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Glossary
Abbreviation/ acronym Description
C=O (or P=O)

Carbonyl products

DS

Dielectric spectroscopy

Tanδ

Tangent Delta

ε

Complex permittivity

ε’

Real part of permittivity

ε’’

Imaginary part of permittivity

EaB

Elongation-at-break

FEM

Finite element method



Chemical yield

k

Rate constant

I

Dose rate

LDA

Linear discriminant analysis

LDPE

Low density polyethylene

MD

Molecular dynamics

OIT

Oxidative induction time

POOH/COOH

Hydroperoxides

QO2

Oxygen consumption



Density of additive free Si-XLPE

a

Density of the amorphous phase of Si-XLPE

ATH

Density of ATH fillers

C

Density of PE crystals

Comp

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

PCA

Principal component analysis

RVE

Representative volume element

S

Chain scission

Si-XLPE

Silane-crosslinked low density polyethylene
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T

Temperature

THz

Terahertz

V

Volume fraction

VATH

Volume fraction of ATH fillers

VC

Volume fraction of PE crystals

WP

Work Package

X

Mass fraction

XATH

Mass fraction of fillers

XC

Crystallinity ratio of Si-XLPE
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1 Executive Summary
The activities inside the Work Package WP4 “Development of new kinetic and multiscale models from
molecular to macroscopic scales” in the TeaM Cables project aim at developing new kinetic and multiscale models for the evaluation of degradation kinetics inside nuclear power cables. In particular,
starting from the analysis coming from WP3 Cable and material characterisations, it would be possible
to establish kinetic models of chemical ageing mechanisms and to develop mechanical, physical and
electrical modelling related to the polymer structure and outputs of the kinetic model.
The chemical kinetic modelling of the radio-thermal ageing of stabilized and unfilled XLPE and
calculation of energy barriers associated to elementary ageing mechanisms at the atomic scale are
reported in D4.3 Kinetics modelling of formulated polymer ageing in nuclear environment (without
fillers) available at https://www.team-cables.eu/media-centre/.
This deliverable D4.4 “Multiscale modelling of polymer ageing” aims at implementing the chemical
kinetic model inside the macroscale models developed for the electrical and mechanical properties.
Indeed, it has been demonstrated that the changes of the macroscale properties (e.g., dielectric
permittivity, elongation-at-break, Young Modulus) are deeply influenced by the evolution of the
degradation species arising during ageing. Hence, relating the changes of the investigated properties
due to ageing with the increase of the degradation species inside the considered insulating material
would allow the definition of the desired multi-scale approach.
Finally, implemented models will then be validated by comparisons of experimental tensile tests with
results coming from the modelling of aged polymers.
This deliverable is made up of four chapters:
•
•

•

•

The first one aims at recalling the main results and conclusions of the chemical kinetic ageing
model developed by ENSAM for Si-XLPE without any additive in D4.3 (i.e., Mod1) and its extension
to ATH filled SI-XLPE in D4.6 (i.e., Mod5 and Mod6).
The second chapter, edited by VTT, shows the model of the evolution of the mechanical properties
with ageing. Molecular dynamics (MD) modelling aims to predict the changes to mechanical
properties of the neat XLPE due to ageing reactions (chain scissions). These properties include
Young’s modulus, yield stress, strain stiffening and failure properties. Apart from failure
properties, the changes in mechanical properties could be predicted in reasonable agreement
with experiments. Finite element (FEM) modelling was used to predict the effect of fire-retardant
particles on the mechanical properties, in particular elongation at break (EaB). To model fracture,
a matrix damage model is introduced, with parameters calibrated based on experimental tensile
tests.
The third chapter, written by UNIBO, presents the modelling of the electrical response of the
investigated material with ageing. In particular, the concentrations of degradation species,
obtained by the chemical kinetic model, are related to the changes in molecular polarizability of
the simulated polyethylene. A tentative relation between this microscopical property and the
macroscopical permittivity is presented and used for the development of the model. It has been
demonstrated that modelling results well fit the experimental data, validating the effectiveness
of the proposed equation.
The fourth chapter exhibits the evolution of various properties with ageing and relates them with
the electrical THz response studied by IZFP. In order to develop a multiscale model, IZFP used
several techniques of multivariate statistics to correlate data coming from destructive tests in the
microscale, like Oxidative Induction Time and Carbonyl groups as well as data coming from
macroscale tests like Elongation at Break, Yield Stress and Young's modulus to several a priori
information like ageing type or material modification. After correlating and training, the model
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was validated by test data which was left out during the training phase. For both scales and the a
priori information it was shown that the model is able to correctly predict a specific property, like
Elongation at Break, out of data acquired by the terahertz device.
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2 Introduction
In the view of the extension of nuclear power plants life, the verification of all the equipments inside
the plant has to be performed in order to ensure an acceptable lifetime extension.
Among the various components inside nuclear power plants, low-voltage cables are one of the most
important in terms of both quantity and role. It has been estimated that each plant can own up to 1500
km of these cables, mainly used for control of instrumentations and delivering signals. In addition, it is
very important that these cables are kept as fully operative even in the case of accidents since they are
very often used to control various safety-related devices.
Given the massive importance of such cables, continuously monitoring their health status is a key
feature for ensuring safety and high reliability inside nuclear plants. Up to now, the most common
condition monitoring technique for nuclear low-voltage cables is based on destructive mechanical
tests. In particular, the value of 50% of ultimate elongation is usually used as end-of-life criterion for
these cables. Indeed, it has been demonstrated that cables with ultimate elongation below the set
value could not withstand an accidental simulation (e.g., LOCA). However, this technique has to face
various limitations e.g., it is a destructive technique, it cannot be performed on site, and it is only
representative of a small portion of the cable. For this reason, in the last decades, much research has
been focusing on new techniques which can overcome these limitations and on a priori ageing models
which can predict the cable lifetime knowing the ageing conditions and the operation time of the
modelled cable.
To do so, knowing the degradation state of the cable insulation is a key factor to understand the
macroscopical cable behaviour. Under these circumstances, this deliverable presents various
approaches for relating the increase of the degradation species inside the insulating material, obtained
by the kinetic model (microscale), with the evolution of the most common macroscopical measurable
properties (e.g., tensile and electrical ones). This is achieved through a wide investigation of the
degradation phenomena occurring during radio-chemical ageing and through the understanding of the
macroscopical properties behaviour under radio-chemical ageing conditions.
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3 Brief recalling on the kinetic modelling
(ENSAM)
3.1 Foundations of the kinetic model
The mechanistic scheme chosen for accurately describing radio-thermal oxidation of Si-XLPE without
any additive (i.e. Mod1) in the domain of practical interest for nuclear power plant operators (i.e. for
1.6 × 10-7 < I < 5.0 × 10-1 Gy.s-1) at low temperature close to ambient was detailed in deliverable D4.2
[1] and in reference [2]. As a reminder, the main feature of this mechanistic scheme is that oxidation
is initiated by both the polymer radiolysis (1R), and the thermal decomposition of POOH in bimolecular
mode (1T):
Initiation:
1R) PH + h → P• + ½H2
1T) 2POOH → P• + PO2•

(𝑟𝑖 = 10−7 𝐺𝑖 𝐼)
(k1)

Propagation:
2) P• + O2 → PO2•
3) PO2• + PH → POOH + P•

(k2)
(k3)

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

(k4)
(k5)
(k6)

where PH, POOH, P•, and PO2• designate an oxidation site, an hydroperoxide, alkyl, and peroxy radicals,
respectively. , , and  are stoichiometric coefficients. ri, Gi, and kj (with j = 1, …, 6) are a rate, the
radical yield, and rate constants, respectively.
The system of differential equations derived from this mechanistic scheme was analytically solved
using only two simplifying (but realistic) assumptions [1,2]:
a) Oxidation is mainly initiated by the polymer radiolysis throughout the exposure (i.e. 𝑟𝑖 ≫
2𝑘1 [𝑃𝑂𝑂𝐻]2), the thermal decomposition of POOH being an additional (but secondary)
source of radicals at long term.
b) Radical species reach a steady-state regime from the early periods of the radio-thermal
exposure (i.e. 𝑑[𝑅𝑎𝑑]⁄𝑑𝑡 = 0).
Only using these two assumptions, the following equations were found for:
i)

The concentration of POOH:
[𝑃𝑂𝑂𝐻] = [𝑃𝑂𝑂𝐻]∞

with

[𝑃𝑂𝑂𝐻]∞ = (

1−𝑏 𝐸𝑥𝑝(−𝐾𝑡)
1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

(Eq. 3.1)

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

(Eq. 3.2)

1/2 𝛽𝐶 1/2
)
1+𝛽𝐶
6

𝐾 = 2 (2𝑘3 [𝑃𝐻]𝑘1𝑏 (2𝑘𝑖 )
and

Public

[𝑃𝑂𝑂𝐻] −[𝑃𝑂𝑂𝐻]

𝑏 = [𝑃𝑂𝑂𝐻]∞ +[𝑃𝑂𝑂𝐻]𝑖𝑛𝑖
∞

𝑖𝑛𝑖

(Eq. 3.3)
(Eq. 3.4)
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where [𝑃𝑂𝑂𝐻]𝑖𝑛𝑖 and [𝑃𝑂𝑂𝐻]∞ are the initial and steady concentrations of hydroperoxides,
respectively.
As, for weakly pre-oxidized samples, it is usually observed that: [𝑃𝑂𝑂𝐻]∞ ≫ [𝑃𝑂𝑂𝐻]𝑖𝑛𝑖 [3,4], it can
thus be considered that: 𝑏 ≈ 1.
ii)

The concentration of carbonyls:

[𝑃 = 𝑂] = [𝛾1𝐶𝑂

𝑘3 [𝑃𝐻]
2

(

𝑟𝑖
2𝑘6

1/2 𝛽𝐶

)

1+𝛽𝐶

+ 𝛾6𝐶𝑂

𝑟𝑖
2

(

2

𝛽𝐶
1+𝛽𝐶

) ] 𝑡 + 2𝛾1𝐶𝑂

𝑘3 [𝑃𝐻]
𝐾

(

𝑟𝑖
2𝑘6

1/2 𝛽𝐶

)

(

1

1+𝛽𝐶 1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

−

1
1+𝑏

)

(Eq. 3.5)
where 𝛾1𝐶𝑂 and 𝛾6𝐶𝑂 are the respective formation yields of carbonyls in thermal initiation (1T) and
termination (6).
iii)

The oxygen consumption:
𝑟

1/2 𝛽𝐶
1+𝛽𝐶
6

𝑄𝑂2 = [𝑘3 [𝑃𝐻] (2𝑘𝑖 )
iv)
𝑆 = [𝛾1𝑆

𝛽𝐶

𝛽𝐶

+ 𝑟𝑖 1+𝛽𝐶 (1 − 2(1+𝛽𝐶))] 𝑡

(Eq. 3.6)

Chain scissions:
𝑘3 [𝑃𝐻] 𝑟𝑖 1/2 𝛽𝐶
(2𝑘 ) 1+𝛽𝐶
2
6

+ 𝛾6𝑆

𝑟𝑖
𝛽𝐶 2
(
) ]𝑡
2 1+𝛽𝐶

+ 2𝛾1𝑆

𝑘3 [𝑃𝐻] 𝑟𝑖 1/2 𝛽𝐶
1
1
(2𝑘 ) 1+𝛽𝐶 (1+𝑏 𝐸𝑥𝑝(−𝐾𝑡) − 1+𝑏)
𝐾
6

(Eq. 3.7)
where γ1S and γ6S are the respective yields of chain scissions in thermal initiation (1T) and termination
(6).
In Eqs 2, 3, 5, 6 and 7 C is the oxygen concentration in Si-XLPE without any additive (i.e. Mod1), which
is related to the oxygen partial pressure PO2 in the exposure environment by the classical Henry’s law:
𝐶 = 𝑆 . 𝑃𝑂2

(Eq. 3.8)

where S is the coefficient of oxygen solubility into the polymer. Typical values of S reported for low
density polyethylene (LDPE) in the literature are about 1.8 × 10-8 mol.L-1.Pa-1, regardless of the
temperature [5]. As an example, in the case of an ageing in air under atmospheric pressure for which
𝑃𝑂2 = 0.21 × 105 Pa, it comes finally: 𝐶 = 3.8 × 10−4 mol. L−1 .
In addition, 𝛽 −1 corresponds to the critical value of the oxygen concentration 𝐶𝐶 above which oxygen
excess is reached:
1

𝛽=𝐶 ≈𝑘
𝐶

2𝑘6 𝑘2
1/2 ]
5 [𝑘3 [𝑃𝐻]+(2𝑟𝑖 𝑘6 )

(Eq. 3.9)

In deliverable D4.2 [1] and in reference [2], it was shown that Eqs 1, 5 and 7 can be used for predicting
the changes in the concentrations of hydroperoxides, carboxylic acids and chain scissions in Mod 1 in
air in different radio-thermal environments. As expected (see assumption (a)), a satisfying agreement
was obtained between theory and experiments as long as thermal initiation (1T) remains a secondary
source of radicals relatively to radiochemical initiation (1R), i.e. under the three dose rates under study
(from 8.5 to 400 Gy.h-1) at low temperature close to ambient (i.e. 47 and 21 °C). However, a poorer
agreement was obtained under the lowest dose rate (i.e. 6.0 Gy.h-1) at the highest temperature (86 °C)
because, in these critical radio-thermal exposure conditions, thermal initiation becomes of the same
order of magnitude as (if not greater than) radiochemical initiation. For information, the values of the
different kinetic parameters used for these simulations have been reported in Table 3.1.

