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Glossary
Abbreviation/ acronym

Description

ATR

Attenuated total reflection

DMTA

Dynamic mechanical thermal analysis

DSC

Differential scanning calorimetry

Ε

Complex permittivity

E

Elastic modulus

Ecl

Calculated elastic modulus

Em

Measured elastic modulus

E0

Polymer matrix modulus

EAB

Elongation at break

ε’’

Imaginary part of permittivity

FEM

Finite element model

FTIR

Fourier transformed infrared spectroscopy

IR

Infra-red

Mc

Molecular weight between cross-links

mgel

Dried gel mass

mi

Polymer initial mass

msw

Swollen gel mass

MD

Molecular dynamics

Ν

Concentration of effective chains

NDT

Non-destructive testing

OIT

Oxidative-induction-time

Ρ

Polymer density

ρamorphous

Amorphous state density

ρcrystalline

Crystalline state density

THz

Terahertz

µW

Microwave

Vc

Crystalline volume fraction

Xc

Crystallinity ratio

Xr

Cross-link’s density

XLPE

Crosslinked polyethylene

Φ

Volume fraction of fillers
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1 Executive Summary
Based on bibliographic studies, discussions with partners of WP5 being in charge of the development
of NDT, and on measurements carried out on unaged polymers in WP3, this deliverable reports models
and relations between the tested unaged polymers and data coming from non-destructive methods,
such as terahertz and dielectric measurements.
In Section 2 of this report, the initial structure of the different materials is presented in detail, resulting
from a study at three different pertinent scales (i.e. molecular, macromolecular and morphological
scales). The chemical composition is characterised by FTIR and UV-Vis spectrophotometries, but also
by OIT. The structure of the macromolecular network is determined by swelling tests and DMTA. The
crystalline morphology is characterised by DSC. Finally, the consequences on elastic properties is
evidenced by micro-indentation. At each scale, a peculiar attention is paid to the effect of antioxidants
and mineral fillers (tri-hydrated alumina). All these results are used by project partners to establish
correlations with the use properties of electrical cable insulations (in particular, with dielectric and
mechanical properties). In order to model mechanical properties of pure and filled polymers in the
unaged condition, Section 2 also reports the definition of the chosen mechanical behaviour law.
Section 3 presents the results of terahertz measurements on the unaged polymers. These
measurements are mainly sensitive to the permittivity of the irradiated material under test, and
different permittivities result in different measurement effects, such as absorption or time-of-flight
changes. The evaluated permittivities mainly serve as a calibration of the later-on determined
permittivities of aged samples. In case of the investigated unaged samples, an additional spectral
analysis of the terahertz measurement data shows specific absorption lines caused by different fillers
and additives inside the polymers, which interact with the electromagnetic waves. The understanding
between the polymer structure and the described effects on the terahertz measurements will lead to
a better understanding of the effects shown in the measurements of aged polymers, and why the age
correlates with data coming from terahertz measurements.
Section 4 reports the relation of the polymer structure with data coming from dielectric
measurements. In particular, a relation between AO, fillers and the imaginary part of the permittivity
is found for the differently filled specimens. New specimens coming from NEXANS allowed a better
regression line building and the results fit well the obtained equation.
In order to validate these models and relations, experimental data obtained in WP3 are compared and
reported in Section 5. Therefore, the report presents a detailed description of the multiscale models
and relations for unaged polymers.
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2 Multiscale description of unaged XLPE
(ENSAM)
Description of materials
The studied materials are described in the following table:
Name

Description

Mod1

Si-XLPE

Mod2

Si-XLPE stabilised with 1 phr of
Irganox 1076

Mod3

Si-XLPE stabilised with 1 phr of
Irganox PS802

Mod4

Si-XLPE stabilised with 1 phr of
Irganox 1076 + 1 phr of Irganox
PS802

Mod5

Si-XLPE filled with 25 phr of ATH

Mod6

Si-XLPE filled with 50 phr of ATH

Mod7

Si-XLPE filled with 50 phr of ATH
and stabilised with 1 phr of
Irganox 1076 + 1 phr of Irganox
PS802

Morphology

Tape of 0.5 mm thickness

FTIR spectroscopy
ENSAM performed FTIR spectroscopy using both Transmission and ATR mode on all the described
materials (the measurement protocols are reported in document D3.2).

2.2.1 Mod1
The FTIR spectra obtained for Mod1 (Si-XLPE), using both transmission mode and ATR mode, are
represented in Figure 1.
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b)

a)

Figure 1: FTIR spectra of Mod1-Tpe-UnA using: a) ATR mode, and b) Transmission mode

The material’s IR peaks observed are compiled in Table 1.
Table 1: FTIR peak attribution for Mod1-Tpe-UnA

Wavenumber (cm-1)
3695
2916
2848
1463
1379
1305
1191
1091
1000-1030
770-800
719

Attribution
Si-OH stretching
C-H stretching
CH2 bending
Bending of CH3 groups
C-CH3 bending
Si-OC stretching
Si-O-Si stretching
Si-C stretching
-(CH2)n- (n ≥ 4) rocking

2.2.2 Mod2
The FTIR spectra obtained for Mod2, using both transmission mode and ATR mode, are represented in
Figure 2.
a)

b)

Figure 2: FTIR spectra of Mod2-Tpe-UnA using: a) ATR mode, and b) Transmission mode
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In the following table, only the additional peaks (compared to Mod1) are compiled.
Table 2: FTIR peak attribution for Mod2-Tpe-UnA

Wavenumber (cm-1)
3640
2950
1730-1740
1000-1300
870

Attribution
O-H stretching (phenol)
C-H stretching (aromatic)
C=O stretching (ester)
C-O stretching (ester)
=C-H stretching (aromatic)

2.2.3 Mod3
The FTIR spectra obtained for Mod3, using both transmission mode and ATR mode, are represented in
Figure 3.

a)

b)

Figure 3: FTIR spectra of Mod3-Tpe-UnA using: a) ATR mode, and b) Transmission mode

In the following table, only the additional peaks (compared to Mod1) are compiled.
Table 3: FTIR peak attribution for Mod3-Tpe-UnA

Wavenumber (cm-1)
1730-1740
1000-1300

Attribution
C=O stretching (ester)
C-O stretching (ester)

2.2.4 Mod4
The FTIR spectra obtained for Mod4, using both transmission mode and ATR FTIR, are represented in
Figure 4.
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a)

b)

Figure 4: FTIR spectra of Mod4-Tpe-UnA using: a) ATR mode, and b) Transmission mode

In the following table, only the additional peaks (compared to Mod1) are compiled.
Table 4: FTIR peak attribution for Mod4-Tpe-UnA

Wavenumber (cm-1)
3640
2950
1730-1740
1000-1300
870

Attribution
O-H stretching (phenol)
C-H stretching (aromatic)
C=O stretching (ester)
C-O stretching (ester)
=C-H stretching (aromatic)

2.2.5 Mod5
The FTIR spectrum obtained for Mod5 using ATR mode is represented in Figure 5.

Figure 5: FTIR spectrum of Mod5-Tpe-UnA using ATR mode

In the following table, only the additional peaks (compared to Mod1) are compiled.
Table 5: FTIR peak attribution for Mod5-Tpe-UnA

Wavenumber (cm-1)
3620

Public

Attribution
O-H stretching of Al(OH)3
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3525
3440
3370
1000
500-900

Al-O stretching

2.2.6 Mod6
The FTIR spectrum obtained for Mod6 using ATR mode is represented in Figure 6.

Figure 6: FTIR spectrum of Mod6-Tpe-UnA using ATR mode

In the following table, only the additional peaks (compared to Mod1) are compiled.
Table 6: FTIR peak attribution for Mod6-Tpe-UnA

Wavenumber (cm-1)
3620
3525
3440
3370
1000
500-900

Attribution
O-H stretching of Al(OH)3

Al-O stretching

2.2.7 Mod7
The FTIR spectrum obtained for Mod7 using ATR mode is represented in Figure 7.
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Figure 7: FTIR spectrum of Mod7-Tpe-UnA using ATR mode

In the following table, only the additional peaks (compared to Mod1) are compiled.
Table 7: FTIR peak attribution for Mod7-Tpe-UnA

Wavenumber (cm-1)
3640
3620
3525
3440
3370
2950
1730-1740
1000-1300
1000
500-900

Attribution
O-H stretching (phenol)
O-H stretching of Al(OH)3
C-H stretching (aromatic)
C=O stretching (ester)
C-O stretching (ester)
Al-O stretching

UV spectroscopy
ENSAM performed UV spectroscopy using Transmission mode, on all unfilled materials (the
measurement protocols are reported in the document D3.2).
The UV spectra obtained for these materials are represented in Figure 8.
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Figure 8: UV spectra obtained for unaged unfilled samples

As shown on the spectra, a large band can be observed for Mod2 and Mod4 between 250 nm and 300
nm, which is associated to the phenol band of Irganox 1076. In case of Mod4, two distinct peaks can
be identified, at 275 nm and 283 nm. However, in case of Mod2, the band seems to saturate.

