other superposition choices
could have been made. This point will be discussed in forthcoming work. However, we
nonetheless used the present superposition for the purpose of estimating the inaccuracy of
using the data obtained from high temperatures to predict a lifetime at low temperature,
specifically at 50 °C. Thus, an extrapolation of the data using the high temperature fit, i.e., the
90 — 160 °C fit, was performed, and a “theoretical” shift factor of 0.71 was determined for 50
°C. Therefore, if the activation energy was constant over the range 50 — 160 °C, the 50 °C
dataset should theoretically be slowed by a factor of 1.4 compared to the current experiment
at 50 °C. The experimental times from the 50 °C data set were then shifted by a factor of 1.4

to plot a “theoretical” kinetic curve for reaction at 50 °C (Figure 11).

At this point, it was possible to estimate the inaccuracy of using the data obtained from high
temperatures to predict a lifetime at low temperature, specifically at 50 °C. For that purpose,
an extrapolation of the data using the high temperature fit, i.e., the 90 — 160 °C fit, was
performed, and a theoretical shift factor was determined: ar (theo. 50°C) = 0.71. Therefore, if
the activation energy was constant over the range 50 — 160 °C, the 50 °C dataset should have
been slowed by a factor of 75 compared to the ageing at 90 °C, as opposed to the factor of 53
calculated from the current experiment. The experimental times from the 50 °C data set were

then shifted by a factor of 1.4 to plot a “theoretical” kinetic curve at 50 °C (Figure 11).
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Figure 11: Kinetic evolution of infrared absorbance AA at 1720 cm™ for thermo-oxidation of

XLPE at 50 °C: experimental and theoretical kinetic curves.

This kinetic absorbance curve corresponds to the curve that should have been obtained for
ageing at 50 °C if the activation energy of 106 kJ.mol! was constant over the range 50 — 160
°C with no deviation at low temperature. It would have taken approximately 28 000 h
(approximately 3.2 years) to reach an absorbance value at 1720 cm™! of AA = 0.5, versus 20
000 h (approximately 2.3 years) in the current experiment. In this case, the use of the data
obtained at high temperatures (90 — 160 °C) to predict a lifetime at 50 °C led to an
overestimation of 28 %. To avoid such incorrect results, one of the preconditions for use of
the Arrhenius methodology may be to minimise the gap between the lowest experimental

temperature and the temperature of interest for which a lifetime prediction is needed.

3.2.2. Crosslinked EPR

To investigate whether the observed deviation at 50 °C was specific to the cross-linked PE,
the same approach was carried out with a different material, a cross-linked EPR. This material
is an elastomer, unlike XPLE, which is a thermoplastic material. The crystallinity ratios of
these two materials have been reported in our previous paper [13]: 46 % for XLPE and 19 %
for XLEPR. The DSC thermograms of the first heating of XLPE and XLEPR are displayed in
Figure 12.
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Figure 12: DSC heating thermograms of XLPE and XLEPR.

The melting peak of XLPE was measured as 117 °C. However, no Arrhenius deviation was
observed around this transition temperature in our previous work [13]. As shown in Figure 12
and already reported in the literature [4,64], this sample has a very large thickness distribution
of crystallites. Indeed, the first crystals began to melt at approximately 50 °C. To test the
hypothesis that the deviation observed at 50 °C would be explained by the melting of these
first crystals, an XLEPR was studied for comparison. XLEPR exhibits two small melting
peaks at 46 °C and 55 °C. In terms of the morphological state of the material, ageing carried
out from 50 °C to 160 °C for XLEPR can be considered approximately equivalent to ageing
carried out from 120 °C to 160 °C for XLPE, with a major part of the sample in the
amorphous phase. The question we wanted to answer was: is a deviation observed for XLEPR

at approximately 50 °C, as for XLPE, or is the deviation at 50 °C specific to XLPE?

Thermo-oxidation of XLEPR was carried out from 50 to 160°C, and the material was
characterised by infrared spectroscopy and tensile tests, as for XLLPE. The kinetic evolution of
the formation of the main oxidation product, i.e., carboxylic acids with a band at 1714 cm’!,
was monitored at the five temperatures studied (Figure 13 (a)). By applying the same
methodology described in section 3.1.1., the times tqs (corresponding to absorbance levels of
AA between 0 and 1) were plotted on a logarithmic scale versus the inverse of the absolute
temperature, and activation energies were determined. To highlight a deviation in the
Arrhenius behaviour, the data were fitted separately from 90 °C to 160 °C and from 50 °C to
90 °C (Figure 13 (b)).
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Figure 13: (a) Kinetic evolution of infrared absorbance AA = A — Awoat 1714 cm™ for
thermo-oxidation of XLEPR in the temperature range 50 — 160°C; (b) Activation energy of
XLEPR versus the relative conversion rate os, obtained with data fitted separately from 90 to

160 °C and from 50 to 90 °C.