Public

Copyright TeaM Cables consortium

Page 10 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

Table 3.1 : Values of the kinetic parameters used for modelling the oxidation kinetics of Si-XLPE in the various radio-thermal
environments under study [1,2].

T (°C)

21

47

47

86

I (Gy.h-1)

400

77.8

8.5

8.5

Gi

8

8

8

8

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

5.0  10-9

2.5  10-7

2.4  10-7

1.0  10-5

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

108

108

108

108

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

1.6  10-3

1.9  10-2

1.9  10-2

3.6  10-1

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

8.0  1011

8.0  1011

8.0  1011

8.0  1011

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

1.2  1010

7.0  1010

9.0  1010

2.4  1011

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

5.0  104

1.0  106

2.0  106

6.0  107

1CO (%)

90

70

75

80

6CO (%)

90

70

75

80

1S (%)

90

42

52

51

6S (%)

90

42

52

51

3.2 Determination of the density changes
Let us consider the relationship usually reported for semi-crystalline polymers. Indeed, in the latter,
the density 𝜌 can be expressed as a function of the densities of its amorphous 𝜌𝑎 and crystalline phases
𝜌𝐶 as follows:
𝜌 = 𝑉𝐶 𝜌𝐶 + (1 − 𝑉𝐶 )𝜌𝑎

(Eq. 3.10)

where 𝑉𝐶 is the volume fraction of crystals.
According to Eq. 10, two main causes can be responsible for an increase in 𝜌 during the radio-thermal
ageing:
i)

The incorporation of “heavy” atoms such as oxygen into a polymer structure initially containing
many “light” atoms (i.e. carbon and hydrogen) induces an increase in its density [6-11]. Since
crystals are impermeable to oxygen, oxidation only occurs in the amorphous phase where it
thus induces an increase in 𝜌𝑎 .

ii) In SI-XLPE without any additive (i.e. Mod1), it was found that oxidation leads to a
predominance of chain scissions over crosslinking [1,2]. Chain scissions progressively destroy
the macromolecular network from which short linear fragments are extracted, which can easily
migrate towards crystalline lamellae if the amorphous phase is in rubbery state. The
integration of these short fragments to crystalline lamellae induces a chemicrystallization, i.e.
a thickening of crystalline lamellae and an increase in the crystallinity ratios (i.e. 𝑋𝐶 and 𝑉𝐶 ), as
experimentally observed for radiochemical ageing.
The resulting changes in 𝜌 can be thus written as follows:
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𝑑𝜌 = 𝜕𝜌 |
𝑎

𝜕𝜌

𝑉𝐶 =𝑉𝐶 𝑖𝑛𝑖

𝑑𝜌𝑎 + 𝜕𝑉 |
𝐶

𝜌𝑎 =𝜌𝑎 𝑖𝑛𝑖

𝑑𝑉𝐶

30/06/2021

(Eq. 3.11)

where 𝑉𝐶 𝑖𝑛𝑖 and 𝜌𝑎 𝑖𝑛𝑖 are the respective values of 𝑉𝐶 and 𝜌𝑎 for the unaged Si-XLPE. As an example,
for Si-XLPE without any additive (i.e. Mod 1), 𝑉𝐶 𝑖𝑛𝑖 = 37.9% and 𝜌𝑎 𝑖𝑛𝑖 = 0.85 [12].
Considering Eq. 10, it can be easily shown that:
𝜕𝜌
|
𝜕𝜌𝑎 𝑉 =𝑉
𝐶
𝐶 𝑖𝑛𝑖

= 1 − 𝑉𝐶 𝑖𝑛𝑖

and

𝜕𝜌
|
𝜕𝑉𝐶 𝜌 =𝜌
𝑎
𝑎 𝑖𝑛𝑖

= 𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖

(Eq. 3.12)

The introduction of these two quantities into Eq. 11 gives finally:

i.e.

𝑑𝜌 = (1 − 𝑉𝐶 𝑖𝑛𝑖 )𝑑𝜌𝑎 + (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )𝑑𝑉𝐶

(Eq. 3.13)

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

(Eq. 3.14)

In addition, it can be shown that the increase in the density of the amorphous phase ∆𝜌𝑎 and the
increase in the crystallinity ratio ∆𝑉𝐶 of the Si-XLPE matrix during the radio-thermal ageing are both
linear functions of the oxygen consumption ∆𝑄𝑂2 . The first proportionality constant (between ∆𝜌𝑎 and
∆𝑄𝑂2 ) can be theoretically determined by making an assumption on the main oxidation product
formed in the Si-XLPE matrix. In Si-XLPE, but also in all other types of PE [3, 13-17], chemical
derivatization techniques (i.e. treatment of aged samples with gaseous NH3) clearly show that ketones
are by far the main oxidation product during the radio-thermal ageing. As consequence, it can be
written [18]:
∆𝜌𝑎 = 7.03 × 10−2 ∆𝑄𝑂2

(Eq. 3.15)

The second proportionality constant can be empirically determined if by plotting the values of 𝑉𝐶
determined experimentally versus the values of 𝑄𝑂2 calculated with Eq. 3.6 (see Figure 3.1). The slope
of the resulting master curve is:
∆𝑉𝐶 = 1.96 × 10−1 ∆𝑄𝑂2

(Eq. 3.16)

Figure 3.1 : Crystallinity ratio versus QO2 for the Si-XLPE matrix in Mod1, Mod5 and Mod6 radiochemically aged in air under
8.5 Gy/h at 47°C, 77.8 Gy/h at 47°C and 400 Gy/h at 21°C.

The introduction of Eqs 15 and 16 into Eq. 14 gives finally:
∆𝜌 = 7.03 × 10−2 (1 − 𝑉𝐶 𝑖𝑛𝑖 )∆𝑄𝑂2 + 1.96 × 10−1 (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )∆𝑄𝑂2
i.e.
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𝜌 = 𝜌0 + 7.03 × 10−2 (1 − 𝑉𝐶 𝑖𝑛𝑖 )𝑄𝑂2 + 1.96 × 10−1 (𝜌𝐶 − 𝜌𝑎 𝑖𝑛𝑖 )𝑄𝑂2
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where 𝑉𝐶 𝑖𝑛𝑖 and 𝜌𝐶 are the initial volume fraction and the density of the crystalline phase, respectively.
As an example, for Si-XLPE without any additive (i.e. Mod 1), 𝑉𝐶 𝑖𝑛𝑖 = 37.9% and 𝜌𝑐 = 1.014 [18].
𝜌𝑎 𝑖𝑛𝑖 is the initial density of the amorphous phase: 𝜌𝑎 𝑖𝑛𝑖 = 0.85 [12].

3.3 Extension to filled materials
In deliverable D4.6 [20], it was shown that there is no influence of the ATH fillers on the oxidation
kinetics of the Si-XLPE matrix during the radio-thermal ageing. Consequently, apart from their role of
flame retardant, ATH fillers only reduce the amount of the Si-XLPE matrix in the composite material
(i.e. in Mod5 and Mod6). This diluting effect on the oxidation of the Si-XLPE matrix can easily be taken
into account by multiplying the concentrations of the different chemical species of interest by the
volume fraction of matrix. As an example, for hydroperoxides, carbonyls and chain scissions, it can be
written:
[𝑃𝑂𝑂𝐻]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 )[𝑃𝑂𝑂𝐻]
i.e.

(Eq. 3.19)

1−𝑏 𝐸𝑥𝑝(−𝐾𝑡)

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

(Eq. 3.20)

[𝑃 = 𝑂]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 )[𝑃 = 𝑂]
[𝑃 = 𝑂]𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 ) [𝛾1𝐶𝑂
i.e.
+2(1 − 𝑉𝐴𝑇𝐻 )𝛾1𝐶𝑂
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(Eq. 3.22)

(
− 1+𝑏)
1+𝛽𝐶 1+𝑏 𝐸𝑥𝑝(−𝐾𝑡)

𝑆𝑐𝑜𝑚𝑝 = (1 − 𝑉𝐴𝑇𝐻 )𝑆

(Eq. 23)
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(Eq. 3.24)

6

where 𝑉𝐴𝑇𝐻 is the volume fraction of the ATH fillers in the composite material. 𝑉𝐴𝑇𝐻 = 8.5% for Mod5
and 16.5% for Mod6.
In contrast, the changes in the density of the composite material are directly determined with the
classical mixture law since the changes in the density of the Si-XLPE matrix are already given by Eq. 18.
This law is recalled below:
𝜌𝑐𝑜𝑚𝑝 = 𝜌(1 − 𝑉𝐴𝑇𝐻 ) + 𝜌𝐴𝑇𝐻 . 𝑉𝐴𝑇𝐻

(Eq. 3.25)

where 𝜌𝐴𝑇𝐻 is the density of the ATH fillers: 𝜌𝐴𝑇𝐻 = 2.42 [21].
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4 Mechanical modelling (VTT)
4.1 Molecular dynamic simulations
The molecular model for PE has been improved by taking into account the polydispersity of the chains
that arises from the catalytic polymerization process. It was found that applying random scission to a
very long initial chain results in a molecular weight distribution with a polydispersity index of two. The
average molecular weight can be adjusted by changing the number of random scissions. The system
size has been increased such that the system now consists of 300,000 united-atom particles, forming
a polydisperse system with a mass-averaged molecular weight of 2000 particles (28 kg/mol) and a
dispersity of 2. This system was cross-linked to a gel fraction of 0.71, followed by crystallisation.