OIT measurement
ENSAM performed OIT measurement on all studied materials (the measurement protocols are
reported in the document D3.2).

2.4.1 Mod1
For Mod1, OIT measurements were performed at 190 °C, 200 °C, 210 °C, and 220 °C. In Figure 9, an
overlay of OIT curves obtained for each temperature is represented.

Figure 9: Overlay of OIT curves obtained for Mod1-Tpe-UnA (from 190 °C to 220 °C)
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The average value of OIT for each temperature is given in the following table.
Table 8: OIT results for Mod1-Tpe-UnA

Temperature (°C)
190
200
210
220

OIT (min)
39 ± 3
13 ± 1
4±1
2±1

OIT values obtained can be plotted in an Arrhenius graph (ln(OIT)=f(1/T)). For Mod1, OIT seems to obey
to Arrhenius law between 190 °C and 220 °C. It is possible to determine activation energy by using the
following equation:

𝐥𝐧(𝐎𝐈𝐓) = 𝐥𝐧(𝐎𝐈𝐓𝟎 ) +

𝐄𝐚
𝐑𝐓

Where OIT0 is a pre-exponential factor (same unit than OIT), Ea the activation energy (J.mol-1), R the
perfect gas constant (8.314 J.mol-1.K-1), and T the temperature (K).
On Figure 10 is represented the Arrhenius plot obtained from OIT measurement on Mod1 in the
temperature range of 190 °C to 220 °C.

Figure 10: Arrhenius plot obtained from OIT measurements of Mod1-Tpe (unaged) between 190 °C and 220 °C

The Arrhenius parameters obtained from OIT measurement on Mod1-Tpe-UnA in the temperature
range of 190 °C to 220 °C are the followings:
Ea = 191 ± 3 kJ.mol-1
Ln(OIT0) = - 42 ± 1 s

2.4.2 Impact of antioxidants on OIT
OIT values obtained for Mod1, Mod2, Mod3 and Mod4 at the different studied temperatures are
compiled in the following table.
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Table 9: OIT results for Mod1, Mod2, Mod3 and Mod4

Temperature (°C)
190
200
210
220
230
240

Mod1
39 ± 3
13 ± 1
4±1
2±1
N/A
N/A

OIT (min)
Mod2
Mod3
643 ± 1
309 ± 54
242 ± 6
69 ± 8
93 ± 9
14 ± 3
36 ± 4
5±1
14 ± 1
N/A
N/A
N/A

Mod4
N/A
N/A
426 ± 54
153 ± 14
48 ± 14
9±2

For a same temperature, OIT measured for Mod2, Mod3 and Mod4 are higher than for Mod1. This is
consistent with the fact that antioxidants are incorporated in polymer to slow down the oxidation
process, and thus increase the OIT.
Model 4 is the material containing the combination of both antioxidants (1 phr of Irganox 1076 + 1 phr
of Irganox PS802). As it can be observed, for a same temperature, OIT obtained for Mod4 is always
higher than the sum of OIT of Mod1 (XLPE without further addition of antioxidant), Mod2 (Mod1 + 1
phr of Irganox 1076) and Mod3 (Mod1 + 1 phr of Irganox PS802). This higher OIT observed for Mod4
compared to the sum of the other materials is a sign of a synergic effect of the two antioxidants
(phenolic + sulphur).
On Figure 11, the Arrhenius plots obtained from OIT measurements for these different materials
(Mod1, Mod2, Mod3 and Mod4) are represented in the temperature range of 190 °C to 240 °C.

Figure 11: Arrhenius plots obtained from OIT measurements of the different stabilized materials

The resulting Arrhenius parameters obtained are compiled in the following table.
Table 10: Arrhenius parameters obtained from OIT measurements for Mod1, Mod2, Mod3 and Mod4

Material
Mod1
Mod2
Mod3
Mod4
Public

Ea (kJ.mol-1)
191 ± 3
185 ± 2
270 ± 7
259 ± 14
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Ln(OIT0) (s)
- 42 ± 1
- 37 ± 1
- 60 ± 2
- 54 ± 4
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Concerning Arrhenius parameters, it can be observed that activation energy of Mod3 (XLPE stabilised
with Irganox PS802) is higher than the one of Mod2 (XLPE stabilised with Irganox 1076). This difference
is due to the fact that thioether antioxidants (such as Irganox PS802) are generally more efficient at
high temperatures, while phenolic antioxidants (such as Irganox 1076) are more efficient at low to
moderate temperatures [1].

2.4.3 Impact of fillers on OIT
OIT values obtained for Mod1, Mod5 and Mod6 at the different studied temperatures are compiled in
the following table.
Table 11: OIT results for Mod1, Mod5 and Mod6

Temperature (°C)
185
190
195
200
205
210

Mod1
N/A
39 ± 3
N/A
13 ± 3
N/A
4±1

OIT (min)
Mod5
124 ± 15
92 ± 41
57 ± 18
29 ± 11
N/A
12 ± 7

Mod6
75 ± 7
47 ± 2
N/A
17 ± 1
10 ± 1
6±1

For a same temperature, OIT value of ATH-filled materials seems a bit higher than the one of Mod1
(unfilled). However, it is also to notice than the standard deviations of OIT values for ATH-filled
materials, especially for Mod5 (Mod1 + 25 phr of ATH), are significantly higher than the ones for the
unfilled material.
On Figure 12, the Arrhenius plots obtained from OIT measurements for these different materials
(Mod1, Mod2, Mod3 and Mod4) are represented in the temperature range of 185 °C to 210 °C.

Figure 12: Arrhenius plots obtained from OIT measurements of the different ATH-filled materials

The resulting Arrhenius parameters obtained are compiled in the following table.
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Table 12: Arrhenius parameters obtained from OIT measurements for Mod1, Mod5 and Mod6

Ea (kJ.mol-1)
191 ± 3
185 ± 17
185 ± 3

Material
Mod1
Mod5
Mod6

Ln(OIT0) (s)
- 42 ± 1
- 39 ± 4
- 40 ± 1

Concerning Arrhenius parameters, it can be observed that activation energy of unfilled (Mod1) and
filled materials (Mod5 and Mod6) are not significantly different.

2.4.4 Impact of fillers on OIT for stabilised materials
Table 13: OIT results for Mod4 and Mod7

Temperature (°C)
210
220
230
240

OIT (min)
Mod4
426 ± 54
153 ± 14
48 ± 14
9±2

Mod7
227 ± 2
61 ± 1
16 ± 1
6±1

For a same temperature, OIT value of ATH-filled stabilised material (Mod7) is lower than the one of
unfilled stabilised material (Mod4). This difference of OIT could be due to interactions between ATH
fillers and antioxidants.
On Figure 13, the Arrhenius plots obtained from OIT measurements for Mod4 and Mod7 are
represented in the temperature range of 210 °C to 240 °C.

Figure 13: Arrhenius plots obtained from OIT measurements of Mod4 and Mod7

The resulting Arrhenius parameters obtained are compiled in the following table.
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Table 14: Arrhenius parameters obtained from OIT measurements for Mod4 and Mod7

Ea (kJ.mol-1)
259 ± 14
256 ± 4

Material
Mod4
Mod7

Ln(OIT0) (s)
- 54 ± 4
- 54 ± 1

Concerning Arrhenius parameters, it can be observed that activation energy of unfilled (Mod4) and
filled material (Mod7) are not significantly different.

Swelling tests
Swelling measurements provide information on the polymer network, as the extent of swelling is
related to the affinity between the solvent and the polymer, but also to the concentration and the
molecular weight of elastically active chains (i.e. chains participating to the network).
ENSAM performed swelling tests on all studied materials (the measurement protocols are reported in
the document D3.2).
The following table summarises the results obtained on unaged materials:
Table 15: Swelling tests results of each studied material

Materials

Initial mass

Swollen gel
mass

Dried gel
mass

[effective
chains]

Cross-link
density

νr (mol/l)

Molecular
weight between
crosslinks Mc
(g/mol)

msw (mg)

mgel (mg)

mi (mg)

Xr (mol/g)

Mod1

26 ± 2

105 ± 13

19 ± 2

0.1 ± 0.02

7300 ± 900

6.8 x 10-5

Mod2

34 ± 5

126 ± 25

25 ± 4

0.24 ± 0.2

3400 ± 650

14.7 x 10-5

Mod3

30 ± 2

99 ± 24

21 ± 1

0.25 ± 0.2

3200 ± 400

15.6 x 10-5

Mod4

31 ± 2

89 ± 31

22 ± 2

0.35 ± 0.3

2300 ± 500

21.7 x 10-5

Mod5

35 ± 7

95 ± 16

25 ± 6

0.2 ± 0.02

4000 ± 600

12.5 x 10-5

Mod6

33 ± 1

86 ± 10

26 ± 1

0.23 ± 0.05

3500 ± 500

14.3 x 10-5

Mod7

41 ± 3

114 ± 14

31 ± 2

0.21 ± 0.1

3800 ± 500

13.2 x 10-5

It can be seen that the cross-link density of unaged materials is approximatively the same for model 2,
model 3, model 5, model 6 and model 7.
 Regarding model 1 (pure Si-XLPE), the crosslinking density is lower.
This can be explained by the premature degradation of the material either during processing or during
swelling tests experiment (as a reminder, the solvent temperature during the tests is  130 °C).
FTIR spectrophotometry confirms this assumption. Indeed, Figure 14 shows the infrared spectrum of
an unaged sample of model 1. A small absorption band can be observed around 1715 cm-1. This latter
is attributed to the formation of carbonyl species (carboxylic acids, ketones …) due to oxidation.
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Figure 14: Infrared spectrum in transmission mode of an unaged sample of mod1

DSC
DSC experiment measures the difference in heat flow (in mW) between a sample and an inert
reference during an imposed thermal change, under a controlled atmosphere. Thus, DSC analysis gives
qualitative and quantitative information on physical and chemical transformations involving heat
exchange or variation of heat capacity.
ENSAM performed DSC analyses on all studied materials (the measurement protocols are reported in
the document D3.2).
The following mixture law was used to calculate the crystalline volume fraction Vc:

𝛒 = ρamorphous (1 - Vcrystalline) + ρcrystalline x Vcrystalline
where ρ is the density of the polymer. It has been measured on the studied samples. The results are
shown in Table 16. amorphous is the density of the material in rubbery state (amorphous = 0.860 g/cm3).

