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Glossary 

Abbreviation/ 
acronym  

Description 

ATH Alumina trihydrate 

ATR Attenuated total reflectance 

DS Dielectric spectroscopy 

DSC Differential scanning calorimetry 

EaB Elongation at break 

EoL End of life 

FTIR Fourier transform infrared spectroscopy 

IAEA International Atomic Energy Agency 

IEC International Electrotechnical Commission 

IEEE Institute of Electrical and Electronics Engineers 

FTIR Fourier transform infrared spectroscopy 

IR Infrared 

LDA Linear discriminant analysis 

LV Low voltage 

NDT Non-destructive testing 

NPP Nuclear power plant 

OIT Oxidation induction time 

OITp Oxidation induction temperature 

PCA Principal component analysis 

PE Polyethylene 

THz Terahertz 

XLPE Cross linked polyethylene 
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1 Executive Summary 

This document summarizes the main results produced in TeaM Cables project Work Package 5 “Non-
destructive testing techniques”. Various condition monitoring tools for cables containing cross linked 
polyethylene (XLPE) insulation have been further developed by showing their applicability in detecting 
ageing of cables and providing measuring procedures for on-site measurements. This document shows 
the current state-of-the-art of the studied condition monitoring methods and suggests how they could 
be used as a part of condition monitoring strategies at Nuclear Power Plants (NPPs).  

In this report, development work with Fourier transform infrared spectroscopy (FTIR), differential 
scanning calorimetry (DSC), terahertz (THz), ultrasonic, reflectometry and dielectric spectroscopy 
techniques is described. Some of the techniques (FTIR and DSC) require only small amounts of sample 
removal, i.e. some milligrams or tens of milligrams, and are thus considered as non-destructive in this 
context. The basic principles of the techniques are introduced and their sensitivity towards ageing 
detection is estimated based on the vast testing data produced in the TeaM Cables project. 
Furthermore, instructions on how to perform these measurements on-site are drafted as well as their 
applicability for on-site measurements evaluated. Finally, discussion on how these methods could 
contribute to the condition monitoring strategies applied at NPPs is presented. 
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2 Introduction 

Low voltage (LV) cables are widely used in power plants for power transmission, control of equipment 
and communication of signals and data [1]. Typical estimates are that a single NPP has cables with a 
total length of approximately 1000-2000 km  [2], [3], [4]. The cable structure consists of metallic 
conductor or optic fibre, isolator, possible metallic shielding and jacketing. The metallic conductor or 
optic fibre conducts electricity or transfers the signal. The isolator is used to electrically insulate the 
conductor from its environment to prevent grounding of the conductor. Additional metal shielding can 
be applied on the isolator to decrease outer disturbances that could affect the signal quality. The outer 
jacketing protects the cable from external stressors.  

The degradation of the insulator is commonly considered the most interesting since its isolating 
properties ensure the proper cable functionality. The main ageing mechanism related to polymer 
degradation in nuclear application is radiation or thermally induced oxidation which ultimately yields 
in polymer chain scission and crosslinking [5]. The actual chemical reactions that govern the 
degradation can be quite complex in nature. They will ultimately yield in degradation of some 
functional property of the polymer, e.g. mechanical properties or electrical insulation.  

Condition monitoring methods are used as part of ageing management of cables to improve the overall 
safety of running NPPs. The importance of having a properly functioning ageing management 
programme is emphasized when the operation licences of running NPPs are planned to be extended 
from the originally designed 40-year period. Condition monitoring methods are usually divided in 
destructive and non-destructive ones. Elongation at break is one destructive property which use has 
become established and the general consensus is currently that 50% of absolute elongation can be 
used as an acceptance criterion for cable insulator and jacketing materials. However, using destructive 
technique would require removal of cables, which can be a complex operation [4], or use of 
surveillance samples. Thus, the applicability of destructive techniques is limited and research has been 
focusing on innovative non-destructive condition monitoring techniques (CMTs) applicable to LV 
cables. The requirements of the new CMT are described in [6]. The desired technique should be non-
destructive, easily replicable in situ with low error dispersion, referred to the bulk of the insulation 
and, above all, there should be a universal acceptance criterion for maintenance.  
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3 Condition of the irradiation aged cables 
defined by means of destructive testing 

This document is focused on promising non-destructive methods. However, in this chapter destructive 
techniques used in the TeaM Cables project are mentioned as they have proven to be good practice 
methods to assess the level of degradation of polymer materials in the conditions of NPPs. In addition, 
reference data obtained with methods that are already known to be sensitive towards ageing is very 
useful as the sensitivity of the developed NDT methods are demonstrated.  