4.1.1 Introduction of ageing effects
The standard oxidative degradation mechanism for polymers describes ageing as a competitive process
between bond scission and cross-linking reactions due to the incorporation of oxygen into the polymer
chains. A comprehensive treatise on the subject is due to Verdu (2013), while a more concise
presentation limited to thermal oxidation is given by Colin and Verdu (2012). The oxidation of organic
polymers results from a radical chain mechanism involving three steps:
Initiation:

non-radical species -> radicals

Propagation:

one radical -> one radical

Termination:

two radicals -> non-radical species

For polyethylene, Fayolle et al. (2007) performed thermal oxidation experiments at 80-90 °C
temperatures (no radiation) and found that the ratio of chain scission reactions to cross-linking
reactions was about 5:1. Thermal oxidation experiments by Da Cruz et al. (2016) for polyethylene at
100-140 °C indicated chain scissions only. Irradiation of polyethylene under inert (nitrogen)
atmosphere results in clear domination of cross-linking reactions (Colin et al. 2011).
Characterization results from WP3 indicated that for the samples involved in the TeaM Cables ageing
experiment, samples that were radiatively aged under a low temperature (< 50 °C) behave consistently
with a mechanism where chain scission is dominating. Good examples are Mod1 samples aged
according to RA(RT)5 and RA(RT)40 procedures, where the gel is lost already by the first or second
withdrawal, and where crystallinity increases substantially. On the other hand, samples aged at high
temperatures (> 80 °C) show a persistent gel and minor changes to crystallinity. The results can be best
understood by assuming that the materials contain unreacted cross-linking agents that become active
during high-temperature ageing. In this case, cross-linking competes with chain scission, but the exact
ratio of the reaction rates is not known.
Our treatment of the ageing in the MD models assumes, for the moment, chain scissions only, and
therefore is better suited to describe the case of low-temperature, radiative ageing. Effects of ageing
were introduced to the MD model by randomly breaking bonds in the amorphous phase of the
crystallised structure. We noticed that very small changes in the chemical connectivity of the molecules
can cause significant changes to the material properties. The longer the initial molecules are, the more
clearly this is seen. In this work, the initial polydisperse PE melt has a mass averaged molecular weight
of 2000 united-atom particles, which for a polydispersity index of 2 corresponds to a number averaged
molecular weight of 1000 united-atom particles (Nw=1000). The aged systems studied in this work are
listed in Table 4.1. When 355 chemical bonds are broken from this system, it turns out that the entire
cross-linked network is practically destroyed, as the remaining gel fraction is only 0.12. We therefore
refer to these aged systems by the number averaged molecular weight.
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Table 4.1: Aged systems studied in this work

XLPE, gel fraction 0.71
Broken bonds

Nw

number

%

355

0.12

679

566

0.19

459

1065

0.36

261

1784

0.59

161

2258

0.75

129

4737

1.58

62

6967

2.32

43

11258

3.76

26

When bonds are broken, chains become shorter, which means that they can move (‘reptate’) much
easier in the system. Due to increased mobility, and because crystalline phase is energetically favoured,
chains become incorporated into existing crystallites which thus grow in size, increasing the degree of
crystallinity. This chemicrystallisation process is captured by MD, and so we allowed the aged systems
to further crystallise, resulting in a substantial increase of crystallinity. Results of these simulations are
shown in Figure 4.1. The left-hand side displays the evolution of system crystallinity from 0 to 2 ms for
the fresh systems, and from 2 to 4 ms for selected aged systems. In other words, all chemical bonds
were simultaneously broken at t=2 ms. The right-hand side shows the final crystallinity of the aged
systems at t=4 ms, together with the crystallinity of the fresh system at t=2 ms.

Figure 4.1: Crystallinity of fresh and aged samples. Left: time evolution. Right: final crystallinities.

The Crystallinity measurements of WP3 for the low temperature radiatively aged samples generally
agree with the MD results. In addition, Chabira et al. (2012) studied oxidative thermal ageing of LDPE
at 70 ºC and observed that the crystallinity of their samples increased from 35 % to 55% during an
ageing time of 21 months.

4.1.2 Tensile test simulations
The effect of ageing on the mechanical response of the material was first studied by simulating the
initial, small-displacement portion of the stress-stain curves in order to obtain the elastic modulus. A
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strain rate of 107 1/s was used, and results from three axial directions were averaged. The results are
shown in Figure 4.2.
Ageing of the systems leads to an increase in the crystallinity, and this is also manifested generally as
an increase in the elastic modulus. However, the data further shows a decrease in E at the highest
amounts of ageing. The increase in E due to ageing remains below 100 MPa, which is substantially less
than observed in VTT tensile tests, as well as ENSAM indentation tests. In the study of Chabira et al.
(2012) the elastic modulus increased from 250 MPa for fresh material up to 500 MPa after ageing time
of 6 months. At this point, the crystallinity had increased from 35% to about 40 %. We can therefore
note that our models do not capture such large increases in the elastic modulus due to ageing. This
may be due to the lack of actual crystalline lamella in the molecular model, or the interaction potential
used. The decreasing trend of E at high degrees of ageing correlates with the decreasing trend of
crystallinity (Figure 4.1), and is attributed to the short mean chain length.

Figure 4.2. Elastic moduli of aged XLPE systems.

It should be noted that including polydispersity in the molecular description of PE resulted in a
qualitatively correct increase of the elastic modulus as a function of ageing. Attempts to perform
ageing of monodisperse systems by random chain scission resulted in a decrease of the elastic modulus
as a function of ageing.
Full stress-strain curves at strain rate of 107 1/s are shown in Figure 4.3. The early parts of the curves
reveal the effect of ageing on both the elastic modulus and the yield stress. At larger strains, the effect
of ageing on the elastic network (due to both cross-links and entanglements) is revealed. The systems
break at very large strains (of the order of 2000 % on the engineering scale), which is unphysically large.
Thus, the simulations for the polydisperse, aged systems confirm the observation made already in D4.1
where a physically sensible failure was not detected. However, the qualitative behaviour of the curves
as a function of ageing can be used to tune the material model used in the Finite-Element simulations.

Public

Copyright TeaM Cables consortium

Page 17 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

Figure 4.3. Simulated stress-strain curves for aged XLPE systems.

4.1.3 Strain stiffening with aged XLPE
As shown in Figure 4.3, fresh XLPE reaches very high stresses at large strains. This is due to the network
hardening effect: the cross-linked polymer chains are straightened and cannot extend more without
the application of significant stress. This is in contrast to the small deformation response, which is
primarily due to the crystals that resist deformation up to the yield point. During the early stages of
ageing, the chain scissions break up the cross-linked network (gel) and allow non-affine movements of
the polymer chains that permit large strains without forcing complete straightening of the chains. Due
to this, our expectation was that the strain stiffening would not be observed in moderately to highly
aged samples. That would also lead to a loss of mechanical stability and be a likely culprit for the
reduction in EaB. However, neither the experiments nor our simulations confirmed this expectation:
strain stiffening was found in aged samples, although in reduced amounts (see Figure 4.3).
As the strain stiffening of aged samples cannot be explained by the cross-linked network, it must have
another origin. A possible explanation is entanglements (physical cross-links). If the unentanglement
of the chains were to require more time than is available during the mechanical test, they would work
as effective cross-links. However, chains in the aged polymer are short and should unentangle
relatively quickly. An analysis of the tensile test simulations did not support the presence of a
significant number of entanglements.
The remaining explanation for the stiffening is an increasing yield resistance of the crystallites. Indeed,
as the chains orient during the axial pulling, the crystals also orient and the crystallinity increases
(Figure 4.4). We consider it plausible that the combination of orientation and growth of the crystals
during the test is the origin of the persistent strain hardening. As even highly aged polymers exhibit
strain hardening due to the crystals, loss of strain hardening is unlikely to be in central role in the
reduction of EaB.
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Figure 4.4. Evolution of crystallinity and crystal stem orientation (orientation theta = 0 corresponds to perfect orientation) of
the Nw=62 system.

4.1.4 Damage and failure
Failure and fracture of PE is believed to be primarily a result of nucleation and growth of cavities in the
amorphous phase. The formation of cavities reduces the density of the material leading to stiffness
degradation and loss of incompressibility, and the coalescence of the cavities creates a fracture
surface. These mechanisms are not well understood and reproducing them in a bottom-up atomistic
model remains a challenge. However, to predict the EaB of an aged polymer without relying on
experimental test data, the failure of PE should be modelled with MD.
In the simulated stress-strain tests described above, we do not see the formation of cavities. A possible
explanation could be that at the atomistic scale, the formation of a cavity is a rare event that requires
an initiation site or at least some random inhomogeneity in the representative simulation volume. To
test this possibility, we performed simulations with large spherical defect particles that have no
attractive interactions with the polymer, which should create ideal circumstances for cavity nucleation.
However, this still did not nucleate cavities. Second, we sought to promote cavity nucleation by
increasing the stress triaxiality in the simulation by introducing forces that act to increase the volume,
encouraging cavity formation. However, even at higher triaxiality the cavitation threshold was
unrealistically high, even in the presence of a defect. Therefore, a different explanation than the lack
of an initiation site is needed.
In molecular dynamics, the used force field is a central factor in the accuracy of the simulation. To
reduce the computational burden and to access longer time scales, we have used a united-atom force
field (TraPPE). However, the lack of explicit hydrogen atoms in the simulation does affect the mobility
of the polymer chains. The formation of cavities competes with the other central deformation
mechanism, the plasticity of the crystallites. It is possible that the united-atom force field promotes
chain slip (crystal plasticity) over void formation. To test this possibility, we added hydrogen atoms to
our system and used an all-atom force field (OPLS-AA) to see if cavities could be observed. Indeed,
aged systems now showed cavities in these simulations (Figure 4.5), suggesting that the balance
between plasticity and void formation is likely the core issue.
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Figure 4.5. Example of void nucleation in an all-atom tensile test simulation (Nw=62, engineering strain=0.66).

However, the use of the all-atom force field is computationally very heavy, as long simulations
(hundreds of nanoseconds) are needed to allow the amorphous phase to relax (to avoid glassy
behaviour). Even in the all-atom simulation, the growth of voids into a large size that indicates failure
appears to be a statistical phenomenon in the sense that a very large simulation box may be needed
to capture such an event with certainty. Therefore, due to limitations in time and resources, a
systematic study of nucleation of voids with an all-atom force field is not available for this deliverable.

4.2 Finite-element modelling of composite material ageing
4.2.1 Material model
We chose to use a simple elasto-plastic material model with isotropic hardening and ductile damage
to describe the matrix polymer. In D4.1, we used a rheological material model to describe the ratedependent plastic and network hardening behaviours, but because only one strain rate was used in
the mechanical experiments, we opted to use the simpler material model instead for better numerical
stability and compatibility with damage models. We adjusted the elastic and plastic parameter of the
elasto-plastic model with experimental stress-strain data, so that it gave the same stress-strain curve
as the earlier phenomenological model (Figure 4.6).

Figure 4.6. Tensile stress-strain curve for unaged neat XLPE
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The damage initiation and progression criteria were also adjusted with aid of experimental data, as
described below. As in D4.1, the ATH particles were considered linear elastic, as they are much stiffer
and stronger than the matrix.
4.2.1.1 Adhesion properties
In D4.1, only two extreme cases were considered for modelling the interface between matrix and
particles: perfect adhesion and no adhesion. It was concluded that neither case provided adequate
description, so some limited adhesion that can fail at high stress. To remedy this, we introduced a
“cohesive” contact between the particles and the matrix that keeps them attached but starts to
degrade after a threshold stress has been reached. Complete failure occurs when a specified adhesion
energy has been exceeded. Unfortunately, no experimental characterization of the interface is
available, so the choice of adhesion parameters (adhesion strength and adhesion energy) is somewhat
ambiguous. We chose the adhesion damage parameters such that initiation of contact failure appears
roughly at applied elongation of 15%, and a complete loss of at an elongation of about 50% (see Figure
4.7). This gives more reasonable stress-strain behaviour that better matches the experimental data
(see Figure 4.8, the curve for proper adhesion model discussed here is obtained from dynamic analysis,
so some perturbations are visible).Also, a qualitative agreement is found with FIB-SEM images (Figure
4.7).

Figure 4.7. Top: Separation of matrix and particles at 50% elongation in the FEM model. Bottom: a FIB-SEM image of aged
Mod7 material near the fracture surface. Filler-matrix debonding as well as signs of matrix damage can be seen.
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Figure 4.8. Stress-strain curves for different models of adhesion and experiment. Material Mod5

4.2.1.2 Failure model
The failure of polyethylene is considered to initiate by the nucleation of voids and propagate by the
growth and coalescence of the voids. Therefore, we have chosen a damage model that depends on the
plastic strain and pressure. Like the interface damage model, the matrix damage model involves
criteria for initiation (so-called ductile criterion) and evolution (linear propagation law). When the
damage initiates, the local stiffness of the material at the material point starts to degrade in a linear
fashion and eventually goes to zero, indicating a local nucleation or propagation of fracture.
As the elasticity and plasticity parameters, the matrix damage parameters depend on the ageing state
of the matrix polymer. The damage parameters are especially important for the ductility of the filled
XLPE. The experimental tensile tests for the neat polymer (Mod1) provide valuable information that
can be used to parametrize the matrix damage model. However, as the model involves both initiation
and evolution parameters, it is not possible to unambiguously fit them to measured EaB values. We
chose to set a fixed value for the plastic displacement after initiation at which the element is fully
degraded (0.03 µm). The initiation criterion (plastic strain at break) is adjusted for every irradiation
dose to match the EaB of the neat polymer with the experiments.