After having performed the appropriate transformation, it can be shown that Vc can be finally
estimated with the following equation:
Xc =

𝛒𝐜𝐫𝐲𝐬𝐭𝐚𝐥𝐥𝐢𝐧𝐞
𝝆

x Vcrystalline

where Xc is the crystalline ratio (i.e. the crystalline mass fraction) measured by DSC.
Table 16: Density of unaged materials

Materials

Density ρ (g/cm3)

Mod1
Mod2
Mod3

0.912

Mod4
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Mod5

1.045

Mod6

1.138

Mod7

All the results of the DSC analysis on unaged materials are summarised in Table 17.
Table 17: Melting temperature, enthalpy of fusion and crystallinity ratio for each studied material

Materials

Melting
temperature

Enthalpy of
fusion

Crystallinity
ratio

Crystalline
volume fraction

Tm (°C)

ΔH (J/g)

Xc (%)

Vc (%)

Mod1

114.3 ± 0.3

124.7 ± 4

43 ± 1.3

38.7 ± 1.3

Mod2

113.8 ± 0.67

124.9 ± 2.7

43.1 ± 1

38.8 ± 1

Mod3

114.1 ± 0.06

126.3 ± 0.4

43.6 ± 0.1

39.2 ± 0.1

Mod4

114.1 ± 0.3

124.6 ± 1.3

43 ± 0.4

38.7 ± 0.4

Mod5

114.7 ± 0.5

124.9 ± 1.2

43.1 ± 0.4

/

Mod6

115.3 ± 0.3

126.2 ± 2

43.5 ± 0.7

/

Mod7

118.6 ± 0.4

134.3 ± 5.6

46.3 ± 2

/

It can be seen that the value of Xc measured by DSC does not vary for all materials except for mod 7,
which contains the 2 antioxidants and 50 phr of ATH. This variation cannot be explained at this time.

Micro-indentation
ENSAM performed micro-indentation experiments on all studied materials (the measurement
protocols are reported in the document D3.2).
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The results of the micro-indentation experiments carried on unaged samples are showed in Figure 15.

Figure 15: Profiles of elastic modulus in the sample thickness

The values of the elastic modulus are uniform in the thickness of the material.
For unfilled materials (mod1, mod2, mod3 and mod4), the average modulus is about 260 MPa. It hardly
varies from one material to another.
By comparing filled materials (mod5, mod6, mod7) with unfilled ones, the average elastic modulus is
higher, which is quite normal because the ATH improves the mechanical properties. In addition to this,
the elastic modulus for mod6 and mod7 (i.e. Si-XLPE + 50 phr ATH and Si-XLPE + Irganox 1076 + Irganox
PS806 + 50 phr ATH respectively) is higher than for mod5 (Si-XLPE + 25 phr ATH).

2.7.1 Unfilled materials:
Experimental results are summarised in Table 18.
Table 18: Average elastic modulus of unfilled materials

Average measured elastic modulus
Crystalline volume
fraction

Em(MPa)

Materials
ENSAM (microindentation)

VTT (uniaxial
tensile testing)

Ratio
ENSAM/VTT

Vc (%)

Mod1

263 ± 3

149 ± 25

1.8

38.7 ± 1.3

Mod2

258 ± 2

201 ± 27

Mod3

260 ± 1

230 ± 11

Mod4

257 ± 2

211 ± 4

Public

38.8 ± 1
1.2 ± 0.1
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The values of the elastic modulus of unfilled materials (without ATH) are very close to each other.
In the literature, Bedoui et al [2] characterised the macroscopic elastic behaviour of PE by uniaxial
tensile testing and tried to correlate the values of elastic modulus with crystallinity ratio (measured by
densimetry). These results are represented in Figure 16. ENSAM and VTT’s results have been
superimposed on this figure.

Figure 16: Changes in the elastic modulus with crystalline volume fraction. Comparison of the results of uniaxial tensile testing
from Bedoui et al. ( ) and VTT ( ) from results of micro-indentation from ENSAM ( ).

According to this figure, the shape of the curve (elastic modulus as a function of the crystalline volume
fraction) for a PE material is not linear.
For a Vc = 43.5%, Bedoui et al. measured by uniaxial traction an elastic modulus of 230 MPa. VTT
obtained, by uniaxial traction too, a value that varies from 149 to 230 MPa (from mod1 to mod4) for a
crystalline volume fraction of 38 %. By micro-indentation, ENSAM obtained a value that varies from
257 to 263 MPa for a crystalline volume fraction of 38%.
As observed for other types of polymers, the value obtained by micro-indentation is of the same order
of magnitude, but slightly higher. The various causes likely to explain this small difference have been
studied for example in the thesis of M. Pecora [3]. Thereafter, a corrective factor of 1.2 will be applied
on the values determined by micro-indentation to estimate the local value of the elastic modulus.
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The corrected elastic modulus values obtained by ENSAM using micro-indentation are represented in
Figure 17.

Figure 17: Changes in the elastic modulus with crystalline volume fraction. Correction of values
determined from ENSAM.

2.7.2 Filled materials:
Experimental results are summarised in Table 19.
Table 19: Average measured elastic modulus of filled materials

Average measured elastic modulus
Em(MPa)

Materials

Mod1

Unfilled material

Mod5
Mod6
Mod7

Filled
materials

25
phr
50
phr

ENSAM (microindentation)

VTT (uniaxial
tensile testing)

Ratio
ENSAM/VTT

263 ± 3

198 ± 14

1.2 ± 0.08

370 ± 4

203 ± 12

1.8

405 ± 8

305 ± 25

409 ± 10

356 ± 15

1.2 ± 0.1

The incorporation of fillers into the material has led to an increase in their mechanical properties, in
particular in their elastic modulus. This can be clearly observed when increasing the amount of fillers
from 0 to 25 phr, then from 25 phr to 50 phr.
The elastic modulus of filled materials obtained experimentally can be compared with a theoretical
value calculated from the Smallwood’s relationship [4]:
E = E0 (1 + 2.5 φv)
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Where E0 is the modulus of the unfilled polymer (E0 = 260 MPa) and φv is the volume fraction of fillers.
This latter is calculated with the following equation:
φv = (ρcomposite/ρATH) x φm
φm is the mass fraction of the fillers and ρcomposite is the density of the filled materials (measured by
ENSAM, see Table 20), and ρATH is the density of the filler (ρATH = 2.42 g/cm3).
Table 20: Elastic modulus of the filled materials

Measured elastic modulus
Materials

Mod2,3,4

Unfilled material

Mod5
Mod6
Mod7

Filled
materials

Volume fraction
of ATH

Em(MPa)

25
phr
50
phr

ENSAM
(Corrected)

VTT (uniaxial
traction)

ENSAM/VTT

φv (%)

218 ± 3

198 ± 14

1.2 ± 0.1

0

309 ± 4

203 ± 12

1.8

8.6

338 ± 8

305 ± 25
1.2 ± 0.1

15.5

341 ± 10

356 ± 15

Figure 18: Elastic modulus as a function of the filler volume fraction. Comparison with the Smallwood’s
approximation.

The corrected values (factor 1.2) of elastic modulus determined by micro-indentation by ENSAM
overlap with VTT’s values for unfilled (mod2, mod3, mod4) and filled materials with 50 phr of ATH
(mod6 and mod7). The values of model 1 (pure XLPE) and model 5 (filled with 25 phr of ATH) measured
by VTT and ENSAM seem to be different despite the correction.
As it is shown in the Figure 18, The Smallwood’s model underestimated the fillers effects for 50 phr. In
fact, it considers solely the interactions between filler particles and polymer chains. This is true for low
contents of fillers, when fillers are totally dispersed in the polymer matrix, i.e. when the interactions
between fillers are negligible.
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However, for high contents of fillers, in addition to fillers-matrix interactions, there may be interactions
between fillers (aggregates). To consider these interactions, Guth and Gold [5] proposed a power series
model in which, for instance, the second power term considers the interaction effects between two
particles:
E = E0 (1 + 2.5 φv + 14.1 φv2)
These different factors have been determined for spherical particles and the model was validated for
rubbers reinforced with carbon blacks.