From the 90 °C to 160°C linear fit, and considering the uncertainties, the activation energy
can be considered constant versus the relative conversion rate os. The highest temperatures fit
(90 — 160 °C) gave an average activation energy of approximately 111 kJ.mol !, and for the

lowest temperatures fit (50 — 90 °C) it was approximately 70 kJ.mol ™.

To confirm the deviation obtained at low temperatures, we used the shift factor methodology.
This latter was applied to the XLEPR spectroscopic data. Manual time-temperature

superposition was applied to the data, including the 50 °C data set (Figure 14 (a)).
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Figure 14: (a) Manual time-temperature superposition of the IR spectroscopic data for

thermo-oxidation of XLEPR films in the temperature range 50 — 160 °C using Tref = 50 °C (b)

Arrhenius plot of the corresponding empirical shift factors ar.



As for the case of XLPE, it appears that the 50 °C dataset does not correctly overlap the other
temperatures. Nevertheless, an Arrhenius plot of the shift factors ar determined graphically
was then plotted from 50°C to 160°C (Figure 14 (b)). The curvature in the Arrhenius plot was
highlighted by separately fitting the data from 90°C to 160°C and the data from 50 to 90 °C.
The highest temperature fit gave an activation energy of 110 + 2 kJ.mol'!, and this value is of
the same order of magnitude as the value obtained in our previous work on the same material
[13]. The lowest temperature fit (50 — 90 °C) gave an activation energy of 71 + 1 kJ .mol,
underlying that there was again an important decrease in the activation energy at low
temperatures. Celina et al. [65] reported an Arrhenius deviation for EPDM, with activation

energies of 118 kJ.mol™! above 111 °C and 82 kJ.mol! below 111 °C.

As with XLPE and despite the questionable superposition, this allowed us to highlight the
danger of extrapolating high-temperature data for predictions of lifetimes at low temperatures.
Indeed, by extrapolating the data using the high temperature fit, i.e., the 90 — 160 °C fit, a
“theoretical” shift factor of 0.22 was calculated for 50 °C. The experimental times from the 50
°C data set were then shifted by a factor of 4.5 to plot a “theoretical” kinetic curve at 50 °C
(Figure 15).
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Figure 15: Kinetic evolution of infrared absorbance AA at 1714 cm™ for thermo-oxidation of

XLEPR at 50 °C: experimental and theoretical kinetic curves.

It would have taken approximately 60 500 h to reach an absorbance value at 1720 cm™ of AA
= 1, as opposed to the 13 500 h in the current experiment. In this case, the use of the data
obtained at high temperatures (90 — 160 °C) to predict a lifetime at 50 °C led to an
overestimation of 78 %. This overestimation could be all the more important because it seems

to depend strongly on the nature of the materials.
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Moreover, this study carried out on an XLEPR material clearly demonstrated that crystallinity
does not play a role in the Arrhenius deviation observed at 50 °C, since the same deviation

was observed for the XLPE and XLEPR materials and is even more pronounced for the latter.

Although the present materials were not formulated with antioxidants, it is likely that process
antioxidants were incorporated by the polymer supplier. The presence of process antioxidants
could explain the Arrhenius deviation at low temperatures. The difference in diffusion and/or
solubility of antioxidants in polymer matrices has been widely noted in the literature to be
dependent on the temperature [23-26,28]. At low temperatures, the antioxidant could be in a
“fixed” state, which would reduce its efficiency, thus accelerating the thermo-oxidation

mechanism.

Conclusion

The intent of this work was to verify the Arrhenius law in a large temperature domain ranging
from 50 to 160 °C for the thermo-oxidation of a cross-linked PE by using two distinct
approaches: the relative conversion rate methodology and the shift factor methodology. These
two methodologies were applied to two different experimental data sets. The first set was
derived from infrared spectroscopic measurements, and the second one was derived from
tensile testing. Thus, we demonstrated that (a) the activation energy was constant versus the
relative conversion rate, regardless of the characterisation technique used and (b) the
activation energy was constant over the range 70 — 160°C. As the melting peak temperature of
XLPE was measured at 117 °C, one can conclude that the physical state of the material

(semicrystalline or amorphous) does not have an impact on the linearity of the Arrhenius plot.

The evidence of a nonlinearity in the Arrhenius plot at 50 °C was of particular interest. To
investigate whether this behaviour was specific to XLPE, a cross-linked EPR was also
studied. The physical state of XLLEPR at 50 °C can be considered equivalent to that at 120 °C
for XLPE. The aim was to determine whether the hypothesis that the small crystals of XLPE,
which begin to melt at approximately 25 — 50 °C, could be responsible for the observed
Arrhenius deviation at low temperatures. However, the same deviation was highlighted for
XLEPR. This result proved that the crystallinity cannot explain the Arrhenius deviation
observed at low temperatures. These low temperatures (50 — 70 °C) are all the more

important, as they are close to those the material experiences due to natural ageing during use.
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The lifetime at 50 °C calculated from extrapolation of high temperature results was
overestimated by 28 % for XLPE and 78 % for XLEPR, as compared to the experimental
results obtained at 50 °C. This overestimation serves as a warning about the reliability of such

Arrhenius predictions for industrial applications.
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