Figure 4.9. Ductile damage criteria: equivalent plastic strain at damage initiation versus stress triaxiality.
Ageing mode RA (RT) 300
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As the nucleation and growth of voids is unlikely under compressive stresses, we chose the stress
triaxiality dependence of the matrix damage to discourage any damage in compression. Stress
triaxiality is defined as -p/q, where p is the hydrostatic pressure and q is the von Mises equivalent
stress. At simple axial stress as in a tensile test, triaxiality is 1/3. We chose a stress triaxiality
dependence (Figure 4.10) such that for triaxiality of 1/3 and larger, the critical plastic strain is equal to
a constant that depends on the ageing state, but rapidly increases for smaller triaxiality values
(indicating compression).

Figure 4.10. Ductile damage criteria: equivalent plastic strain at damage initiation versus stress triaxiality.
Ageing mode RA (RT) 300

4.2.1.3 Finite-element microstructural model
A microstructural model is a cube of composite material of size 10x10x10 µm3. This is a representative
volume element (RVE) of a microscopic sample expected to exhibit a response similar to a macroscopic
sample to applied loads. The material consists of randomly distributed ATH particles surrounded by
XLPE matrix. The volume fractions of ATH filler are 8.8% (for 25 phr Mod5 material) and 16.1% (50 phr,
Mod6). Size of the particles varies from 0.5 to 2 µm, according to a lognormal distribution fitted to FIBSEM data.
The size of the model is chosen such that it includes a large enough number of particles (few tens) and
retains a reasonable analysis time. We checked that increasing the volume of the RV does not have a
dramatic effect on the results. The model is meshed with linear tetrahedral elements with edge length
of 0.6 ± 0.4 µm, the number of elements is about 100 000.
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To simulate the tensile experiment, the normal movement at constant velocity is applied to one of the
cubic model facets, whereas the movement of the opposite facet is fixed in this direction. Planarity
constraints are applied to the remaining facets, and some additional nodal constraints applied to avoid

Figure 4.11. Geometrical model of a composite specimen.

rigid body motions. The analysis type is dynamic explicit, and to speed up the simulation process, the
mass scaling technique is applied. The mass scaling coefficient is chosen such that the model’s kinetic
energy level is kept at reasonable level comparing to the total energy, and this was controlled for all
analysis runs.

4.2.2 Results
To determine the moment of complete failure of a specimen, the following procedure was applied.
The percentage of finite elements of XLPE matrix material in which the damage criterion indicator
reaches 99% is plotted versus the specimen elongation (see Figure 4.12, left) for different irradiation
doses. Visual analysis of the broken specimens (Figure 4.13) shows that failure occurs slightly earlier
than the plot of the number of damaged elements reaches a plateau. At this point, a specimen no
longer resists external loading, and only a small number of finite elements on the fracture surface can
still fail due to further separation of parts of the fractured specimen. As one can see, in the considering
example (material Mod5, aging mode RA(RT) 300), the analysis reached the complete failure only for
Doses 3-5. The reason is in numerical problems arising in such kind of analysis due to large element
distortion.
One can mention that the curves in Figure 4.12 have a similar shape. This was used to estimate the
elongation at break points for smaller radiation doses (Dose 0-2), where the analysis cannot be
finalized to capture the complete failure. The curves for these Doses were scaled to coincide with the
curves for Doses 3-5, and corresponding scaling coefficients were determined to define EaB values. For
example, for Dose 2 the coefficient is 2.2 to Dose 3, 5 to Dose 4, and 7.2 to Dose 5, meaning that the
value of EaB is 2.2, 5 and 7.2 times larger, accordingly (Figure 4.12, right). All three estimations give
the same value of 290(±5)% EaB, which proves the workability of the approach. It should be noted that
analyses for some of the considered cases (e.g. aging mode RA(RT) 40, material Mod6) were continued
until complete fracture for all aging Doses and no further estimates were required.
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Figure 4.12. Percent of damaged elements versus specimen elongation for different irradiation doses (left), scaling of
elongation for Dose 2 to elongations for Doses 3-5 (right). Aging mode RA(RT) 300, material Mod5

The higher percentage of damaged elements for more aged materials, observed in Figure 4.12, reflects
the fact that a larger volume of the material contains voids and, therefore, its ability to resist the
external loads decreases faster.

Figure 4.13. Moment of complete failure (elongation at break) for Dose 5 (RA(RT) 300), mod5 material

The comparison of numerically and experimentally obtained EaB values versus irradiation Dose for
composite materials Mod5 and Mod6 is presented in Figure 4.14 for aging modes RA(RT) 300 and
RA(RT) 40. It can be seen that the model shows good correlation with experiment at high Doses where
the specimens do not undergo large deformations, and so no exact at large deformations of small
Doses. One can also note that for all considered cases, the difference between unaged material (Dose
0) and Dose 1 is almost negligible in modeling whereas it is valuable in experimental results (moreover,
for RA(RT) 300 EaB is even larger for Dose 1, contrary to expected). This can be explained by quick
growth of Young’s modulus with aging and by increasing plastic strains at break with aging (see Figure
4.9). In general, the presenting modeling technique shows the correct trend and qualitatively captures
the effect of aging, but overestimates the EaB values, demonstrating underestimation of the aging
effect.
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Figure 4.14. Evolution of elongation at break with ageing. Comparison of the numerical model and experimental data

In this deliverable, we considered two modes of aging, for which degradation is not so rapid, and
experimental data allow us to more reliably study the aging effects. The presented technique can be
utilized for any aging mode considered in the project.

Public

Copyright TeaM Cables consortium

Page 26 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

4.3 References
1. Fayolle, B., Colin, X., Audouin, L. and Verdu, J. 2007. Mechanism of degradation induced
embrittlement in polyethylene. Polymer Degradation and Stability vol. 92 pp. 231-238.
2. Verdu, J. 2013. Oxidative Ageing of Polymers. Online version. John Wiley & Sons, Inc. Online
ISBN:9781118562598. DOI:10.1002/9781118562598
3. Colin X., Verdu J. 2012. Mechanisms and Kinetics of Organic Matrix Thermal Oxidation. In:
Pochiraju K., Tandon G., Schoeppner G. (eds) Long-Term Durability of Polymeric Matrix
Composites. Springer, Boston, MA
4. Da Cruz, M., Van Schoors, L., Benzarti, K. and Colin, X. 2016. Thermo-oxidative degradation of
additive free polyethylene. Part I. Analysis of chemical modifications at molecular and
macromolecular scales. Journal of Applied Polymer Science vol. 133 article number 43287
5. Colin, X., Monchy-Leroy, C. and Verdu, J. 2011. Effect of gamma irradiation on tensile
properties of low molecular weight polyethylene samples. Radiation Physics and Chemistry
vol. 80 pp. 895-901.
6. Chabira, S.F., Sebaa, M. and G’sell, C. 2012. Oxidation and Crosslinking Processes During
Thermal Ageing of Low-Density Polyethylene Films. Jornal of Applied Polymer Science vol. 124
pp. 5200-5208.

Public

Copyright TeaM Cables consortium

Page 27 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

5 Modelling of electrical response with
ageing – polarization of species (UNIBO)
5.1 Literature review
5.1.1 Macroscopic polarization response
The dielectric polarization is defined as the response of a material when subjected to an external
electric field. The quantity which measures the intensity of polarization is the permittivity ε. Usually
this quantity is relativized to vacuum permittivity, ε0, and in this case it is called relative permittivity εr,
where εr =ε/ε0. εr usually ranges between 2 and 5 for solids.
Let us consider a plane capacitor with V as applied voltage. If there is only vacuum between electrodes,
whose dielectric constant is ε0, the charge in between the electrodes will be Q0, and the reference
capacitance will be C0=Q0/V. If we introduce a dielectric material, we obtain a capacitance C > C0 and
being C ∝ ε , we derive ε > ε0.
We recall that, in vacuum, D0=ε0·E is valid where D is the electric induction vector and E the electrical
field. Given the equal value of V, hence E, between the two systems, we can write that the electrical
induction vector in the dielectric material is D=ε·E > D0. Introducing the relative permittivity, it is
possible to write:
D = ε ∙ E = ε0 ∙ εr ∙ E

(5.1)

Eq. 5.1 describes the behaviour of the dielectric material once it is subjected to an electric field E.

5.1.2 Microscopic polarization response
While the use of vectors E and D is sufficient to describe the polarization mechanism at the macroscale,
in the case of microscale response, a new vector, named polarization vector P, is needed. This describes
the response of the atoms and molecules under the external electric field. For a generic material with
permittivity ε:
D = ε0 ∙ E + P

(5.2)

P = (ε − ε0 ) ∙ E

(5.3)

Substituting Eq.1 in Eq.2:

Being N the number of molecules per unit volume and μ the average electrical dipole moment, we
could write P as the electrical dipole moment per unit volume:
P = N ∙ μ = N ∙ α ∙ Ei

(5.4)

where α is the molecular polarizability and it represents the electrical dipole moment per electric field
unit, Ei is the electric field inside the dielectric material acting on a generic polarized molecule. This
electric field is different from E, since it represents the action of all the charges (both bonded and free
ones) on a single dipole, this latter excluded. In other words, each molecule acts as a polarizable point
dipole (PPD) that experiences the external field, as well as the field due to the induced dipoles of all its
neighbours. It is evident that the internal electric field is not easily derivable from theoretical
equations, except for some common geometries (e.g. spherical charge displacement). For this reason,
molecular-scale computer modelling is usually used for more complex geometries.
Substituting Eq. 5.3 in Eq. 5.4, we obtain the so-called Clausius equation:
(ε − ε0 ) · E = N ∙ α ∙ Ei
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The Clausius equation links the macroscopical dielectric permittivity ε with three molecular-scale
parameters, namely: N, α and Ei.
Introducing the uniform polarization hypothesis by Mossotti and Lorentz [1], [2], Eq. 5.4 becomes:
N∙α
3ε0

ε −1

= εr +2

(5.6)

r

In the case of gases, it is possible to shift from the volume-related polarizability to the mass-related
one. Given the gas density ρ and M the molecular mass, it is possible to introduce the Avogadro
number (NA) in place of N. We obtain:
NA ∙α
3ε0

ε −1 M
ρ
r

= εr +2 ∙

(5.7)

Equation 7 is the so-called Clausius-Mossotti equation, in which the only unknown variable is the
molecular polarizability α.
This equation is not directly applicable to solids since it neglects the contribution of inter-molecule
charge transfer to the polarizability.