Figure 19: Elastic modulus as a function of the filler volume fraction. Comparison with the Guth and Gold’s
approximation.

It can be shown in Figure 19 that the Guth and Gold’s model overestimates the reinforcement effects
for 50 phr. These two models seem to give the possibility of estimating the lower and upper boundaries
of the elastic modulus (taking into account the experimental scattering).

Conclusion
The multi-scale analysis highlights the need to take into account, in the modelling of the chemical
evolution of the material :
-

the nature of the antioxidant,
the effect of the fillers on the effectiveness of the antioxidants,
the synergy between antioxidants.

All these results can be now used by project partners to establish correlations with the use properties
of electrical cable insulations (in particular, with dielectric and mechanical properties).
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3 Relation of the polymer structure with
terahertz data (IZFP)
Introductory notes
The results of the presented terahertz measurements serve as a starting point to investigate the
influence of thermal aging and irradiation on the evaluated permittivities and, thereby, as a calibration
for the determined permittivities of the aged samples.
The specimens tested for this purpose are listed below with the corresponding notations. In the
following evaluation, reference is made to the specimens by their notation.
Table 21: Notation of the specimens tested with terahertz time-domain spectroscopy

Notation
Mod1-Tpe

Material
Silane XLPE

Mod1-Sht
Mod2-Tpe
Mod2-Sht
Mod3-Tpe
Mod3-Sht
Mod4-Tpe
Mod4-Sht
Mod5-Tpe

Silane XLPE + 1phr of a
phenolic antioxidant

Tape

Silane XLPE + 1phr of a
thioether antioxidant

Tape

Silane XLPE + 1phr of a
phenolic antioxidant + 1phr of
a thioether antioxidant

Tape

Silane XLPE + 25phr of ATH

Tape

Mod7-Sht

Sheet

Sheet

Sheet

Sheet
Silane XLPE + 50phr of ATH

Mod6-Sht
Mod7-Tpe

Tape
Sheet

Mod5-Sht
Mod6-Tpe

Morphology

Tape
Sheet

Silane XLPE + 50phr of ATH +
1phr of a phenolic antioxidant
+ 1phr of a thioether
antioxidant

Tape
Sheet

Terahertz time-domain spectroscopy results
The specimens were measured in transmission as well as reflection mode by a terahertz time-domain
spectroscope. In these tests, it is assumed that the sheets as well as the tapes are homogenous.
Therefore, the evaluation of the specimens was performed by averaging the individual features over
the entire specimen surface. The features specimen thickness and delay of the electromagnetic wave’s
time of flight allow conclusions about their permittivity. The following formulas show the relationship
between these features and the permittivity for the individual measuring modes.
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Figure 20: Equations for calculating the permittivity in transmission mode (top) and reflection mode (bottom)

3.2.1 Calculated permittivities in transmission mode
The calculated permittivities for the unaged tapes and sheets measured in transmission mode are
shown in Figure 21: and Figure 22:.
3
2,8
2,6
2,4
2,2
2
1,8
1,6
1,4
1,2
1
Mod1-Sht

Mod2-Sht

Mod3-Sht

Mod4-Sht

Mod5-Sht

Mod6-Sht

Mod7-Sht

Figure 21: Calculated permittivity ε for the sheets in different modifications measured in transmission mode. The thick line is
the average of all measurements of this specimen and the whisker shows the standard deviation of the measurements.
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2,6
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2,2
2
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1,6
1,4
1,2
1
Mod1-Tpe Mod2-Tpe Mod3-Tpe Mod4-Tpe Mod5-Tpe Mod6-Tpe Mod7-Tpe
Figure 22: Calculated permittivity ε for the tapes in different modifications measured in transmission mode. The thick line is
the average of all measurements of this specimen and the whisker shows the standard deviation of the measurements.

3.2.2 Calculated permittivities in reflection mode
The calculated permittivities for the unaged tapes measured in reflection mode are shown in Figure
23: and Figure 24:.
3
2,8
2,6
2,4
2,2
2
1,8
1,6
1,4
1,2
1
Mod1-Sht

Mod2-Sht

Mod3-Sht

Mod4-Sht

Mod5-Sht

Mod6-Sht

Mod7-Sht

Figure 23: Calculated permittivity ε for the sheets in different modifications measured in reflection mode. The thick line is the
average of all measurements of this specimen and the whisker shows the standard deviation of the measurements.
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1,6
1,4
1,2
1
Mod1-Tpe Mod2-Tpe Mod3-Tpe Mod4-Tpe Mod5-Tpe Mod6-Tpe Mod7-Tpe
Figure 24: Calculated permittivity ε for the tapes in different modifications measured in reflection mode. The thick line is the
average of all measurements of this specimen and the whisker shows the standard deviation of the measurements.

3.2.3 Comparison of permittivities of tapes and sheets
The measured tapes and sheets are made of the same polymer and differ only in form and size. Ideally,
the form of the polymer should not influence the characterisation of the material. Therefore, it is useful
to compare the measurement results of tapes and sheets in transmission and reflection mode with
regard to the different forms. The comparison of the calculated permittivities is shown in Figure 25:
and Figure 26:.

3
2,8
2,6
2,4
2,2
2
1,8
1,6
1,4
1,2
1
Mod1

Mod2

Mod3

Mod4
tape

Mod5

Mod6

Mod7

sheet

Figure 25: Calculated permittivity ε for the tapes and sheets in different modifications measured in transmission mode. The
thick line is the average of all measurements of this specimen and the whisker shows the standard deviation of the
measurements.
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Figure 26: Calculated permittivity ε for the tapes and sheets in different modifications measured in reflection mode. The
thick line is the average of all measurements of this specimen and the whisker shows the standard deviation of the
measurements.

The differences in the calculated permittivities are notable. Except for the measurement results of the
specimens Mod2, Mod3 and Mod4 in transmission, the calculated permittivities differ significantly.
However, similar trends are remarkable. The addition of ATH causes an increase in the permittivity for
the tapes and sheets measured in transmission mode (Mod1 does not contain ATH, Mod5 contains
+25phr of ATH and Mod6 contains +50phr of ATH).

3.2.4 Comparison of permittivities in reflection and transmission mode
Ideally, the calculated permittivities from measurements in reflection and transmission mode do not
differ significantly. However, one has to take into account that using transmission mode, the waves
propagate only once through the medium whereas using reflection mode, the wave spreads twice
through the medium. Thus, terahertz parameters evaluated in reflection mode are more sensitive to
changes in the medium. In addition, the reflection mode measurement process is more realistic with
regard to an on-site application. For this reason, these two measuring modes are compared to each
other (see Figure 27: and Figure 28:). As expected, comparison of the calculated permittivities reveal
some differences.
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1,6
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Mod3-Sht

Mod4-Sht

transmission

Mod5-Sht

Mod6-Sht

Mod7-Sht

reflection

Figure 27: Calculated permittivity ε for the sheets in different modifications measured in transmission and reflection mode.
The thick line is the average of all measurements of this specimen and the whisker shows the standard deviation of the
measurements.
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2,8
2,6
2,4
2,2
2
1,8
1,6
1,4
1,2
1
Mod1-Tpe Mod2-Tpe Mod3-Tpe Mod4-Tpe Mod5-Tpe Mod6-Tpe Mod7-Tpe
transmission

reflection

Figure 28: Calculated permittivity ε for the tapes in different modifications measured in transmission and reflection mode.
The thick line is the average of all measurements of this specimen and the whisker shows the standard deviation of the
measurements.