3.1 Materials and ageing 

The detailed manufacturing and compounding of the materials have been reported in an earlier 
deliverable report [7]. Below is the summary on the composition of the sheet and tape samples used 
in the measurements of WP5. In addition, cable samples were tested, coaxial- and twisted pair-type. 
In the coaxial cable, the insulator was the same as material number 4 in the table and the measured 
twisted pair cable insulators were material numbers 4 and 7.  

Table 1. Summary on the composition of the measured sheet, tape and cable insulator samples. 

№ Material 

1 Silane XLPE 

2 
Silane XLPE 
+ 1phr of a phenolic AO 

3 
Silane XLPE 
+ 1phr of a thioether AO 

4 
Silane XLPE 
+ 1phr of a phenolic AO 
+ 1phr of a thioether AO 

5 
Silane XLPE 
+ 25phr of ATH 

6 
Silane XLPE 
+ 50phr of ATH 

7 

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

 

Three types of ageing and a total of seven different ageing treatments were performed on the samples, 
either thermal, radiation or combined thermal and radiation ageing, as shown in Table 2. The detailed 
description for the ageing treatments have been reported in earlier deliverables [8], [9]. From each 
ageing treatment, five different withdrawals were performed as shown in Table 3. A summary on the 
studied coaxial and twisted pair cables studied is presented in Table 4. 

 

 

Table 2. Sample identification - Ageing type. 

No. Ageing Type 
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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 

 

Table 3. 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 

 

Table 4. Summary on the cable samples measured by terahertz and ultrasound measurements.  

Coaxial cable Twisted Pair cable 

8400 9400 

8423 9423 

8425 9425 

8443 9443 

8445 9445 

8473 9475 

8475 9475 
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3.2 Elongation at break measurement 

Elongation at break (EaB) of cable insulations has been commonly used as the main criterion to 
determine the remaining service life of cables used at NPPs. It has proven to be a consistent and 
reliable factor to determine the level of degradation of cable insulations. During its service life, the 
polymer cable insulation’s EaB mostly decreases due to exposure to ionising radiation and elevated 
temperature. Evolution of EaB over ageing time is determined to assess the level of degradation of the 
polymer material. Low values (acceptance criterion of nominal elongation at break < 50 % is commonly 
used [10]) of EaB imply embrittlement of the material which may lead to formation of cracks under 
mechanical stress (e.g. while manipulating with the cable). 

Many of the methods developed in this report use EaB data as a reference, to compare the sensitivity 
of the developed method. The EaB measurements were performed by UJV (cable samples) and VTT 
(dumbbell samples). EaB for cable samples have been measured under irradiation ageing and for dumb 
bell samples both under irradiation and thermal ageing environments. The results have been reported 
in an earlier deliverable [11] but are referred to and applied in analysis throughout this document.  
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4 Condition monitoring techniques 

4.1 FTIR spectroscopy 

4.1.1 Principle 

The principle of FTIR (Fourier Transform Infrared) spectroscopy was already described in deliverable 
D3.2 entitled: “Measurement protocols”. It will briefly be recalled below. 

FTIR spectroscopy is a non-destructive technique based on the interaction of infrared radiation with 
matter. When light passes through or is reflected from a sample, some is absorbed by the sample and 
some passes through (it is transmitted). Basically, the amount of light absorbed by the sample is the 
difference between the incident radiation (I0) and the transmitted radiation (I). This amount of 
absorbed light can either be expressed in transmittance (T) or in absorbance (A). Transmittance and 
absorbance can be expressed as follows: 

T =
I

I0
          (4.1.1) 

 

A = − log (T)         (4.1.2) 

In fact, when radiation interacts with matter, a number of processes can occur (e.g. reflection, 
absorbance, photochemical reaction, etc.). Absorption of light can cause a transition from an initial 
energetic state to a higher energy state. The nature of the transitions depends on the energy of the 
photon but also on the chemical nature of the interacting compound. For instance, in the mid-IR 
spectral range, which is located between 4000 and 400 cm-1, it mostly comprises fundamental 
vibrations of bonded atoms.  

Basically, the condition for IR absorption is a net change in molecular dipole moment as it vibrates or 
rotates. Then, depending on the direction of the vibrational movement, stretching vibration (changes 
of bond lengths) and deformation vibration (changes of bond angles) can be distinguished. 
Deformation vibrations may also be divided into several modes, such as bending, twisting, torsion, 
wagging, and rocking modes. And further subdivision depending on the symmetry of the vibration can 
be made (e.g. symmetric or asymmetric, in-plane or out-plane). 