5.2 From microscale polarizability to macroscale permittivity - Theory
Let us introduce the susceptibility χ. This is defined as the degree of polarization of a dielectric material
in response to an applied electric field. Formally:
χ = εr − 1

(5.8)

The polarization vector P per unit volume, in terms of relative susceptibility, is then given by:
P = χ · Ei

(5.9)

Natal et al. describe an innovative approach for the determination of macroscopical permittivity as a
function of microscopical molecular polarizability in solids.
Let us consider a modified susceptibility 𝜒̃ such that it is possible to write the polarization vector as a
function of the external electric field E. In this way, the modified factor takes into account both the
response of the dielectric material under both internal and external electric fields.
P = χ · Ei = χ̃ · E

(5.10)

The hypothesis and calculation procedure aiming at obtaining 𝜒̃ are presented and discussed in [2].
From these, it results:
α⁄ν

χ̃ = 1+8πα⁄3ν

(5.11)

where α is the molecule polarizability, ν is the volume occupied by a single molecule.
Contextually, it is possible to derive the modified dielectric permittivity 𝜀̃, which is given by:
ε̃ = 1 + 4πχ̃

(5.12)

Finally, the real dielectric permittivity is:
1

ε = 2−ε̃

(5.13)

This approach has been proven to be valid for numerous species of polymeric and metallic solids as
reported in [2].
In this way, both the molecule polarizability value α and the molecular volume ν are needed to obtain
the actual value of the macroscopical dielectric permittivity of the desired materials. To obtain the
microscopical quantities, molecular modelling is needed. Procedures and simulation results are
reported in the following.
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5.3 Molecular simulation
It has been reported that the local polarization property of a given molecule is the molecular
polarizability α. This property is usually tabulated for some common gases while it is barely obtainable
for solids. In this latter case, computer simulations are usually needed. The software used for this
purpose is Avogadro (open source) and the ChemAxon Chemicalize platform. From these, it is possible
to obtain some of the most common electrical properties of the simulated molecules, such as:
polarizability, dipole moment and the topological polar surface area. This latter is defined as the sum
of the surfaces related to polar atoms (mainly oxygen and nitrogen).
For the TeaM Cables purposes, simulations have been performed on base polyethylene polymer,
additives and typical degradation products (e.g., oxidized polymer chains).

5.3.1 Polyethylene molecular simulation
Initially, a typical polyethylene structure has been drawn in the simulation software. As the chain
length of polyethylene is not constant and not a priori defined, a parametric study, with different chain
lengths, has been performed (Figure 5.15).

Figure 5.15 Polyethylene polarizability values as a function of the number of carbon atoms in the chain.

Figure 5.15 reports the variation of the polarizability value as a function of the number of carbon atoms
in the chain. From this study, it is evident that the polarizability linearly increases with the chain length,
hence it is possible to derive that the contribution of a single -CH2 group on the global polarizability is
constant and it is ~1.82 Å3.
Given the constant variation of polarizability with chain length, it is possible to reduce the simulation
computing time, simulating small molecules in place of very large polymeric chains. In particular, in the
case of polyethylene, the repetitive chain unit is ~CH2-CH2~.
Through Avogadro software, it is possible to obtain the electrostatic potential displacement over the
simulated molecule (Figure 5.16). As known, polyethylene is a nonpolar molecule due to the similar
values of electronegativities of the two component atoms (carbon and hydrogen). As a result, the
electrostatic potential is constant throughout the simulated carbon bone and both the dipole moment,
and the topological polar surface area are zero.
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Figure 5.16 Electrostatic potential displacement – Polyethylene

Simulation results are reported in Table 5.1.
Table 5.1 Summary of microscopical electrical properties of polyethylene chain
Species

Polarizability (Å3)

Dipole moment (D)

Topological polar surface area (Å2)

Molecular volume (Å3)

~CH2-CH2~

3.78

0

0

49.9

5.3.2 Molecular simulation of additives
Analogously, microscopical electrical response of the additives used inside the project has been
simulated through the software. Simulation results are summarized in Table 5.2.
Table 5.2 Summary of microscopical electrical properties of additives used inside TeaM Cables
Species

Polarizability (Å3)

Dipole moment (D)

Topological polar surface area (Å2)

Irganox 1076

65.11

4.99

46.5

Irganox PS802

82.52

88.5

77.9

ATH

5.4

0.75

60.7

Figure 5.17 Electrostatic potential displacement – ATH

From this table it is evident that the considered additives depict a substantial higher value of
polarizability, hence they are supposed to significantly impact on the resulting material electrical
response.
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5.3.3 Degradation products molecular simulation
It is known that the main degradation mechanism inside an organic material is oxidation. Literature is
full of studies explaining the oxidative reactions taking place inside common polymers, e.g.
polyethylene and polypropylene. Also in the case of oxidized polymer, the resulting chain is made up
of repetitive units, as reported in Figure 5.18. The concentrations of these degradation product units
with ageing are reported in D4.3 – Kinetics modelling of model materials ageing and briefly recalled in
Chapter 3 of this Deliverable. At this stage, only the concentrations of Carboxylic acids (CO) and
Hydroperoxides (POOH) are available, hence they are the degradation species used for the following
molecular simulation and electrical modelling.

Figure 5.18 Oxidation products for polyethylene.

The use of repetitive unites allows the reduction of simulation computing times and the obtaining of
the microscopical electrical properties of the analysed molecule, whose results are reported in Table
5.3.
From this table it is possible to notice that the presence of oxygen molecule raises all the analysed
electrical microscopical quantities. In particular, as a polar species, oxygen increases the polarizability
of the molecule and, consequently, the electrical response of the resulting chain once subjected to an
external electrical field. It is worth noting that the increase is not the same between the two considered
species. As it will be presented in the following, the different increase of polarizability leads to distinct,
even if quite similar, resulting dielectric constants. In particular, the higher the polarizability, the more
significant the contribution of the considered molecule to the electrical field response.
Table 5.3 Summary of microscopical electrical properties of oxidized polymer units
Species

Polarizability (Å3)

Estimated dipole
moment (D)

Topological polar surface
area (Å2)

Molecular volume
(Å3)

~CH2-CO~

4.9

1.6

37.3

53.94

~CH2-COOH~

5.53

1.6

29.46

58.85

It is worth recalling at this point that the estimated dipole moment can be significantly different among
different degradation species. As an example, it has been found that ketones own an estimated dipole
moment equal to 3 D, almost the double of the two degradation species here considered. The reason
for that is displayed in Figure 5.19. This figure reports the electrostatic potential displacement for the
two simulated oxidized units, namely a hydroperoxide (COOH) and a ketone (C=O) molecule. From
Figure 5.19.a, it is possible to notice the abovementioned simmetrical displacement of
electronegativity between the two oxygen atoms, leading to a lower value of estimated dipole
moment.
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b

a

Figure 5.19 Electrostatic potential displacement – (a) COOH, (b) C=O units.

5.4 From microscale polarizability to macroscale permittivity – Results
As already presented, in order to obtain the macroscopical permittivity of given molecules, some
microscopical properties, namely polarizability and molecular volume, are needed. From the
simulation results reported in section 5.3 for repetitive units, it is now possible to derive the desired
macroscopical property through the approach presented in section 5.2.
Table 5.4 presents the values of the real part of permittivity for the simulated repetitive units in the
polymer chain.
Table 5.4 Real part of permittivity numerical results for the three analysed repetitive chains
Repetitive unit

̃)
Modified susceptibility (𝝌

Modified permittivity (𝜺̃)

Real permittivity (𝜺)

~CH2-CH2~

4.63 10-2

1.58

2.39

~CH2-CO~

5.16 10-2

1.65

2.85

~CH2-COOH~

5.22 10-2

1.65

2.91

It is worth highlighting that, as expected, the oxidized repetitive units exhibit higher values of resulting
real part of permittivity, due to the already discussed molecule dipolar properties
Moreover, while it is difficult to obtain experimental results for polymer chains made up of only
oxidized groups, data for the plane polyethylene show an experimental value εexp ranging between 2.2
and 2.4, which perfectly fits the modelling results reported in Table 5.4. As an example, the TeaM
Cables plain polyethylene (Modification #1) exhibits εexp=2.37.

5.5 Permittivity trend with ageing
5.5.1 Theoretical approach
As it is known and widely reported in literature, complex permittivity raises with ageing. The reason
for that can be found in the increasing of the concentration of oxidized polymer chains, which are
demonstrated to exhibit higher values of permittivity. We can now consider the aged polymer as a
composite material made up of both unaged and aged repetitive chains. The quantities of these two
groups are not easily definable since ageing mechanisms are numerous and, in some cases, can have
concurrent effects (e.g., chain scissions, crosslinking and radical recombination). However, the kinetic
model presented in D4.3, introducing some hypothesis, permits the definition of the concentration of
oxidized polymer species inside the polymer compound with ageing.
Literature reports several approaches for the calculation of the global permittivity for composite
materials, usually taking into account the volume fraction occupied by the inclusions (e.g. fillers) in the
lattice. One of the most important is the Maxwell-Garnett equation [3]. However, all these approaches

Public

Copyright TeaM Cables consortium

Page 33 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

consider the substitution of one species (e.g. polymer chain) with another one (e.g. fillers). Hence, the
limit case will be the total substitution of the first species with the second one, resulting into a global
permittivity equal to the one of the second species. As an example, in the case of common
polyethylene, the worst case will occur once the entire polymer has been substituted with repetitive
hydroperoxide groups (ε=2.91). On the contrary, experience results claim significantly higher values of
real part of permittivity.
In fact, in the case of polymer ageing, the complex permittivity can reach higher values thanks to the
addition of new species (e.g. oxygen molecules) and other phenomena e.g., radical formation and
chain breaking. For these reasons, an additive equation is needed in order to take into account both
the lattice properties and the increasing concentration of polar species (e.g., oxidized groups). Basing
our model on the kinetic model presented in D4.3, we are here considering only oxidative products
coming from ageing process. The proposed relation is reported in Eq. 5.14.
𝜀𝑒𝑓𝑓 = 𝜀𝑙𝑎𝑡𝑡𝑖𝑐𝑒 + ∑𝑖[𝑃𝑜𝑙𝑎𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠](𝑡)𝑖 ∙ 𝜀𝑖

(5.14)

where εlattice is the permittivity of the base polymer (e.g. polyethylene), [Polar species] is the
concentration in mol/L of the polar species arising during ageing and given by the kinetic model (from
Eq. 3.1 and 3.5) and εi is the real permittivity of the related polar species, obtained through the
molecular modelling presented above. Note that we consider 1 L of polyethylene-based solution. This
hypothesis is supported by the fact that permittivity does not vary as a function of the quantity of
analysed material.

5.5.2 Simulation and experimental results
Once the concentrations of degradation products and the corresponding permittivity values are
obtained through the kinetic and electric models, Eq. 5.14 can be applied.
Figure 5.20 reports the results obtained by the model. Curves, one per each ageing condition
considered, represent the results obtained by the application of Eq. 5.14. Scatter points refer to the
experimental data. As it can be seen, very good correspondence between the model and the
experimental results is obtained, claiming the effectiveness of the proposed formula for coupling the
chemical degradation product concentrations with resulting electrical response.
It is worth noting that the model curves for low and medium dose rates are made up of two parts
which are characterized by two different slopes. Indeed, in the initial phase, the kinetic model reports
the linear increase of both hydroperoxides and carbonyl groups. The sum of these two contributions
results into a steep increase of the real permittivity during the first ageing periods. The second phase
is characterized by a lower slope since the hydroperoxides are reported not to vary their concentration
with ageing (they reach an asymptote) while carbonyls continue to linearly increase with ageing. As a
result, in this phase, the real part of permittivity is ruled by the carbonyl kinetics only, reducing the
variation of ε with ageing time.
In the case of high dose rate, kinetic model reports that both carbonyl and hydroperoxide
concentrations increase linearly throughout the entire ageing period considered. This leads to a
monotonous increase of the electrical property with ageing time, without any change of slope at least
in the ageing time here considered.
One can notice that one experimental value, related to the last withdrawal of the low dose rate ageing
condition, is noticeably higher than the one expected through the model. This could be related to a
non-homogeneous specimen, which represents an outlier with respect to the other samples
investigated or it may be due to a different degradation mechanism which modifies the electrical
response, not taken into account in the kinetic model (e.g., radical formation).
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Figure 5.20 Real part of permittivity as a function of ageing time.