The differences regarding the evaluated permittivities in transmission and reflection mode,
respectively, are caused by the instability of the calculation for thin samples and the smaller thickness
of the tapes in comparison to the sheets (1mm thickness of the sheets, 0.5mm thickness of the tapes).
The thicker the specimens are, the more the electromagnetic wave interacts with the material and the
more precise the calculation is. This is shown by the measurements in transmission mode. Overall, the
calculated permittivities as well as the standard deviation of the measurement results in transmission
mode are comparable.
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Despite the differences, conclusions can be drawn about the polymer structure. The addition of
antioxidants as well as the addition of ATH has an influence on the permittivity of the measured
polymers.
Furthermore, the tapes show a certain waviness and are not as flat as the sheets are. This waviness
invokes that the electromagnetic wave incides not always perpendicular into the materials which, in
turn, leads to an inaccuracy for the measurements in reflection mode as significant parts of the
electromagnetic wave are scattered. Therefore, a comparison of the results determined in
transmission and reflection mode is difficult.
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4 Relation of the polymer structure with
dielectric measurements data (UNIBO)
Available filled materials
NEXANS provided ENSAM and UNIBO new materials with different concentrations of antioxidants, in
order to obtain a more reliable modelling with fillers.
Materials properties and concentration are reported in the following:

Material

Concentration of fillers

Morphology

Silane XLPE (Mod1)

0 phr

Tape

Silane XLPE + Irganox 1076

0.3 and 0.6 phr

Sheet

Silane XLPE + Irganox 1076

1 phr (theoretical)

Tape

Silane XLPE + Irganox P802

0.3 and 0.6 phr

Sheet

Silane XLPE + Irganox P802

1 phr (theoretical)

Tape

Silane XLPE + ATH

25 and 50 phr (theoretical)

Tape

Dielectric spectroscopy results
UNIBO tested these specimens through the dielectric spectroscopy technique (Measurement protocol
reported in D2.1), and obtaining the following results:

4.2.1 Irganox 1076

Figure 29: Imaginary part of permittivity of Irganox 1076-filled specimens
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4.2.2 Irganox PS802

Figure 30: Imaginary part of permittivity of Irganox 1076-filled specimens

4.2.3 Flame-retardants (ATH)

Figure 31: Imaginary part of permittivity of ATH-filled specimens

The imaginary part of permittivity trend shows an increase of the loss factor (ε’’) with the raising of
the concentration of fillers for all the fillers analysed.

Modelling of unaged filled specimens
Since the antioxidants and flame retardants here considered are dipolar molecules, their electrical
response is placed in the highest frequency range tested. As reported in literature [6-7], 100 kHz shows
to be representative of this frequency range.
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Hence, UNIBO plotted the imaginary part of permittivity at 100 kHz versus the concentration of fillers
(phr, mol/L and absorbance peak height) coming from the tests conducted by ENSAM.

4.3.1 Irganox 1076

Imaginary part of permittivity @100 kHz

0.1

0.01

0.001
0.0

0.2

0.4

0.6

0.8

1.0

1.2

[Irganox 1076] (phr)

Figure 32: Imaginary part of permittivity of Irganox 1076-filled specimens versus their the theoretical phr concentration

Imaginary part of permittivity @100 kHz
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Figure 33: Imaginary part of permittivity of Irganox 1076-filled specimens versus the measured concentration in mol/L
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Imaginary part of permittivity @100 kHz
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Figure 34: Imaginary part of permittivity of Irganox 1076-filled specimens versus the measured absorbance peak height

These results exhibit a good correlation between the imaginary part of permittivity and the chemical
measurements. In particular, the ε’’ value at 100 kHz shows to be consistent with the absolute
concentration of fillers (in phr and mol/L), while the correlation with the absorbance peak height is
weaker.

4.3.2 Irganox PS802

Imaginary part of permittivity @100 kHz

0.1

0.01

0.001
0.0

0.2

0.4

0.6

0.8

1.0

1.2

[Irganox PS802] (phr)

Figure 35: Imaginary part of permittivity of Irganox PS802-filled specimens versus their the theoretical phr concentration
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Imaginary part of permittivity @ 100 kHz
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Figure 36: Imaginary part of permittivity of Irganox PS802-filled specimens versus the measured concentration in mol/L
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Figure 37: Imaginary part of permittivity of Irganox PS802-filled specimens versus the measured absorbance peak height

These results reveal a perfect correlation between the imaginary part of permittivity and the chemical
measurements. In particular, the ε’’ value at 100 kHz shows to be really consistent with both the
absolute concentration of fillers (in phr and mol/L) and the absorbance peak height obtained through
the FTIR measurements.
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4.3.3 Flame retardants (ATH)

Imaginary part of permittivity @100 kHz
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Figure 38: Imaginary part of permittivity of ATH-filled specimens versus the theoretical phr concentration

In this case, only theoretical phr concentrations are available for modelling. Inside the project, only
two concentrations (25 and 50 phr) of flame retardants are planned and delivered. This could reduce
accuracy of quantitative model. However, the regression line built well interpolates the available data.

4.3.4 Mathematical model
In order to obtain a homogenous discussion, it has been decided to express the equations for the
regression lines only for the phr values.
The equation is the following:
𝜀 ′′ 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = 𝑒 (𝑎+𝑏∙[𝑝ℎ𝑟])

𝑎

𝑏

𝑅2

Phenol

-5.83

2.06

0.93

Thioether

-5.83

2.61

0.997

ATH

-5.72

0.03

0.912

Filler

Conclusions
Conclusions can be summarised in the following statements:
•

Public

Different concentrations of AOs allowed to quantify the impact of AOs on the imaginary part
of permittivity as a function of concentration;
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•
•
•

Public

105 Hz showed to be a good frequency at which also very low concentration of fillers seem to
have a significant impact on dielectric spectra;
Imaginary part of permittivity (105 Hz) showed to be quite well correlated to chemical
concentrations (in phr, mol/L and peak height) of AO (above all for Thioether-filled specimens);
For ATH-filled specimens, two different concentrations are not enough as a basis to obtain a
significant quantitative model.

Copyright TeaM Cables consortium

Page 42 / 60

TMC-D4-1-MULTI-SCALE_models_or_relations_for_unaged_polymers.docx
TEAM CABLES – 755183
31/07/2019

5 Model of mechanical properties (VTT)
Introductory notes
Mechanical modelling is performed at several scales to answer different requirements. Because ageing
causes changes in the mechanical behaviour of the polymer due to chemical reactions at the molecular
level, we need a quantitative description of the molecular architecture of the polymer and ability to
predict changes due to ageing (in particular, changes in ductility). To this end, molecular dynamics
(MD) simulations are performed. However, predictions on changes in the mechanical behaviour of the
polymer is not alone sufficient if there are filler particles added that alter the behaviour of the material,
as well as its ductility. Because the filler particles are very large compared to the molecular scale,
continuum description is more appropriate to model these effects. Therefore, we perform finite
element model (FEM) simulations to factor in the effect of filler particles. In these simulations, the fine
structure of the polymer matrix is ignored but the filler particles are explicitly included in the simulated
representative volume element (RVE). For aged polymer, the information gained by MD simulation can
be incorporated in the continuum simulations by changes in the finite element material law
parameters or failure criteria. Finally, sample scale simulation can be performed to better understand
mechanical tests or to model stresses in more complex loading cases. In these simulations, the polymer
is considered as a homogeneous continuum and filler particles are only included implicitly by means
of a homogenised material law if necessary.
A cross-linked semicrystalline polymer has complicated rheological behaviour. Conceptual
understanding of this behaviour is central to this deliverable and can be summarised as follows. There
are broadly three contributions to the mechanical response:
1) The crystalline phase that dominates small deformation behaviour with its elasto-viscoplastic
response;
2) The cross-linked elastomeric network that can exhibit entropic rubber elasticity and
dominates large deformations by its significant strain stiffening as polymer chain segments get
pulled straight;
3) The viscous, entangled polymer melt that contributes to the rubber elasticity by its effective
cross-links (entanglements) but exhibits highly rate-dependent, viscoelastic behaviour.
A mechanical model for the XLPE should account for these mechanical response mechanisms. In
particular, the molecular level models are discussed in light of these three responses.
Section 5 is organised as follows: first, the interpretation of experimental mechanical tests is discussed.
This is important in order to use obtained data that can be used for validation. Then, molecular models
are discussed, i.e. MD simulations and graph simulations. Finally, microscale and sample scale FEM
models are presented.

Interpretation of tensile tests
Tensile tests on unaged samples have been performed in WP3. The tensile test data is essential
experimental input for modelling. However, according to the measurement protocol, only load and
extension data are recorded during the tests. This is sufficient to measure the nominal EAB of the
sample that is used as an ageing criterion. However, from the point of view of modelling, important
details of the test are lost this way. A dumb-bell sample (Figure 39) deforms inhomogeneously due to
its varying cross-section. Therefore, the nominal strain calculated by dividing the extension by the grip
distance is not representative of actual strain state in any part of the sample.
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Figure 39: The dumbbell sample dimensions

To make sure that data on actual local deformation along the sample is available for modelling, we
collaborated with our colleagues working on WP3 to use video of the experiment to determine actual
deformations. By analysing videos obtained from the experiment, true stress-strain curves could be
obtained. The process and results are described in the following.

5.2.1 Video recording procedure
A camera was set up on a stand in front of the tensile in such a way that most of the sample would be
visible in the camera during the whole tensile test. Before the test, small dots were made on the sample
by a marker with a spacing of 2 mm. The purpose of the dots is to allow particle tracking to determine
the deformations. During the test, a high resolution video is recorded and saved for future analysis.

5.2.2 Video analysis procedure
A custom python code was written that used the TrackPy library for particle tracking. The code tracked
the motion of the dots on the sample made by a marker during the test. By calculating the evolution
of the distance between a pair of dots, the average strain between those dots could be measured. This
yields the local true strain.
To also calculate the true stress, the cross section of the sample needs to be tracked. From the video,
the thickness in the middle of the sample could be determined during the test. With the (quite
reasonable) assumption that contraction is equal in both transverse directions, the cross section area
could be obtained. With the knowledge of the initial cross section and the applied load, the true stress
was obtained.