The vibration frequency of chemical bonds is directly related to the chemical nature of the atoms 
involved but also on their chemical environment. Furthermore, the intensities of the bands are 
proportional to the concentration of the chemical functional group involved (using Beer-Lambert’s 
law). Hence, FTIR spectroscopy can also be used as a quantitative technique. 

In fact, in FTIR spectroscopy, two modes can be used: Reflection mode (e.g. Attenuated Total 
Reflectance mode) and transmission mode.  

In transmission mode, the sample is placed in the path of the IR beam, and the resulting transmitted 
IR signal is recorded by the detector, and the measurements correspond to average values on the 
whole thickness crossed by the IR beam. Hence, in transmission mode, as the IR radiation passes 
through the whole thickness of the sample, the concentration of the chemical functional groups can 
be determined by measuring the absorbance of their IR band of interest and by using the common 
Beer-Lambert’s law: 

A = ε. l. C         (4.1.3) 

where A is the absorbance, l the IR ray path length (i.e. thickness of the material) in cm, ε the molar 
extinction coefficient (in L.mol-1.cm-1), and C the concentration (in mol.L-1) of the considered chemical 
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function. However, it should be mentioned that the linearity of Beer-Lambert’s law holds well only for 
“dilute” samples (i.e. typically for absorbance lower than 0.7 absorbance units) [12].  

In ATR (Attenuated Total Reflectance) mode, however, the IR radiation is not transmitted through the 
sample, as in transmission mode. The sample is directly put in contact with an ATR crystal, which is an 
optically dense crystal having a high refractive index (e.g. Ge, ZnSe or diamond crystal). The IR beam is 
directed to the ATR crystal at a certain angle, which generates an evanescent wave extending beyond 
the surface of the crystal into the sample, due to a total internal reflection phenomenon. In the regions 
of the infrared spectrum where the sample absorbs energy, the evanescent wave will be attenuated, 
and the resultant beam is then used to generate the absorption spectrum of the sample. 

The penetration depth of this evanescent wave beyond the crystal surface into the sample is only of a 
few microns, typically between 0.2 and 1.3 µm for PE [13], meaning that there must be a sufficient 
contact between the crystal surface and the sample. Hence, using ATR mode, only a thin surface layer 
of the sample is analysed. 

 

4.1.2 Device 

The FTIR device used in ENSAM for the project was also described in an earlier deliverable [14]. It is 
also briefly recalled below. 

Mid-Infrared spectra were recorded with a Perkin Elmer FTIR Frontier spectrometer. Both ATR and 
transmission mode were used to characterize the film samples, while only the ATR mode was used for 
the cable insulation. For each sample, three spectra were recorded on three different days. 

In case of ATR mode, the contact between analysed sample and the diamond/ZnSe crystal of the ATR 
accessory was ensured by screwing a clamp device, as shown in Figure 1. The single beam spectrum of 
the clean and dry ATR accessory was used as background.  

In case of transmission mode, the analysed samples (thin films) were attached, using small magnets, 
to a metallic frame enabling the samples to be placed in the IR path, as shown in Figure 4. 

 

 

Figure 1. Photos of Perkin Elmer FT-IR Frontier spectrometer using ATR mode (left) and Transmission mode (right). 

FTIR spectra were recorded on absorbance mode. The spectral range scanned was, in case of the 
transmission mode, from 4000 to 400 cm-1, and in case of the ATR mode, from 4000 to 670 cm-1. The 
spectral resolution was 4 cm-1, and for each spectrum, 16 scans was accumulated before to be 
averaged. 
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4.1.3 Conditions of use for onsite cable inspection 

The main advantage of this non-destructive technique is that it can directly be used onsite to analyse 
in ATR mode the surface of polymer pieces. However, the insulating layer in electrical cables is difficult 
to access and analyse, except at the ends of the cables. It is therefore necessary to show originality to 
guide the IR beam of a portable spectrometer until the insulation, for example by using optical fibres 
previously inserted into the insulation. However, these technologies are under development and are 
not yet fully operational. 

The second solution, which was selected for the moment in the TeaM Cables project, is to take micro-
samples from the surface of the insulation exposed on site, then to analyse these micro-samples with 
a common FTIR spectrometer in laboratory. In the TeaM Cables project, the feasibility of this 
methodology was examined on thin films (about 500 µm) of model samples (i.e. from Mod1 to Mod7, 
see Table 1) aged in different radio-thermal environments. As the oxidation of the polymer matrix is 
responsible for the alteration of the use properties (both mechanical and dielectric properties) of the 
insulation, the results presented in this deliverable D5.6 will only concern the pure Si-XLPE (i.e. Mod1). 