5.6 Imaginary part of permittivity
5.6.1 Theoretical approach
As known, dielectric materials face different kinds of polarization mechanisms [1]. The polarization
vector can be written as the sum of the three different vectors, one per each polarization process.
P = Pe + Pa + Pd

(5.15)

where Pe is the electronic polarization vector, Pa is the atomic polarization vector, Pd is the dipolar
polarization vector. The first two contributions are related to very high-frequencies phenomena and
they do not vary with temperature. They are usually combined into a unique parameter P∞.
The dipolar polarization is temperature-dependent, and it is associated with the relaxation time τ of
the considered dielectric material.
Let us introduce the so-called optical permittivity (ε∞) and static permittivity (εs). The former is the
permittivity related to the high-frequency polarizations and it is associated to P∞. The latter is referred
to the low-frequency (nearly static) value of ε. Given the raise of ε decreasing the frequency, it is
evident that εs>ε∞ is valid.
The Debye equations permits to obtain the real and imaginary part of permittivity, given frequency
and relaxation time τ of the analysed material [4].
ε −ε

s
∞
ε′ = ε∞ + 1+ω
2 τ2

ε′′ =

(εs −ε∞ )ωτ
1+ω2 τ2

(5.16)
(5.17)

where ω=2πf is the angular frequency.
It is feasible to suppose that the ageing variation of the imaginary part of permittivity follows the
proposed Eq. 5.14 for the real permittivity. Hence, the imaginary part of permittivity can be written as:
ε′′eff = ε′′lattice + ∑i[Polar species](𝑡)i ∙ εi ′′

(5.18)

5.6.2 Simulation and experimental results
In the case of common dielectric materials, e.g. polyethylene, the corresponding relaxation times are
usually tabulated. For the modelling purposes, it has been found that a typical relaxation time for
polyethylene is τ~1.8 10-7 s. The static permittivity has been chosen equal to the one obtained by the
model (εS=2.39) while as optical permittivity it has been found in literature to be ε∞~2.3.
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As a reference frequency, it has been chosen 100 kHz since it has been reported in our previous
deliverables to be well correlated with polymer ageing evolution.
Under these circumstances, it is possible to obtain the imaginary part of permittivity by using Eq.517.
𝜀"𝑃𝐸 =

(𝜀𝑠 −𝜀∞ )∙𝜔∙𝜏
1+𝜔2 ∙𝜏2

= 1.05 10−2

(5.19)

The obtained value is very close to the one obtained through experimental measurements (1.08 10-2).
In order to obtain the imaginary part of permittivity evolution with ageing, then to apply Eq. 5.18, the
imaginary parts of permittivity for the oxidized polymer units, namely: ~CH2-CO~ and ~CH2-COOH~, are
needed. To do so, the relaxation times of the molecules have to be derived. As reported in the previous
section, while it is relatively easy to obtain experimental data for plain polyethylene, it is not possible
to get experimental data for a full-oxidized polymeric material. For this reason, it has been chosen to
relativize the relaxation times of the oxidized molecules with their molecular volume. This assumption
is usually verified since relaxation times are proportional to the size of the considered molecule. As
expected, the resulting relaxation times are bigger than the one obtained for the plain polyethylene,
and they are found to be τ (~CH2-COOH~) = 2.57 10-7 sec and τ (~CH2-CO~) = 1.9 10-7 sec. It has also been
supposed that the optical permittivity of the oxidized polyethylene is only given by the electrical
response of the base polyethylene, hence ε∞=2.3.
Therefore, the results coming from the application of Eq. 5.18 are reported in Figure 5.21. Also in this
case, the continuous curves are results coming from the model while the scatters are experimental
data. It is possible to notice an almost perfect fitting of the model over the data, confirming the
feasibility of the proposed equation for a priori electrical response. Moreover, the hypothesis raised
for the obtaining of the relaxation time for oxidized repetitive units, showed to be acceptable and in
accordance with the experimental data.
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Figure 5.21 Imaginary part of permittivity as a function of ageing time.

5.7 Simulation results on filled materials
From chemical analyses, it has been concluded that inorganic fillers do not participate in the
degradation process of the insulating material (see Deliverable 4.6). For this reason, it is possible to
consider that the oxidation product concentrations are the same as the case of plain polyethylene.
In this section, simulation results of complex permittivity for ATH-filled material (Modification 6), are
reported. It is worth highlighting that implementation of inorganic fillers does not bring to the
modification of the polyethylene repetitive unit. For this reason, it is not possible to simulate the
response of the unaged filled polymer considering only the repetitive ~CH2-CH2~ unit. Besides this, the
base polyethylene material filled with ATH can be considered as a composite material in which the
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inclusions are the ATH particles. For this reason, it is possible to use the Maxwell-Garnett equation to
obtain the initial value of ε for the Modification 6 material. As a result, we obtain a real permittivity
for a 50phr-filled material ε50phr=2.5 (experimental εMod6=2.75).
The modelling simulations have been achieved through the application of Eqs. 5.14 and 5.18,
respectively. The experimental value of ε has been then applied also to Eq. 5.19, in order to obtain the
initial value of the imaginary part of permittivity. The molecular relaxation time has been obtained by
dielectric spectroscopy analyses at different temperatures for the unaged polymer. It results that an
acceptable relaxation time is τ50phr~ 9·10-8 s (slightly lower than plain polyethylene).
Modelling results are reported in Figure 5.22.
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Figure 5.22 Real (a) and imaginary (b) parts of permittivity for 50phr-filled polymer

Even in the case of ATH-filled polymers, the obtained correlations are very well established.
One can notice some experimental values are significantly different from the one predicted by the
model (e.g. 4th withdrawal of low dose rate and 3rd withdrawal of medium dose rate for 50phr-filled
PE). These points are likely to be considered as outliers since the following withdrawals result to
confirm the expected value predicted by the model. It is worth recalling at this point that complex
permittivity is deeply influenced by specimen geometry. Particularly in the case of ATH-filled polymers,
polymer thickness was not homogenous throughout the area under test. For this reason, it is possible
to impute some anomalous experimental values to geometry-related factors.
Given this explanation, it is possible to conclude that the experimental data set perfectly follows the
proposed model, confirming once again the suitability of the proposed a priori modelling equations
(Eq. 14 and 18) and relaxation time hypothesis.

5.8 Conclusions
In this Chapter, an innovative multiscale approach relating microscale polarizability and degradation
species concentrations, coming from the kinetic model, with macroscale complex permittivity for
polymers has been presented and described. This has been achieved through different studies at
various levels:
1. Molecular modelling – this allowed the definition of the microscopical electrical properties
e.g., polarizability, polar surface area and dipole moment through molecular simulation
software.
2. Parametric study of polarizability – this verified the possibility to reduce the polarizability
properties of long polyethylene chains to the ones related to the polymer repetitive unit. This
allowed a significant reduction of computing simulation times.
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3. Definition of the additive equation for the real part of permittivity. This equation, based on the
superposition principle, relates the concentration of polar species, obtained by the kinetic
model, with the polarizability of the different degradation species. As a result, the real part of
permittivity for the differently aged materials is obtained. Experimental data were used to
validate this approach. It has been found that the proposed a priori equation well fits the
experiments, validating the hypothesis of the superposition principle.
4. Derivation of the imaginary part of permittivity – the use of the Debye equation, which relates
to the two parts of complex permittivity, together with the proposed additive equation,
allowed to obtain the imaginary part of permittivity trend with ageing. Also in this case,
experimental data verified the validity of the proposed equation.
5. Application to ATH-filled polymers - The same approach has been applied to the ATH-filled
polymers and it verified the assumption that inorganic fillers do not impact the degradation
process occurring in the polymer. The real permittivity of the lattice has been obtained through
the Maxwell-Garnett equation for composite polymeric material. Applying the concentration
of polar species, derived for plain polyethylene, to the additive equation results into good
matching between the experimental and model data. Finally, the imaginary part of permittivity
model results report to have good fitting with experimental data, once the relaxation time is
obtained through thermal analysis on aged polymer.

Figure 5.9 Schematic of the multiscale model for electrical properties.
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6 Terahertz Electrical response modelling
with ageing (IZFP)
6.1 Modelling Technique
All unaged and radiation/thermal aged samples (400 in total) were scanned over their whole surface
and measured at each x-y-coordinate with a time-domain based terahertz device in transmission mode
as shown in deliverable D3.4. The distance between two lateral measurement points was about 1 mm,
thus for every sample at least 1000 measurements were achieved. Each of these measurements
includes 1201 points of depth information, which shows a characteristic pattern regarding the unaged
and specific aged state of the material. The characteristic of the so-called A-Scan in transmission mode
is mainly dominated by a peak shaped as Dirac delta function, like it is induced by the terahertz device
and followed by abating lower peaks (see Figure 6.23 c)).

Figure 6.23: Terahertz data as A-Scan representation for reference and sample and the normalisation steps. (a) Reference
signal and its Hilbert envelope, (b) Time-of-Flight compensation, (c) Sample signal, (d) Time-of-Flight normalised sample signal

Due to the transmission mode the ambient air was measured as well and used as reference to
compensate different external influences as seen in Figure 6.23 a). One of these influences is the userselected initial position of the delay line in the terahertz device, which was compensated by subtracting
the time-of-flight offset for every sample based on the offset the related reference measurement in
the air is showing without losing the characteristic Time-of-Flight shift by the material (see Figure
6.23 b)). In order to eliminate other external influences on the signal amplitude, additionally, a
correction based on normalization was used (see Figure 6.23 d) and Eq. (6.1)).
𝐴𝑟𝑒𝑠𝑢𝑙𝑡 =

𝐴𝑠𝑎𝑚𝑝𝑙𝑒 − min(𝐴𝑟𝑒𝑓 )
max(𝐴𝑟𝑒𝑓 ) − min(𝐴𝑟𝑒𝑓 )

(6.1)

Where Aref is the amplitude of the A-Scan measured in ambient air, Asample the amplitude of the A-Scan
measured in the sample area and Aresult the resulting amplitude compensated signal.
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To build a multiscale model with a data basis of 1201 features per x-y-coordinate per sample, which
was at least 1000 lateral positions per sample, the methods of multivariate statistics were needed and
used. These methods can be divided into structure-discovering and structure-checking techniques. The
structure-discovering procedures can be used as a method for dimension reduction and the structurechecking procedures for classification.
The Principal Component Analysis (PCA) was chosen as the dimension reduction/feature selection
method. This method is used to approximate a large number of statistical variables through a smaller
number of linear combinations (principal components) by maximising the variance among the
features. The number of principal components that can explain 99 % of the variances among the
characteristics were determined by the algorithm and used as threshold.
The Linear Discriminant Analysis (LDA) was selected as the method for classifying and correlating the
measured terahertz data with the values of the target values determined by the macro- and microscale
measurements. The LDA algorithm attempts to minimise the variance within the classes and to
maximise the variance between the classes, whereby a vector with the size of the number of classes
k-1 and the number of all observations is obtained as a result. From this, predictions about class
membership can subsequently be made with new measurement data known and unknown to the
model.
Finally, the model trained and obtained by PCA and LDA had to be validated using test data. For this
purpose, 20 % of the measurement data was randomly selected and retained after feature extraction,
leaving 80 % of the measurement data available for training. The retained measurement data was then
presented to the model for prediction and the predicted class membership was compared with the
true or measured reference/target value and its class. Furthermore, this procedure counteracts the
effect of overfitting and thus prevents the model from memorising, which would lead to only minor
changes in the input data unstabilising the entire model, therefore reducing the predictive accuracy
significantly.
The resulting confusion matrix is given in each of the following chapters and describes the correctness
with which the model can predict the associated correct class for a single presented unknown
measurement data observation. The finally given average prediction score is the averaged mean over
all classes based on the retained randomly selected 20 % test data.

6.2 Modelling with meta information
6.2.1 Discussion about meta information
As written above, there are multiple ways to use the developed model, all of which use so-called
targets. In this part, only THz-measurement data was used to build the model. The available targets
come from the unique ageing or material properties of the samples. Examples for targets used in the
model built from only THz-data are the form of a sample, the time of withdrawal or the received dose
rate during ageing. In the models, the code for sample identification was used to abbreviate some of
the different classes.

6.2.2 Developing the model
6.2.2.1 Form
Since there only exists an extensive database for tapes and sheets at the time of writing this report,
these were the two forms analysed in the model, see Table 6.5. The third form, cables, was omitted
for the time being and will be included in a later report for WP5.
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Table 6.5: Sample identification - Sample form

No.