5.2.3 Stress-strain data from video analysis
Figure 40 plots the stress-strain curves based on the video data, with estimated curves based on
applied extension shown as comparison. The estimates are based on the assumption that the
deformation takes place homogeneously along a strip of length L0. Estimated true stresses are based
on an assumption of conserved volume. The estimate based on L0 = 50 mm is consistent with the WP3
measurement protocol, where the grip width is the reference length. On the other hand, L0 = 25 mm
would be a natural choice based on the specimen shape shown in Figure 39, as 25 mm is the length of
the uniform thin section that is expected to yield during the test. The video analysis result shows that
the deformation follows the L0 = 25 mm case at smaller deformations, but deviates at larger strains.
This behaviour, inspected in more detail in section 5.6, comes from the fact that while initially only the
thin 25 mm long strip deforms, after strain hardening starts to kick in, a wider part of the sample starts
to deform.
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Figure 40: The true stress – logarithmic strain curve (left) and the engineering stress-strain curve (right) of unfilled XLPE. The
blue curve is based on video analysis and represents the accurate result. The orange and green curves are based on loaddisplacement

5.2.4 Fracture behaviour in video
The videos also reveal useful details about the failure of the sample, which will be useful especially
later when the failure of aged polymers will need to be considered. Figure 41 shows the initiation of
fracture in unfilled and filled polymer. In unfilled polymer, the fracture took place in a large stress and
the process from first signs of nucleation to failure took place in a few video frames. It was a quick
event but as far as fracture processes go, this was still relatively gradual and dissipative failure. The
filled polymer failed in a smaller stress (when measured in true stress) and fractured more slowly, over
many video frames. Fracture in the unfilled polymer typically nucleated in the middle of the strip, while
in the filled polymer an edge fracture was predominant.

Figure 41: Fracture initiation in unfilled and filled polymer

MD simulations
The purpose of the MD simulations is to set up an explicit description of the molecular structure of the
polymer in order to describe its behaviour from first principles. This is important as it allows predicting
the effects of ageing-induced polymer chain scissions and cross-linking reactions.
We chose united-atom description of the polymer, where hydrogen atoms are not explicitly included
(in contrast to all-atom simulations) but every “atom” (particle) in the simulation in fact represents a
CH, CH2 or CH3 unit. There are great advantages to this: the number of particles is reduced to a third,
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every particle is neutral so no electrostatic interactions need to be explicitly included and a longer
timestep of 4 fs can be used, as C-H bond vibrations are not present. However, the united atom
description misses some detail in the interactions between polymer chains, with effects that will be
discussed below. We use the TraPPE force field for simulations, whose parameters are fitted to
reproduce experimental phase equilibria data. In general, our simulations contain 90000 carbon
atoms. Chains are monodisperse and a typical length is 1000 monomers (M = 14 kDa). Longer and
shorter chains are also investigated. The LAMMPS simulation package is used for running simulations,
and in-house codes are used for analysis.

5.3.1 Analysis of challenges and limitations
The greatest challenge in MD simulations is that the molecular level description requires extremely
short timesteps of at most 4 fs. Therefore, simulating experimental timescales is computationally
inaccessible. The slowest possible deformation rates are 106-107 s-1. Due to the viscoelastic nature of
the material, this will unavoidably have a significant impact on the results. However, there are ways to
compensate for this by adjusting other parameters of the model. Another limitation in MD simulations
is that the practical maximum size of the simulation box is small compared to the size of polymer crystal
lamellae, which means that a completely realistic description of them is not necessarily possible. In the
following, we go through the different deformation mechanism and assess them in the light of
limitations posed by the MD method.
5.3.1.1 The crystalline phase
We describe semicrystalline systems primarily by creating crystallites in the simulation box through a
MD simulation. Due to the short achievable timescales of MD simulations, this is done in a high
undercooling of 100 K to make it fast. The resulting crystals are very small and not really crystal
lamellae but rather roughly spherical crystal nuclei. However, this allows up to ten crystallites to form
in the simulation box with the correct crystal fraction of about 40%, which ensures that several crystal
directions are present and mechanical response becomes more averaged.
The crystalline phase causes the initial resistance to deformation and determines the elastic response.
The elastic response is due to small displacements of the atoms and is not particularly sensitive to
deformation rate. However, with larger stresses, the crystal slip mechanisms will activate and the
material will yield. These slip mechanisms are thermally activated, which leads to viscoplastic yield
behaviour that directly depends on strain rates. In all-atom MD simulations, yield stresses have been
ten times larger than in experiments due to the very high strain rates imposed by MD. However, the
united-atom description causes another error in the opposite direction, as the united-atom chains
have much easier slip mobility due to the lack of explicit hydrogens. This roughly compensates for the
fast deformation rates, and in our results, the yield stress matches experimental results almost exactly.
As a result, the description of small deformation behaviour is somewhat fortuitously quantitatively
correct. It should be noted that the main point is that the crystal plasticity does not mask the hardening
caused by the cross-linked and entangled network, allowing us to consider all relevant deformation
mechanisms in the material. Our main focus is in the large deformation behaviour that determines the
material’s ductility, and crystal plasticity actually plays a minor role there. In fact, useful results can be
obtained even from simulations that start from an amorphous melt.
5.3.1.2 The cross-linked network
Rubber elasticity is a well-known phenomenon in polymer physics, and arises from polymer chains’
resistance to straightening, which is initially entropic but eventually amplified by the finite length of
the chains. There is no inherent rate sensitivity in this phenomenon, so MD is expected to be able to
represent it well. The cross-linked network plays a central role in ageing, as chain scissions will break
the network’s connectivity, which is expected to lead to a loss of ductility.
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5.3.1.3 Viscoelastic melt
Even without cross-links, the entanglement network in the polymer give rise to rubber elasticity. The
entanglements are not permanent, however, and with low enough deformation rate, the chains can
unentangle. How slowly that happens depends on the molecular weight of the chains. Therefore, the
entanglement can be considered as a superposition of rubber elasticity and viscosity.
The cross-linked network is not without viscoelastic effects, either. When chain segments between
cross-links are stretched, they require a certain time to relax. If this time is not allowed due to a high
deformation rate, higher resistance along with viscous relaxation is observed.
The viscoelastic response is highly dependent on strain rate and therefore potentially problematic for
MD. However, as in the case of crystal yielding, the use of united atom description accelerates the
dynamics and compensates for the high strain rate.

5.3.2 Generation of initial configurations
The generation of initial configuration is the critical step in the MD simulation of a tensile test that
involves a number of decisions: the length of the polymer chains or the length distribution; how to
ensure a well-equilibrated conformation for the amorphous chains; the correct cross-link density and
the method of introducing them; and how initial crystallinity is represented (or if it is ignored based on
its limited effect on large-deformation behaviour). The main procedures involved are described in the
following.
5.3.2.1 Equilibrated amorphous melt
A starting point for further steps is a well-equilibrated amorphous melt. We investigated several
methods to achieve this. Because long chains are known to relax very slowly, a simple MD equilibration
eventually becomes prohibitively time-consuming. Therefore, we investigated two faster methods:
random walk followed by push-off and Monte Carlo equilibration. However, neither gave fully
satisfactory results, and we decided to evaluate whether chains 1000 CH2 units long would still be
possible to relax with “brute force” MD equilibration. To see whether the chains have reached
equilibrium, we calculated their entanglement densities and mean squared internal distance metrics.
Based on the results, equilibrium is reached within the simulation time.
The temperature at which the equilibration is performed determines its entanglement density.
Polyethylene crystallised slightly above 400 K, so that might be a suitable temperature to equilibrate
the entanglements. However, the crystallisation tends to reduce the density of entanglements, and
although we create the crystals by simulation, the unentanglement effect is likely to be less strong in
simulation because of the very short crystallization time in MD. Therefore, it may be necessary to
reduce the density of entanglements already in the melt. This can be easily done by raising the
equilibration temperature.
Table 22 summarises the equilibrium conformation and entanglement properties of the melts at
different temperatures. The stark effect of the temperature on the molecular weight between crosslinks Me is apparent. Conformation properties including the end-to-end distance R0, radius of gyration
Rg and characteristic ratio Cn are in good agreement with existing literature [8].
Table 22: Equilibrium properties of amorphous melts

T
(K)


(g/cm3)

⟨R02⟩/M
(nm ·mol·kg )

(nm ·mol·kg

300

0.857

18.4

3.21

Public

2

⟨Rg2⟩/M
‑1

2

Cn

Me
(kg/mol)

10.9

0.347

‑1
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400

0.803

14.3

2.32

8.40

0.541

500

0.752

13.7

2.20

8.07

0.639

600

0.705

11.2

1.90

6.62

0.759

5.3.2.2 Cross-linking
The polymers are cross-linked during their processing as well as to some degree during ageing. For our
purposes, it is not necessary to capture the chemical details of the reactions, as we are mostly
concerned by the chain connectivity and network structure. Therefore, we model the cross-links by
simple carbon-carbon-bonds between CH units. If the size of the cross-linking silane group is necessary
to take into consideration, we could introduce bridging particles; however, so far we do not see the
need for such complication. Cross-linking is performed by randomly marking some particles as reactive.
When two of these come close to each other, they form a bond. Cross-link density can be roughly
controlled by the number of reactive particles. In silane cross-linked polymer, cross-links are
introduced after crystallisation. In our present simulations, cross-links are introduced before
crystallisation, like in peroxide cross-linked polymer. However, cross-linking of the amorphous phase
in semicrystalline systems can be performed as well with some further work.
Figure 42 shows the evolution of gel fraction with increasing cross-link density. The MD results are a
bit below the theoretical curve and graph theory results (section 5.4). The reason is that in MD, the
chains have a slightly higher likelihood to form internal cross-links. A fairly typical gel fraction of 0.8 is
reached in monodisperse systems when there is one cross-link per chain.