Depending on the conditions of radiochemical ageing, it quickly appeared that the distribution of 
oxidation products across the sample thickness could be more or less heterogeneous. In particular, for 
the three dose rates under study (8.5, 77.8 and 400 Gy/h) at temperature close to ambient (21 and 
47°C), which induce an oxidation mainly initiated by the polymer radiolysis (i.e. a radio-oxidation), no 
oxidation profile was detected (see Figure 2a). In other words, the concentration of oxidation products 
was a constant value throughout the whole sample thickness. In contrast, at a much higher 
temperature (86°C) where the decomposition of hydroperoxides (as a second source of initiation of 
the oxidation reaction) cannot be neglected, sharp oxidation profiles were detected throughout the 
exposure (see Figure 2c). It is noteworthy that almost the same oxidation profiles were observed in 
the case of pure thermal ageing at 87°C (see Figure 2b), which demonstrates that under these radio-
thermal ageing conditions, thermal initiation is largely predominant over radiochemical initiation. In 
other words, an almost pure thermal oxidation proceeds under 6.0 Gy/h at 86°C. 

  

a) b) 
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Figure 2. Changes in the elastic modulus throughout the sample thickness for Mod1 sample aged in three different radio-
thermal environments: under 77.8 Gy/h at 47°C (a), in the absence of irradiation at 87°C (b) and under 6.0 Gy/h at 86°C (c). 

The indentation method and device were described in deliverable D3.2 entitled: “Measurement protocols”. 

The presence of these oxidation profiles directly impacted the IR spectroscopy analysis method. In 
particular, the two different but complementary methods were tested. In the absence of oxidation 
profiles (i.e. case of radio-oxidation), the Mod1 films were thinned by polishing, from 500 µm up to a 
thickness of about 50 µm, to be analyzed in transmission mode and to determine the concentration of 
oxidation products using the common Beer-Lambert’s law. In contrast, in the presence of oxidation 
profiles (i.e. case of thermal oxidation), only the sample surface (i.e. the most oxidized part of the 
sample) was analyzed in ATR mode. In order to make comparisons between the different samples and 
the different times of exposure, the absorbance of the IR bands of the oxidation products was 
normalized by the IR band of the PE crystals (at 1472 cm-1), chosen as a reference band in this study. 

4.1.4 Prerequisite for the search of correlation between two structural scales 

In literature, it is common to search correlations between the build-up of oxidation products (in 
particular, carbonyl products) and the changes in use properties (both mechanical and dielectric 
properties). However, there is a wide variety of hydroxyl and carbonyls products coming from many 
reactions. In a first approach, these reactions can be classified into two categories: 

i) Reactions leading to a change in the side groups along the polymer chain (i.e. the 
transformation of C-H bonds into C-OOH, C-OH and C=O bonds) without any modification 
of the macromolecular skeleton. In the mechanistic scheme developed for predicting the 
radio-thermal oxidation of Si-XLPE in the TeaM Cables project, these reactions are the 
hydrogen abstraction from methylene groups by peroxy and alkoxyl radicals, leading to 
the formation of hydroperoxides and alcohols respectively, and the bimolecular 
termination by disproportionation of alkoxyl radicals, leading to the formation of ketones. 
It should be pointed out here that, as well as linear as in crosslinked PE, ketones are 
generally the main carbonyl products. In this study, it will be interesting to check if this 
behavioural characteristic can be generalized or not to Si-XLPE. 

ii) Reactions leading, in addition, to a modification of the macromolecular skeleton. In the 
mechanistic scheme developed in the TeaM Cables project, one of these reactions is the 

rapid recombination of alkoxyl radicals by  scission, leading to the formation of aldehydes 
(at chain ends). If it appears that additional carbonyl products play a key role at high 
conversion ratio, the mechanistic scheme can be completed by the rapid radical attack of 
aldehydes by peroxy radicals, leading to the formation of acyl radicals. Indeed, according 
to literature, the propagation of oxidation on these radicals would lead to the formation 

c) 
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of carboxylic acids. In addition, the bimolecular termination by coupling of these radicals 
with alkoxyl radicals would lead to the formation of esters (i.e. tri-functional crosslinks). It 
should be noted that the literature provides many other side reactions in order to try to 
explain the wide variety of carbonyl products that are formed during the radio-thermal 
ageing. As an example, it is thus possible to envisage the condensation between carboxylic 
acids, leading to the formation anhydrides (i.e. a chain extension), and the condensation 
of carboxylic acids with alcohols, leading to the formation of esters (i.e. tri-functional 
crosslinks). 