Form

1

Tapes

2

Sheets

The data basis contains 659,154 measurements with 1,201 features per measurement from 400
samples. Out of these, 131,831 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.24)
is shown:

Figure 6.24: Confusion Matrix with prediction accuracies for each class with Target: Sample Form

The averaged prediction score over all retained test measurements is about 99.6 %. A closer look into
the different classes shows that 0.36 % of the test data are wrongly classified as tapes and 0.51 % as
sheets. The difference to 100 % is reasoned by rounding errors and the subgrouping for each line, thus
all percentages in every line of the specific “True Class” add up to 100 % in summary.
This answers the question if the model is able to differentiate between tapes and sheets after its
training without having this meta information for unknown measurements.

6.2.2.2 Additives
There exist three different additives, which can be used for classification of the samples, these being
the flame retardant ATH as well as the phenolic and the thioether antioxidant.

6.2.2.2.1

Flame retardant ATH

The flame retardant ATH is included in three of the seven material modifications (in Mod. 5, 6 and 7)
and the model tries to find a correlation between the measured terahertz data and the ATH additive.
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To prevent certain ambiguities and due to the higher number of samples only tapes are considered
here.

The data basis contains 306,411 measurements with 1,201 features per measurement from 234
samples. Out of these, 61,283 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.25)
is shown:

Figure 6.25: Confusion Matrix with prediction accuracies for each class with Target: Flame Retardent ATH

The averaged prediction score over all retained test measurements is 93.9 %. A closer look into the
different classes shows that almost 10 % of the test data are wrongly classified as without ATH and 3.2
% as with ATH. The difference to 100 % is reasoned by rounding errors and the subgrouping for each
line, thus all percentages in every line of the specific “True Class” add up to 100 % in summary.
This answers the question if the model is able to differentiate between tapes with and without ATH
after its training without having this meta information for unknown measurements.

6.2.2.2.2

Phenolic Antioxidant

The phenolic antioxidant is included in three of the seven material modifications (in Mod. 2, 4 and 7)
and the model tries to find a correlation between the measured terahertz data and the phenolic
antioxidant. To prevent certain ambiguities and because of the unknown amount of the phenolic
antioxidant in the later withdrawals, only unaged tapes were considered here.

The data basis contains 12,194 measurements with 1,201 features per measurement from 7 samples.
Out of these, 2,439 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.26)
is shown:

Public

Copyright TeaM Cables consortium

Page 42 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

Figure 6.26: Confusion Matrix with prediction accuracies for each class with Target: Phenolic Antioxidant

The averaged prediction score over all retained test measurements is 98.3%. A closer look into the
different classes shows, that 4.4 % of the test data are wrongly classified as without phenol and 0.07 %
as with phenol. The difference to 100 % is reasoned by rounding errors and the subgrouping for each
line, thus all percentages in every line of the specific “True Class” add up to 100 % in summary.
This answers the question if the model is able to differentiate between unaged tapes with and without
the phenolic antioxidant after its training without having this meta information for unknown
measurements of unaged materials.

6.2.2.2.3

Thioether Antioxidant

The thioether antioxidant is included in three of the seven material modifications (in Mod. 3, 4 and 7)
and the model tries to find a correlation between the measured terahertz data and the thioether
antioxidant. To prevent certain ambiguities and because of the unknown amount of the thioether
antioxidant in the later withdrawals, only unaged tapes were considered here.

The data basis contains 12,194 measurements with 1,201 features per measurement from 7 samples.
Out of these, 2,439 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.27)
is shown:
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Figure 6.27: Confusion Matrix with prediction accuracies for each class with Target: Thioether Antioxidant

The averaged prediction score over all retained test measurements is 99.1%. A closer look into the
different classes shows, that 0.9 % of the test data are wrongly classified as without phenol and 0.08 %
as with phenol. The difference to 100 % is reasoned by rounding errors and the subgrouping for each
line, thus all percentages in every line of the specific “True Class” add up to 100 % in summary.
This answers the question if the model is able to differentiate between unaged tapes with and without
the phenolic antioxidant after its training without having this meta information for unknown
measurements of unaged materials.

6.2.2.3 Ageing groups (thermal, radiation, combined)
Another way to split the available data into groups is by putting the ageing mechanism as a target. To
this extent, the targets “thermal ageing”, including all three purely thermal ageing types, “radiation
ageing”, including all three purely radiation ageing types, and “combined”, only including the
combined ageing type, are summed up. To prevent certain ambiguities and due to the higher number
of samples only tapes are considered here.

The data basis contains 306,411 measurements with 1,201 features per measurement from 234
samples. Out of these, 61,283 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.28)
is shown:
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Figure 6.28: Confusion Matrix with prediction accuracies for each class with Target: Ageing Groups

The averaged prediction score over all retained test measurements is 82.6 %. A closer look into the
different classes shows that the unaged samples can be predicted with almost 100 %, the thermal aged
samples with 91 % and the radiation aged samples with 83 %. Because of the common ageing
characteristic in the terahertz data due to the mixed thermal and radiation ageing, many
ambiguities/similarities are visible by the blueish boxes around the combined ageing (4), which
therefore can be identified with a correctness of 53 % only. The high prediction possibility for the
unaged samples can be explained by their clear difference to the aged samples, no ageing processes
have yet taken place, and therefore these samples can easily be discerned from the aged ones. The
aged samples, on the other hand, undergo similar ageing processes, despite the fact they are aged
with different methods. Thus, the samples show some similarities in the measured THz-data as well,
which reduces the possibility of their correct prediction.
The difference to 100 % is reasoned by rounding errors and the subgrouping for each line, thus all
percentages in every line of the specific “True Class” add up to 100 % in summary.
This answers the question if the model is able to differentiate between the different ageing groups
after its training without having this meta information for unknown measurements.

6.2.2.4 Ageing types (0-7)
A more detailed look by classification regarding all seven different ageing types (see Table 6.6) is shown
in this chapter. To prevent certain ambiguities and due to the higher number of samples only tapes are
considered here. Due to the different and additional unknown influences by the different additives
during the ageing only material modification 1 without any additives inside is taken into account.

Public

Copyright TeaM Cables consortium

Page 45 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

Table 6.6: Sample identification - Ageing type

No.

Ageing Type

0

Unaged sample/Initial measurement

1

Thermal ageing at 87 °C

2

Thermal ageing at 110 °C

3

Thermal ageing at 130 °C

4

Combined radiation and thermal ageing, small dose rate

5

Radiation ageing, small dose rate

6

Radiation ageing, medium dose rate

7

Radiation ageing, high dose rate

The data basis contains 41,297 measurements with 1,201 features per measurement from 32 samples.
Out of these, 8,260 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.29)
is shown:

Figure 6.29: Confusion Matrix with prediction accuracies for each class with Target: Ageing Types

The averaged prediction score over all retained test measurements is 90.1 %. A closer look into the
different classes shows that the unaged samples can be predicted with 90 %. The thermal aged (ageing
no. 1, 2, 3) samples show many similarities for low thermal ageing at 87 °C (1) with a prediction score
of only 78 % whereby the medium (2) and high thermal aged samples (3) can be distinguished with
90 % and 97 %. The prediction of at 130 °C aged samples is the highest since these samples were
influenced the most by the temperature, often showing great signs of deterioration, which might be
easier to pick up with THz measurements, thus leading to a higher predictability. It is also apparent
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that the combined thermal and radiation aged samples share many similarities to the radiation aged
samples, which can point to a higher sensitivity to radiation aged samples than thermal aged samples
or the influence of the radiation could have been higher than the low temperature at 87 °C. The
samples aged by low dose rate can be identified with a probability of 92 % and the ones aged with
medium dose rate with a probability of 89 %. It is also notable that all samples aged by high dose rate
can be predicted with 100 %. All low prediction scores could be reasoned by similar ageing conditions,
therefore similar ageing behaviour of the materials and thus similar terahertz data. The difference to
100 % is reasoned by rounding errors and the subgrouping for each line, thus all percentages in every
line of the specific “True Class” add up to 100 % in summary.
This answers the question if the model is able to differentiate between the different ageing types after
its training without having this meta information for unknown measurements.

6.2.2.5 Dose rate
For the combined radiation and thermal ageing, as well as for the purely radiation ageing, a
classification into different dose rates will be shown here. In order to create several classes and for the
model unknown relation of dose rate to ageing, arbitrary limits are set to 0 kGy, 100 kGy and 400 kGy,
which results in three different classes between these limits. Due to the different and additional
unknown influences by the different additives during the ageing only material modification 1 without
any additives inside is taken into account.

The data basis contains 26,921 measurements with 1,201 features per measurement from 21 samples.
Out of these, 5,385 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.30)
is shown:

Figure 6.30: Confusion Matrix with prediction accuracies for each class with Target: Dose Rate

The averaged prediction score over all retained test measurements is 90.3 %. A closer look into the
different classes shows that the unaged samples were to 100 % correct distinguishable and predictable
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for the model. Between the medium and high dose rates are 14 % of the medium dose rate aged
samples wrongly classified as high dose rate and 6.4 % of the high dose rate aged samples wrongly
classified as medium dose rate aged samples. The difference to 100 % is reasoned by rounding errors
and the subgrouping for each line, thus all percentages in every line of the specific “True Class” add up
to 100 % in summary.

Due to the unknown limits for the classes, maybe there exist more useful limits to classify and might
lead to better results. An example with ten equally sized classes results in the following confusion
matrix (Figure 6.31):

Figure 6.31: Confusion Matrix with prediction accuracies for each class with Target: Dose Rate (more precise)

The averaged prediction score over all retained test measurements in this case is 97.1 % and hence a
much more precise distinction is possible. The difference to 100 % is reasoned by rounding errors and
the subgrouping for each line, thus all percentages in every line of the specific “True Class” add up to
100 % in summary.

This answers the question if the model is able to differentiate between the different dose rates the
material experienced during the ageing after its training without having this meta information for
unknown measurements.

6.2.2.6 Withdrawal
The five different withdrawal times, as well as the initial, unaged sample also allow a classification by
the model (see Table 6.7) regardless of the ageing type. To prevent certain ambiguities and due to the
higher number of samples, only tapes are considered here. Due to the different and additional
unknown influences by the different additives during the ageing, only material modification 1 without
any additives inside is taken into account.
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Table 6.7: Sample identification - withdrawal of sample

No.

Ageing Type

0

Unaged sample/Initial measurement

1

1st partial withdrawal

2

2nd partial withdrawal

3

3rd partial withdrawal

4

4th partial withdrawal

5

5th partial withdrawal

The data basis contains 41,297 measurements with 1,201 features per measurement from 32 samples.
Out of these, 8,260 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.32)
is shown:

Figure 6.32: Confusion Matrix with prediction accuracies for each class with Target: Withdrawal

The averaged prediction score over all retained test measurements is 90.1 %. A closer look into the
different classes shows that the unaged samples are 100 % distinguishable. All later withdrawals show
some similarities to other withdrawals, which can be reasoned by the fact that this analysis was
without the different ageing behaviours of the different ageing types in mind and therefore unknown
to the model during the training. The difference to 100 % is reasoned by rounding errors and the
subgrouping for each line, thus all percentages in every line of the specific „True Class“ add up to 100 %
in summary.
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This answers the question if the model is able to differentiate between the different withdrawals
regardless the ageing type after its training without having this meta information for unknown
measurements.

6.2.2.7 Material Modification
Lastly, the seven different material modifications can be used as targets as well (see Table 6.8). To
prevent certain ambiguities and because of the unknown number of additives in the later withdrawals
only unaged tapes were considered here.
Table 6.8: Sample identification - Sample material

No.

Ageing Type

1

Silane crosslinked PE

2

Silane crosslinked PE + 1 phr of phenolic antioxidant

3

Silane crosslinked PE + 1 phr of thioether antioxidant

4

Silane crosslinked PE + 1 phr of phenolic antioxidant + 1 phr of thioether antioxidant

5

Silane crosslinked PE + 25 phr ATH

6

Silane crosslinked PE + 50 phr ATH

7

Silane crosslinked PE + 50 phr ATH + 1 phr of phenolic antioxidant + 1 phr of thioether
antioxidant

The data basis contains 12,194 measurements with 1,201 features per measurement from 7 samples.
Out of these, 2,439 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.33)
is shown:
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Figure 6.33: Confusion Matrix with prediction accuracies for each class with Target: Material Modification

The averaged prediction score over all retained test measurements is 100 %. Also, a closer look into
the different classes shows that all material modifications can be distinguished with a probability of
100 %.