Figure 42: The gel fraction as a function of cross-link density calculated from MD simulations (markers), graph theory (solid
lines with shaded area indicating standard deviation) and the analytic Erdős–Rényi model (dashes).

5.3.2.3 Crystallization
Our primary method of creating semicrystalline system is running a simulation of an equilibrated melt
at 300 K to initiate heterogenous crystallisation. Due to the high undercooling, several crystals nucleate
within tens of nanoseconds and their growth is limited by their close proximity to each other. A
crystalline fraction of 40% can be reached this way.
Another method to create semicrystalline structures is the Interphase Monte Carlo method. There, the
target is to create a section of amorphous layer between two large (infinite) lamellae. The thickness
and density of the layer is fixed, as well as the number of chain ends. A number of connectivity altering
Monte Carlo moves is performed to maximise the entropy of the configuration at a given temperature.
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The result is amorphous chains that are either loose ends, lamellae bridging tie segments or loops that
go back to the crystal they come from. This method can create a good representation of a section of
the amorphous layer and the sandwiching crystals. Therefore, it can be used to predict some properties
that strongly depend on the correct thicknesses of the amorphous and crystalline layers. However, it
is not suitable for representing the aggregate mechanical behaviour of the whole ensemble of crystals
in the polymer, as only one crystal orientation is present in the simulated system, and its size is infinite
(due to periodic boundaries). Therefore, this is not our primary approach.
Figure 43 plots the crystallinity during the crystallisation simulations. Non-cross-linked systems
converged above 40% in crystallinity, depending of melt equilibration temperature (i.e. amount of
entanglement). This is slightly higher than experimentally, and can be attributed to the fact that the
simulation is missing short chain branches present in linear low density polyethylene. Indeed, we
believe the main contribution of the short chain branches is their limiting effect on crystallisation; in
the case of other properties, they can be mostly ignored. Therefore, we do not include short chain
branching explicitly, but just target at the correct crystallinity of roughly 40%. With cross-links, the
crystallinity is somewhat lower below 40%. Figure 43 shows a visualization of the crystallised
simulation box with cross-links.

Figure 43: Crystallization of the linear and cross-linked 90 x DP-1000 system from different initial melts

5.3.3 Tensile test simulations
Tensile tests were simulated by controlling the x dimension of the box to achieve a constant
logarithmic strain rate. A barostat was used to maintain constant pressure by adjusting the y and z
dimensions during the test. A thermostat was used to maintain temperature at 300 K.
In simulations where tensions of chains grew very large, we allowed carbon-carbon bond breakage
based on a bond length criterion. The breaking length was chosen based on simulations with the
reactive force field ReaxFF.
5.3.3.1 A note about failure of the material
Complete failure typically occurred only at extremely large strains due to the very small size of the
periodic simulation volume. In real systems, a fracture would initiate at some defect and lead to failure
at stresses typically slightly over 100 MPa. At this point, the polymer is reaching its locking stretch
where the polymer chains become completely straight, and the material hardens very steeply. The
rapid increase of stored elastic energy will quite naturally trigger some fracture process in the material
soon after reaching this steep hardening regime, and it is hardly necessary to model the failure with
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anything more complicated than a simple empirical stress criterion (for example 120 MPa). A more
sophisticated failure analysis will become essential with aged polymers, as the locking stretch will not
be reached before failure.
5.3.3.2 Results
Tensile test simulations were performed on various initial configurations where the chain length and
degree of cross-linking is varied (in the results presented here, the gel fraction is either 0 or 0.8). In
some cases, simulations were done with completely amorphous systems for simplicity. Strain rate was
varied between 106 and 108.
Figure 44 shows the effect of chain length on the stress-strain curve of a non-cross-linked amorphous
system with a fast strain rate. Due to the viscoplasticity of the entanglement network, the hardening
behaviour varies strongly with chain length. Shorter chains have faster chain relaxation, leading to
significant unentangling of the chains during pulling even at fast rates, leading to a delay in the
hardening. The initial elastic response and yield are missing from the curves due to the lack of crystals.

Figure 44: Effect of chain length on mechanical properties of amorphous melt systems equilibrated at 300 K

Figure 45 shows the effect of strain rate with the chain length DP-1000 for a cross-linked polymer. As
expected, decreasing the strain rate from 108 to 107 increases the unentanglement of the chains during
pulling and shifts the hardening to the right. However, further decreasing the strain rate to 106 hardly
causes further change. We attribute this to the cross-linked network: at these rates, entanglements
can relax so fully that the cross-linked elastomeric network starts to completely dominate the
hardening behaviour, indicating that the viscoelastic properties play a minor role. The initial elastic
response and yielding are now visible as these systems have undergone crystallisation prior to the
tensile test simulation.
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Figure 45: Effect of strain rate on mechanical properties of crystalline 90 x DP-1000 systems at gel fraction of 0.8 with initial
melt equilibrated at 600 K

Figure 46 presents a comparison with experiments. Systems created from melts equilibrated at 400 K
and 600 K have virtually the same response, reinforcing the impression that the elastomeric network
dominates over the viscoelastic entanglement network. Only with equilibration temperature of 300 K
-- which corresponds to an artificially high amount of entanglements -- behaves differently. The curves
are in a rather good agreement with experiments, although the hardening happens earlier in
simulations.

Figure 46: Effect equilibration temperature of the initial melt on mechanical properties of crystalline 90 x DP-1000 systems
at gel fraction of 0.8. Experimental data from video analysis for unaged XLPE is also shown

The mean elastically active segment (segment between two cross-links) molecular weight in the DP1000 system with gel fraction 0.8 was found to be 2800 g/mol. According to WP3 data, measurements
of the quantity in swelling tests have given results between 3200 and 7300 g/mol. Therefore, in the
simulations thus far the elastic segments are shorter than in real systems, which is the most likely
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explanation for the earlier hardening in simulations. In the future, a more correct elastically active
segment length can be achieved for instance by increasing the chain length.

Graph simulations
MD simulations are very powerful because they can explicitly include all molecular level details of the
system. However, they are also very slow, taking weeks. Therefore, they cannot be included in the final
mechanical modelling module of Virtual Polymer. In practice, the virtual polymer module needs to be
either a data-based surrogate model or a model that combines data from MD simulations and a simple
physical model that can run within the time constraints. We plan to take the latter approach and use
a graph simulation as the simple physical model. The graph simulation ignores the physical locations
of molecules and atoms and only deals with their connectivity. Because the changes due to ageing
mainly affect the connectivity of atoms and not their position, this type of simulation is expected to be
able to serve as a basis for a mechanical model for ageing.

5.4.1 Description of the graph model of XLPE
In a graph simulation, the whole system is represented by a single adjacency (upper triangular) matrix.
Every row or column in the matrix represents a polymer repeat unit. The repeat unit can be chosen to
be many backbone carbon atoms for a computationally faster, coarse grained representation. Every
element of the matrix is a Boolean value representing either a bond between the repeat units or an
absence of a bond. The polymer chains can be initialised by filling elements next to the diagonal mostly
with ones, with zeros here and there marking the end of one chain and the start of another. Silane
cross-linking is represented by randomly replacing zeros with ones in the matrix at a density
corresponding to experimental characterisations. The result is a description of an unaged XLPE. Chain
scissions and cross-linking due to ageing can be introduced by randomly changing ones to zeros and
zeros to ones, respectively.

5.4.2 Using graph model to predict mechanical behaviour
Modelling the mechanical behaviour in the graph model is still ongoing work in the project and this
deliverable only reports the general concepts. The mechanical modelling relies on predicting the
contribution of the crystalline phase, the cross-linked elastomeric network and the entanglement
network based on the structure of the graph and data from MD simulations.
The most important aspect, the mechanical response of the cross-linked elastomeric network can be
most readily modelled from the graph description. An existing rubber model from literature can be
applied with graph topology parameters as input. The most important parameter is the cycle count,
which describes the number of closed loops in the graph. The cycle count is defined as the number of
connections that need to be broken to reduce the number of loops to zero. This parameter can be
readily calculated from the graph.
The mechanical response of the crystalline phase can become important in aged polymer if ageing
affects the evolution of the crystalline fraction during tensile deformation. During large deformations,
polymer crystals break up and reform as chains slowly orientate with the tension direction. If this
process is affected by ageing, the hardening behaviour will be altered. The graph simulation can be
used to estimate the amount of crystallizable material (long unbranched polymer segments) available,
and with fitting to data from MD, this effect could be included to the graph-based mechanical model.
The mechanical contribution of the entanglement network could also be predicted with the help of
the graph model. Parts of the polymers that do not contribute to the elastomeric network in the form
of closed loops can still provide viscoelastic mechanical resistance due to entanglements. The density
of entanglements depends on the molecular weight of these polymer parts, and this information can
be obtained from the graph. To obtain a predictive model, fitting to data from MD is needed.
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5.4.3 First results from graph simulations
Graph simulations can be used to quickly predict the gel fraction in polymer systems with a given
density of cross-links. Figure 42 shows that the results agree with MD simulations and the Erdős–Rényi
model. Although the results here are for monodisperse chains, the graph simulations can also easily
be used to study polydisperse systems.