Both categories of reactions will induce a change in the polymer polarity and thus, will alter the 
electrical properties of the insulation. In contrast, only the reactions leading to a modification of the 
macromolecular skeleton will impact its mechanical properties. In other words, according to theory, 
any correlation between the oxidation products and the mechanical properties should be established 
with the carbonyl products resulting from a chain scission or a crosslinking event, i.e. with all carbonyl 
products except ketones. 

4.1.5 Chemical derivatization 

In this study, the method of chemical derivation by gas treatment was chosen to deconvolve, in the 
carbonyl region of the FTIR spectrum, the composite absorption band resulting from the overlapping 
of several elementary carbonyl contributions and thus, to identify the exact nature of the different 
carbonyl products. The aged Mod 1 films were placed on a ceramic plate in a vacuum desiccator above 
a reactive solution for approximately one week. This solution consists in an equimolar mixture of 
ammonium chloride (NH4Cl) and soda (NaOH) whose reaction leads to the formation of ammonia gas 
(NH3). In literature, it is well known that NH3 reacts selectively with some types of carbonyl products 
formed during the radio-thermal oxidation, thus leading to the formation of new chemical products. 
In particular, NH3 reacts with carboxylic acids to form ammonium salts, with esters to form amides, 
and with anhydrides to form carboxylates and amides. All these reactions lead to several important 
modifications in the FTIR spectrum of the treated samples: 

- The disappearance of the IR bands of the carbonyl products that have been consumed, thus 
considerably simplifying the analysis of the unreacted carbonyl products. 

- The formation of new intense IR bands (at lower wavenumbers) for the chemical products that 
have been formed. 

The analysis of all these (unchanged, consumed and formed) IR bands allows unambiguously 
identifying the exact nature of the different carbonyl products formed during the radio-thermal 
oxidation. 

Ammonia treatment allows [15] [16] [17]: 

- Reducing carboxylic acids to ammonium carboxylates, which shifts the corresponding IR band 
from 1700-1715 cm-1 to 1545-1560 cm-1 according to the following reaction: 

                          R-COO-H  +  NH3              →  R-COO- + NH4
+    (4.1.4) 

- Transforming linear esters into primary amides, and anhydrides into primary amides and 
carboxylates, which shifts the corresponding IR bands from 1735-1745 cm-1 to 1630-1670 cm-

1 and from 1780 cm-1 to 1630-1670 cm-1 and 1545-1560 cm-1 respectively, according to the 
following reactions: 

                          R-COO-R’  +  NH3             → R-CO-NH2   +  R’-OH    (4.1.5) 

                          R-CO-O-CO-R’  +  2NH3   → R-COO- + R’-CO-NH2     (4.1.6) 
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As an example, Figure 3 presents the carbonyl zone between 1500 and 1900 cm-1 of the FTIR spectrum 
of Mod1 aged under 77.8 Gy/h at 47 °C before and after NH3 treatment. 

 

 

Figure 3. Carbonyl region of the FTIR spectrum of Mod1 aged under 77.8 Gy/h at 47 °C before and after NH3 treatment. 

The reduction of the carboxylic acids, linear esters and anhydrides by NH3 is manifested by a decrease 
in the characteristic IR bands centred at about 1714 cm-1, 1740 cm-1 and 1780 cm-1, respectively. This 
reaction causes the formation of new bands centred at about 1670 cm-1 and 1550 cm-1, attributed to 
the formation of amides and carboxylates, respectively. In addition, as expected, it can also be clearly 
observed that some carbonyls products have not reacted with NH3. These products are cyclic esters 
(i.e. lactones, centred at about 1773 cm-1), aldehydes (1736 cm-1) and ketones (1720 cm-1). 

An original way to put in evidence all these modifications of the FTIR spectrum consists in subtracting 
the spectrum obtained after NH3 treatment from the spectrum obtained before NH3 treatment, as 
shown in Figure 4. Indeed, the obtained spectrum allows to better put in evidence the carbonyl 
products consumed, i.e. carboxylic acids (centred at about 1714 cm-1), linear esters (1740 cm-1) and 
anhydrides (1778 cm-1), and the formation products, i.e. amides (1670 cm-1) and carboxylates (1550 
cm-1). The IR bands of the consumption and formation products during NH3 treatment are respectively 
negative and positive. 

Once all the carbonyl products formed during the radio-thermal ageing of Mod1 have been identified, 
their relative proportions can be determined. The procedure used to make these calculations is 
described in the following paragraphs. 
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Figure 4. Carbonyl region of the FTIR spectrum of Mod1 aged under 77.8 Gy/h at 47 °C obtained by subtracting the FTIR 
spectra after and before NH3 treatment (dashed line). Comparison with the FTIR spectrum obtained before NH3 treatment 

(continuous line). 