This answers the question if the model is able to differentiate between material modifications in
unaged tapes after its training without having this meta information for unknown measurements.

6.3 Modelling with data coming from macroscale tests
6.3.1 Macroscale tests overview
As written in preceding parts of this report, macroscale tests were performed on samples, including
tensile tests. To develop a multiscale model, the available data from the mechanical tests performed
by VTT were combined with the terahertz-data performed by IZFP. To facilitate this, three important
features were identified in the mechanical test data, these being the Elongation at break (EaB), the
Young’s modulus and the Yield Stress.
The mechanical tests were made with special formed dumbbell samples. These samples do also
represent all material modifications, ageing types and withdrawals and thus had the same ageing
experience as all other sample forms like tapes and sheets. In order to combine these different tests,
all dumbbells with a specific material modification, ageing type and withdrawal were assigned to the
specific tapes with the same aforementioned and corresponding parameters measured by the
terahertz device.
After combining the data of these two measuring methods, PCA and LDA were used in the same
manner as was the case for just the terahertz data.
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6.3.2 Developing the model
6.3.2.1 Elongation at Break
The elongation at break measurements were done for all kinds of samples, but to show an example
the authors chose tapes with material modification 1, all ageing types and all withdrawals to document
the results. The limits of the two classes were taken from several papers and defined with lower or
higher than 50 % [1].

The data basis contains 38,632 measurements with 1,201 features per measurement from 30 samples.
Out of these, 7,727 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.34)
is shown:

Figure 6.34: Confusion Matrix with prediction accuracies for each class with Target: Elongation at Break

The averaged prediction score over all retained test measurements is 91.8 %. A closer look into the
different classes shows that 9.9 % of the test data were classified as false negative, whereby 7 % were
classified false positive. The difference to 100 % is reasoned by rounding errors and the subgrouping
for each line, thus all percentages in every line of the specific „True Class“ add up to 100 % in summary.
This answers the questio, if the model is able to differentiate between samples with an Elongation at
Break lower or higher than the aforementioned 50 % after its training.

The remaining samples were also analysed and show the following averaged prediction scores (Table
6.9):
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Table 6.9: Average prediction scores for Elongation at Break with material modification 1-7

Material Modification No.

Averaged prediction score [%]

1

91.8

2

95.8

3

90.8

4

99.9

5

91.9

6

95.1

7

92.8

6.3.2.2 Young’s Modulus
The Young’s modulus measurements were done for all kinds of samples, but to show an example, the
authors chose tapes with material modification 1, all ageing types and all withdrawals to document
the results. Due to the lack of literature about meaningful limits of the Young’s modulus, these limits
were chosen arbitrarily to achieve 9 equally sized classes.

The data basis contains 38,632 measurements with 1,201 features per measurement from 30 samples.
Out of these, 7,727 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.35)
is shown:

Figure 6.35: Confusion Matrix with prediction accuracies for each class with Target: Young's Modulus
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The averaged prediction score over all retained test measurements is 88.5 %. A closer look into the
different classes shows that almost all classes were predicted with a probability over 95 %, except the
classes with the lowest Young’s modulus around 162 ± 20 with 45 % and the two classes with a Young’s
Modulus range around 283 ± 20 and around 400 ± 20, which are 85 % and 89 %. The difference to
100 % is reasoned by rounding errors and the subgrouping for each line, thus all percentages in every
line of the specific „True Class“ add up to 100 % in summary.

This answers the question if the model is able to differentiate between samples with a specific Young’s
modulus range after its training.

The remaining samples were also analysed and show the following averaged prediction scores (see
Table 6.10):

Table 6.10: Average prediction scores for Young’s Modulus with material modification 1-7

Material Modification No.

Averaged prediction score [%]

1

88.5

2

76.7

3

88.4

4

76.1

5

84.3

6

83.7

7

78.6

As can be seen in the table, the averaged prediction scores are quite low when compared to other
target methods. This means the Young’s Modulus is not an adequate target for the model. The reason
for the lower averaged prediction score might be the fact that the hardness of a sample increases with
ageing, but at the same time, brittleness sets in, which might lead to a more difficult measurement
and thus to higher errors. Another reason might be that there is not much correlation between the
Young’s Modulus and the THz-data. Something to keep in mind as well is that there was no
differentiation regarding ageing types with this type of the model, revisiting this issue in the future
might prove beneficial.

6.3.2.3 Yield Stress
The Yield Stress measurements were done for all kinds of samples, but to show an example the authors
chose tapes with material modification 1, all ageing types and all withdrawals to document the results.
Due to the lack of literature about meaningful limits of the Yield Stress, these limits were chosen
arbitrarily to achieve 9 equally sized classes.
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The data basis contains 38,632 measurements with 1,201 features per measurement from 30 samples.
Out of these, 7,727 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.36)
is shown:

Figure 6.36: Confusion Matrix with prediction accuracies for each class with Target: Yield Stress

The averaged prediction score over all retained test measurements is 90.1 %. A closer look into the
different classes shows that almost all classes are over 90 % and even 4 classes with 100 % true
prediction, but the class with a Yield Stress range between 11.6 – 13.0 shows a much lower prediction
score of 69 %. The reason could be suboptimal chosen limits for classifying. The difference to 100 % is
reasoned by rounding errors and the subgrouping for each line, thus all percentages in every line of
the specific „True Class“ add up to 100 % in summary.

This answers the question if the model is able to differentiate between samples with a specific Yield
Stress range after its training.

The remaining samples were also analysed and show the following averaged prediction scores (see
Table 6.11):

Public

Copyright TeaM Cables consortium

Page 55 / 59

TMC-D4.4-MULTISCALE_modelling_of_polymer_ageing.docx
TEAM CABLES – 755183

30/06/2021

Table 6.11: Average prediction scores for Yield Stress with material modification 1-7

Material Modification No.

Averaged prediction score [%]

1

90.1

2

73.6

3

89.0

4

81.1

5

83.2

6

84.8

7

78.7

As can be seen in the table, the averaged prediction scores are quite low when compared to other
target methods. This means the Yield Stress is not an adequate target for the model. The reason for
the lower averaged prediction score might be the fact that the hardness of a sample increases with
ageing, but at the same time, brittleness sets in, which might lead to a more difficult measurement
and thus, to higher errors. Another reason might be that there is not a lot of correlation between the
Yield Stress and the THz-data. Something to keep in mind as well is that there was no differentiation
regarding ageing types with this type of the model, revisiting this issue in the future might prove
beneficial.

6.4 Modelling with data coming from microscale test
6.4.1 Microscale tests overview
In addition to the macroscale tests, microscale tests were performed too. For the multiscale model
developed for this report, the chemical tests performed by ENSAM were considered. From these tests,
the values of OIT (oxidative induction time) and amount of carbonyl groups were of great interest,
since these values can describe the microscopic ageing processes inside the samples. At the time of
writing this report, only tape sample modifications without added antioxidant (material modifications
1, 5 and 6) were analysed regarding these values. Also, it was not possible to include the samples aged
at 130 °C into this model, since a great amount of those was destroyed during the ageing process. As
was the case for the modelling with data from macroscale tests, here, the target values from ENSAM
were combined with the measured terahertz data from IZFP. Then, PCA and LDA were used to analyse
the combined data and perform a classification.

6.4.2 Developing the model
6.4.2.1 Oxidative Induction Time
The Oxidative Induction Time (OIT) measurements were done by ENSAM for samples with material
modification 1, 5 and 6. The classification was made with two classes, one below 1 min OIT and one
above 1 min OIT, since this value is found in the literature as a limit for ageing. Samples with an OIT
below 1 min are considered as aged [2].
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The data basis contains 116,008 measurements with 1,201 features per measurement from 88
samples. Out of these, 23,202 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix (Figure 6.37)
is shown:

Figure 6.37: Confusion Matrix with prediction accuracies for each class with Target: Oxidative Induction Time

The averaged prediction score over all retained test measurements is 92.1 %. A closer look into the
different classes shows, that 18 % were classified as below 1 min. wrongly and 5.3 % were classified
wrong above 1min. This kind of low prediction probability can be reasoned by the low number of
different OIT values (15 unique values). The difference to 100 % is reasoned by rounding errors and
the subgrouping for each line, thus all percentages in every line of the specific „True Class“ add up to
100 % in summary.

This answers the question if the model is able to differentiate between samples with a specific
Oxidative Induction Time range after its training.

6.4.2.2 Carbonyl Groups
The measurements of carbonyl groups were done by ENSAM for samples with material modification
1, 5 and 6. The classification was made with three classes: The first class for samples with no carbonyl
groups at all, the second class with an amount of carbonyl groups between 0 and 1 and the third class
with more than 1 carbonyl groups. These limits were chosen arbitrarily by the authors based on the
value distribution over all samples.

The data basis contains 122,436 measurements with 1,201 features per measurement from 93
samples. Out of these, 24,488 (20 %) measurements were retained to validate the model in the end.

In order to visualize the (validation) results of the model, the following confusion matrix is shown:
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Figure 6.38: Confusion Matrix with prediction accuracies for each class with Target: Carbonyl Groups

The averaged prediction score over all retained test measurements is 91.4 %. A closer look into the
different classes shows that the first class can be predicted with 100 %, the second class with 5.3 %
wrongly as the class above 1 and only 66 % correctly for the class above 1, whereby the most wrong
classifying with 34 % is in the class within the range of 0 to 1. The difference to 100 % is reasoned by
rounding errors and the subgrouping for each line, thus all percentages in every line of the specific
„True Class“ add up to 100 % in summary.

This answers the question if the model is able to differentiate between samples with a specific amount
of carbonyl groups after its training.
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7 Conclusion
The presented Deliverable showed some of the most significant correlations among the different
properties related to insulation ageing.
In particular, the kinetic model formulated by ENSAM and described in D4.3, allowed the definition of
the concentration of degradation products due to ageing in the considered Silane-XLPE polymer. The
obtained concentrations were then used to investigate the impact of the linked species on the
macroscopical polymer behaviour.
It has been reported that degradation mechanisms deeply modify the macroscopical polymer
response, particularly the mechanical and electrical responses.
The molecular dynamics modelling (Chapter 4) permitted the prediction of the changes of XLPE
mechanical properties using the chain scission created during ageing. The results predicted changes in
Young’s modulus, yield point and strain stiffening that are in accordance with experiments. However,
predicting failure strain posed challenges due to time and size scale limitations of fully atomistic
modelling. Finite element modelling (Chapter 4) allowed predicting the EaB of the polymer filled with
ATH particles based on the ageing state of the matrix polymer. The failure of the composite materials
was successfully modelled using damage models, although EaB values were slightly overestimated in
the present results.
The modelling of the electrical response, presented in Chapter 5, related the concentration of
degradation species with the changes in molecular polarizability of the simulated polyethylene. For
this purpose, a new equation linking the microscopical response (polarizability) with macroscopical
one (permittivity) is proposed and used in the model. Modelling results well fit the experimental data,
claiming the effectiveness of the suggested equation.
The last Chapter exhibited a multivariate statistics-based model which aimed at correlating different
data coming from the microscale properties e.g., carbonyls and OIT, or macroscale ones e.g., EaB and
Young’s Modulus to terahertz data. Also, a similar model was built with data stemming from terahertz
measurements only. This model is able to predict, with great accuracy, the type of ageing a measured
sample experienced, and, in the case of radiation aged samples, it is also able to predict the dose rate
a sample was exposed to. A prediction of withdrawal time is possible as well, with good accuracy.
Regarding the multiscale model, it has been concluded that the elongation at break for the macroscale
tests and OIT for the microscale tests show the highest correlation to the terahertz data.
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