Microstructural FEM simulations
The main purpose of the microstructural simulations is to model the effect of filler particles on the
ductility of the material. The filler particles cause an inhomogeneous deformation state in the matrix,
which needs to be resolved to predict the failure of the composite. Due to the inhomogeneous strain
distribution, filled polymer fails at a lower applied extension than unfilled polymer.
Microstructural FEM simulation essentially consists of three aspects: the material models, interaction
models, and the microstructure model. The material models describe the constitutive behaviour of
each phase. The interaction model describes the interfaces – adhesion, friction and so on. The
microstructure model is a geometric description of the representative volume used for the simulation.

5.5.1 The material models
Unlike MD simulations, FEM does not work form first principles, but a material model with a
predetermined mathematical form is needed. The model relies on a number of parameters that usually
come from experiments. Using MD simulations to obtain parameters for the material model is
theoretically possible; however, a more practical solution is to use experimental mechanical testing
data for parameter fitting. Nevertheless, MD simulations can be used to predict changes to these
parameters as a result of changes to the molecular structure of the matrix due to ageing.
Two material models are needed: one for the polymer matrix and one for the fillers. For the fillers, a
simple choice of a linear elastic model can be used, as the stresses will not exceed the yield stress of
the hard ATH fillers. However, the matrix will undergo large deformations, and a more sophisticated
model is needed. We chose the recent model by Johnsen et al. [9], which is a model for XLPE that is
based on the rheological model shown in Figure 47. The A side represents the elasto-viscoplastic
response of the crystalline phase, while the B side represents the parallel hyperelastic response of the
elastomeric crosslinked network. If any contribution from the entanglement network is present, it has
to be treated together with the cross-linked network. The Abaqus subroutine code for the model was
kindly shared with us by the author.

Figure 47: The rheological model and the calibration of the model parameters
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The model contains a number of parameters related to the elastic stiffnesses of A and B, the crystal
relaxation processes responsible of viscoplasticity and temperature dependence. As all measurements
are done in room temperature, temperature dependence related parameters do not need to be
considered and reference values from [Johnsen] can be used. However, because different XLPE
materials may have different crystallinities, crystal thicknesses and network properties, the elastic
stiffness values, crystal slip enthalpies and locking stretch parameters may need to be adjusted to
match the test data. Figure 47 shows the result of the adjustments to the material model parameters.
As can be seen, the reference parameters already give a relatively good match to the data obtained
from video analysed tensile tests. However, with some adjustments, an even better fit was achieved.

5.5.2 Interaction model
From the point of view of the FEM simulation, an important aspect is the behaviour of the interface
between fillers and matrix. Two extreme cases can be considered: (1) perfect adhesion, no slip or
detachment on the interface, (2) no adhesion, only friction is considered. Between these two, a
possible intermediate is partial adhesion that holds the interface together until it fails due to stress.
Because no compatibilising agent is being used, it is expected that the little bonding between the
hydrophobic polymer and hydrophilic ATH is present, unless the silane used for cross-linking creates
bonds between ATH and the matrix. In this report, we consider the two extreme cases in light of
experimental test data.

5.5.3 Microstructure model
A microstructure model is a geometrical representation of a representative volume that is expected to
exhibit similar deformation response to a macroscopic sample. The composite is thought to contain
randomly dispersed ATH particles with relatively low aspect ratio. The amount of filler is either 25 phr
or 50 phr, which correspond to 20% and 33.3% by mass, respectively. ATH has a density of 2.42 g/cm3,
so the corresponding volume fractions are 8.8% and 16.1%, respectively. The size of the particles is
approximately 2 µm, according to the supplier.
We do not yet have microstructural images of the material, so we used some simple assumptions. The
particles are assumed to be roughly spherical and be randomly arranged in the volume. To create
roughly spherical but faceted particles, we randomised a cloud of points within a given mean distance
from the centre and calculated the convex hull, which represents the particle. The particles have
therefore a random shape and slightly varying size. A number of particles is randomly packed in the
volume such that the target volume fraction is reached. An example representative volume is shown
in Figure 48.
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Figure 48: A representative volume for polymer with 25 phr of fillers. The box has the dimensions 12x12x12 µm and contains
23 filler particles. Left: the while composite, right: only filler particles.

5.5.4 Results
Two loadings, 25 phr and 50 phr, and two interaction models, no adhesion and perfect adhesion, were
considered. Thus, 4 modelling cases were studied. Figure 49 visualises the simulation volumes after
50% applied elongation, coloured by stress.
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Figure 49: Mises stresses after 50% elongation. Upper row: lower particle loading, lower row: higher loading. Left: no
adhesion between matrix and particles, right: perfect bonding at interfaces. Filler particles shown in grey

When no bonding between particles and matrix is imposed, the particles mainly serve to nucleate
cavities but do not carry load. When perfect bonding is imposed, the stress concentrations arise
between particles as the matrix becomes very constrained. This is even more apparent in the strains
shown in Figure 50. Very large strains arise in the matrix between the filler particles.
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Figure 50: Logarithmic strains in the 50% applied elongation. Filler particles shown in black

Figure 51 shows the stress-strain curves for the different cases, with the experimental curves as
comparison. We can see that without particle-matrix adhesion, the filled polymer is softer than plain
polymer, whereas with perfect adhesion, the composite becomes much stiffer than plain polymer.
Neither of these capture the experimental behaviour, where there is a slight reinforcing effect. We
conclude that an intermediate representation is required, where adhesion is present but the interface
can also fail at high stresses. This will be future work. Additionally, the difference between the
behaviours 25 phr and 50 phr in the non-adhesive case is unphysically high (Figure 51), which suggests
a larger representative volume is needed in the future.
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Figure 51: Stress-strain curves from microstructural tensile test simulations (left) and experiments (right). The volume
fractions 9% and 16% correspond to 25 phr and 50 phr, respectively.

Sample-scale FEM simulations
While the microstructural FEM simulations can be used to learn about the behaviour of filled polymer
in homogeneous deformation, sample-scale simulations may be needed to understand experimental
mechanical tests where the loading is not completely homogeneous. In the case of the dumbbell
sample, as discussed in section 5.2, there is no linear dependence between applied extension and local
strain. To understand the behaviour of the dumbbell sample in test, we replicated the test in
simulation, using the same material model as was used for the matrix in the microstructural FEM
simulations. In this way, we can also further validate our material model with respect to experiments.
Figure 52 shows the simulation results alongside video snapshots from an experiment. In the
experimental images, local deformation can qualitatively be seen from the displacements between the
markers on the sample during the test. The simulation images are coloured according to the local
strain. There is a good agreement between experiment and simulation. At moderate extension (75
mm), almost only the narrow section is deforming significantly, and the markers in the thicker section
have not moved much. However, with more extension, the strain hardening starts to kick in, causing
the deformation to spread to the thicker section, seen both in the video snapshot and the simulation.
This is even more pronounced in the last frame, which is taken just before failure in the experiment.

Figure 52: Unfilled polymer in tensile test shown at different extensions. Upper images: video snapshots. Lower images: FEM
simulation. The colours indicate logarithmic strain levels.
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6 Conclusion
The described research on the unaged polymers including the investigation of mechanical properties,
a multiscale description of unaged XLPE and the relation of the polymer structure with terahertz data
as well as with dielectric measurement data provides a complete understanding of the investigated
polymers before ageing.
The initial structure of the different materials has been characterised at three different pertinent scales
(i.e. molecular, macromolecular and morphological scales) in order to establish correlations with
dielectric and mechanical properties.
The investigation of polymers with terahertz time-domain spectroscopy has shown that the
modification of XLPE has an impact on the permittivity of the polymer. In particular, all modifications
differ in the calculated permittivities for measurements in transmission as well as reflection mode.
The investigation of the relation of polymer structure with dielectric measurements has shown that
the imaginary part of the permittivity at 105 Hz is quite well correlated to chemical concentrations of
AO and fillers. Furthermore, 105 Hz turned out to be a good frequency at which very low concentration
of additives seems to have a significant impact on the dielectric spectra.
The development of models including tests to understand the mechanical behaviour, as well as tests
to validate the models, form the basis for upcoming investigations regarding the impact of ageing on
polymers.
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