4.1.6 Results of FTIR spectroscopy 

4.1.6.1 Radiochemical ageing 

As said in the section 4.1.3, for the radiochemically aged samples (i.e., under 8.6 Gy/h at 47 °C, 77.8 
Gy/h at 47 °C and 400 Gy/h at 21 °C), the FTIR measurements were performed in transmission mode 
after reduction of the film thickness from about 500 µm to about 50 µm.  

As an example, Figure 5 presents the changes in the carbonyl products during the radio-oxidation of 
Mod1 under 8.5 Gy/h at 47 °C before (a) and after NH3 treatment (b), and after spectra subtraction (c 
= b - a). It should be noted that similar changes were observed for the two other dose rates (i.e., under 
77.8 Gy/h at 47 °C and under 400 Gy/h at 21 °C). 
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Figure 5. Carbonyl region of the FTIR spectra of Mod1 aged under 8.5 Gy/h at 47 °C before (a) and after NH3 treatment (c), 
and after spectra subtraction (c = b – a). 

Table 5 gives the nature of the main carbonyl products formed during the radiochemical ageing of 
Mod1. 

Table 5. Main oxidation products formed during the radiochemical ageing of Mod1 and their corresponding molar extinction 
coefficient. 

Wavenumber (cm-1) Attributions  (L/mol.cm) References 

1714 Carboxylic acids 680 [18] 

1720 Ketones 300 [19] 

1736 Aldehydes 270 [20] 

1740 Esters 560 [18] 

1773 −Lactones 720 [18] 

1778 Anhydrides 730 [18] 

3420 Hydroxyls (POOH, alcohols 
and acids carboxylic) 

70 [20] 

The concentrations of these different carbonyl products [P=O] were determined by applying the 
common Beer-Lambert’s law: 

[Prod] =
OD

ep ε
         (4.1.7) 

where [𝑃𝑟𝑜𝑑] is the concentration of the oxidation product under consideration (expressed in mol.L-

1), OD is the optical density of its IR absorption band (dimensionless), 𝜀 is its molar extinction coefficient 
(L.mol-1.cm-1), and ep is the film thickness (cm). The values chosen for 𝜀 are compiled in Table 1. 

In addition, the concentration of hydroperoxides [POOH] was determined by differential scanning 
calorimetry (DSC). This technique has already been presented in the deliverable D3.2 entitled: 
“Measurement protocols”. Finally, the concentration of alcohols was deduced from the total 
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concentration of hydroxyls determined between 3100 and 3700 cm-1 using the Beer-Lambert’s law 
[21], after subtraction of the concentrations of hydroperoxides and carboxylic acids. 

Then, the relative proportions of the different oxidation products % 𝑃𝑟𝑜𝑑 (expressed in mol%) were 
deduced from their concentration [P=O] by using the following relationship: 

% 𝑃𝑟𝑜𝑑 =
[𝑃𝑟𝑜𝑑]

∑[𝑃𝑟𝑜𝑑]
        (4.1.8) 

where ∑[𝑃𝑟𝑜𝑑] is the total concentration of oxidation products in Mod1 (mol/L). 

The results obtained for the three dose rates under study are compiled in Table 6.  

Table 6. Relative proportions (expressed in mol%) of the various oxidation products formed during the radiochemical ageing 
of Mod1. 

T (°C) 21 47 47 Tamb 

I (Gy.h-1) 400 77.8 8.5 all 

[POOH] (mol%) 16.2 19.9 15.9 17.9 ± 2 

[Alcohols] (mol%) 7.3 4.0 6.6 5.7 ± 1.6 

[Anhydrides] (mol%) 1.5 1.9 0.9 1.4 ± 0.5 

[-Lactones] (mol%) 1.0 1.5 2.1 1.6 ± 0.5 

[Linear esters] (mol%) 4.5 3.7 3.1 3.8 ± 0.7 

[Aldehydes] (mol%) 11.5 14.4 15.4 13.4 ± 2 

[Ketones] (mol%) 35.3 30.2 37.6 33.9 ± 3.7 

[Carboxylic acids] (mol%) 22.7 24.3 18.4 21.4 ± 2.9 

 

From the results of Table 6, it can be concluded that the same proportions of oxidation products are 
formed for the three dose rates under study. In addition, ketones appear to be the main oxidation 
product with about 34 mol%. Other carbonyls that should also be considered for establishing a 
correlation with mechanical properties are carboxylic acids (about 21 mol%) then aldehydes (13 mol%). 
Indeed, as found in a recent publication [21], it is confirmed here that chain scissions predominate 
largely over crosslinking in Si-XLPE. 

4.1.6.2 Thermal ageing 

As said in the section 4.1.3, for the thermally aged samples (i.e. in the absence of irradiation at 87°C), 
the FTIR measurements were performed in ATR mode due to the presence of sharp oxidation profiles 
in the sample thickness. 
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Figure 6 presents the changes in the carbonyl products during the thermal oxidation of Mod1 at 87 °C 
before (a) and after NH3 treatment (b), and after spectra subtraction (c = b - a). It should be noted that 
similar changes were observed at higher temperatures (110 and 130 °C). 

 

 

 

 

Figure 6. Carbonyl region of the FTIR spectra of Mod1 aged without irradiation at 87 °C before (a) and after NH3 treatment 
(c), and after spectra subtraction (c = b – a). 

According to the Beer-Lambert’s law, it can be written: 

OD

ε
= ep × [Prod]        (4.1.9) 

Therefore, the relative proportions of the different oxidation products % 𝑃𝑟𝑜𝑑 (expressed in mol%) 
were directly deduced from the ratios of their IR absorbance by their molar extinction coefficient 
(𝑂𝐷 𝜀⁄ ) by applying the following relationship: 

%𝑃𝑟𝑜𝑑 =
(

OD

 ε
)

∑(
OD

 ε
)
        (4.1.10)  

It should be noted that, in thermal ageing, the concentration of hydroperoxides is very low and thus, 
can be neglected against the concentration of all other oxidation products. Thus, the IR absorbance 
measured between 3100 and 3700 cm-1 is only relative to alcohols and carboxylic acids, which strongly 
simplifies the analysis. 
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The results obtained at 87 °C are compiled in Table 7.  

Table 7. Relative proportions (expressed in mol%) of the various oxidation products formed during the thermal ageing of 
Mod1. 

T (°C) 87 110 130 All 

I (Gy.h-1) / / / / 

[POOH] (mol%) / / / / 

[Alcohols] (mol%) 2.5 2.8 2.8 2.6 ± 0.2 

[Anhydrides] (mol%) 2,6 2.1 3.6 2.9 ± 0.7 

[-Lactones] (mol%) 1.1 2.4 3.5 2.3 ± 1.2 

[Linear esters] (mol%) 16 20.4 17.6 18.2 ± 2.2 

[Aldehydes] (mol%) 19.3 24.4 25.4 22.4 ± 3 

[Ketones] (mol%) 30.7 30.5 30.3 30.5 ± 0.2 

[Carboxylic acids] (mol%) 17.4 17.3 17.4 17.4 ± 0.1 

 

It can be concluded that ketones are the main oxidation products in thermal ageing, as already found 
in radiochemical ageing. These products are formed in an equivalent relative proportion (about 30 
mol%). In contrast, the relative proportions of carboxylic acids and aldehydes are quite different (about 
17 and 22 mol%, respectively). Contrarily to radiochemical ageing, aldehydes are found in a greater 
concentration than carboxylic acids. Additional reactions, assumed to be thermally activated, are thus 
expected to occur during thermal ageing, such as the condensation reactions between carboxylic acids, 
but also between carboxylic acids and alcohols. These reactions can explain such a difference. 

4.1.6.3 Radio-thermal ageing 

As for pure thermal ageing at 87 °C, for the radio-thermally aged samples (i.e. under 6.0 Gy/h at 86 °C), 
the FTIR measurements were performed in ATR mode due to the presence of sharp oxidation profiles 
in the sample thickness. It should be kept in mind that these profiles are very similar to those observed 
in the absence of irradiation at the same temperature of exposure (i.e., in the case of a pure thermal 
oxidation). 

Figure 7 presents the changes in the carbonyl products during the thermal oxidation of Mod1 under 
6.0 Gy/h at 86 °C before (a) and after NH3 treatment (b), and after spectra subtraction (c = b - a). 
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Figure 7. Carbonyl region of the FTIR spectra of Mod1 aged under 6.0 Gy/h at 86 °C before (a) and after NH3 treatment (c), 
and after spectra subtraction (c = b – a). 

As for pure thermal oxidation, the relative proportions of the different oxidation products % 𝑃𝑟𝑜𝑑 
(expressed in mol%) were directly deduced from the ratios of their IR absorbance by their molar 
extinction coefficient (𝑂𝐷 𝜀⁄ ). The results obtained under 6.0 Gy/h at 86 °C are compiled in Table 8, 
where they are compared with the previous results obtained for the pure radiochemical and thermal 
ageing treatments. 
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Table 8. Relative proportions (expressed in mol%) of the various oxidation products formed during the radio-thermal ageing 
under 6.0 Gy/h at 86 °C of Mod1. Comparison with the previous results obtained for the pure radiochemical and thermal 

ageings. 

T (°C) Tamb 86 All 

I (Gy.h-1) all 6.0 / 

[POOH] (mol%) 17.9 ± 2 / / 

[Alcohols] (mol%) 5.7 ± 1.6 2.7 2.6 ± 0.2 

[Anhydrides] (mol%) 1.4 ± 0.5 3.7 2.9 ± 0.7 

[-Lactones] (mol%) 1.6 ± 0.5 3 2.3 ± 1.2 

[Linear esters] (mol%) 3.8 ± 0.7 16.7 18.2 ± 2.2 

[Aldehydes] (mol%) 13.4 ± 2 25.1 22.4 ± 3 

[Ketones] (mol%) 33.9 ± 3.7 31 30.5 ± 0.2 

[Carboxylic acids] (mol%) 21.4 ± 2.9 17.8 17.4 ± 0.1 

In Table 8, it can be clearly observed that the relative proportions obtained for the various oxidation 
products formed during the radio-thermal ageing are very close to those obtained for pure thermal 
ageing, and quite different from those obtained for pure radiochemical ageing. It can thus be 
concluded that the elementary reactions operating during the radio-thermal and pure thermal ageing 
are quite similar. In other words, radio-thermal ageing under 6.0 Gy/h at 86 °C is equivalent to pure 
thermal ageing at the same temperature of exposure. 

4.1.7 Conclusions 

FTIR spectroscopy is a very important non-destructive characterization technique for studying the 
durability of polymers. It allows the characterization of the molecular structure by identifying the exact 
nature of the different oxidation products. In order to unambiguously identify the exact nature and 
quantify all these oxidation products, FTIR spectroscopy can be coupled with chemical derivation based 
on gas treatments. 

This study clearly showed that the radio-thermal ageing under low dose rate (6.0 Gy/h) at high 
temperature (86 °C) is equivalent to pure thermal ageing at the same temperature of exposure, leading 
to very sharp oxidation profiles in the sample thickness and equivalent relative proportions of 
oxidation products at the sample surface. Significant behavioural differences were found with pure 
radiochemical ageing between 8.5 and 400 Gy/h at low temperature close to ambient (47 and 21 °C), 
where a homogeneous oxidation was observed throughout the film thickness. 

In all radio-thermal ageing conditions studied, ketones are found to be mostly oxidation products. They 
are formed in an equivalent relative proportion (about 30 mol%). In addition, the relative proportions 
of carboxylic acids and aldehydes (formed by chain scissions) are considerably higher than those of 
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esters and anhydrides (formed by radical coupling). As already shown in a recent publication [21], it is 
confirmed that chains scissions predominate largely over crosslinking in Si-XLPE. 

These conclusions will allow us to guide us in the search for correlations between the build-up of 
oxidation products and the alteration of use properties (i.e. both electrical and mechanical properties) 
thereafter. It should be emphasized that these conclusions are valid with the results based on model 
materials and applying such correlations in the commercial materials that are used in NPPs would 
require additional work outside the scope of this project.  

4.2 Differential scanning calorimetry 

4.2.1 OITp measurements on cable samples 

Degradation of polymeric cable insulation materials in the course of their service can be monitored by 
measuring their properties by differential scanning calorimetry (DSC). The measured parameters are 
oxidation induction temperature or time (OITp / OIT), melting point and melting enthalpy. The studied 
materials are in-laboratory or on-site aged by applying main stressors that act in NPPs – temperature 
and ionising radiation. Most commonly used are oxidation induction techniques described e.g. in 
Standard IEC/IEEE 62528-4 [22].   

4.2.1.1 General description of the OITp method 

Unlike with tensile tests, this measurement requires small sized test specimens (several µg). This is 
advantageous when samples of sufficient size cannot be obtained. Several microsamples are taken 
from the tested cable insulation and the oxidation induction temperature (OITp) is determined. 
Measurements are performed at various stages of ageing and the dependence of OITp on radiation 
and thermal degradation of polymeric material is determined. It is crucial to measure initial properties 
of the examined material and at various stages of the ageing to obtain a trend. For this trend to be 
reliable, it is very important to obtain multiple specimens from the whole length of the examined 
material because of the inhomogeneities present in polymer materials. 

4.2.1.2 Technique set-up 

4.2.1.2.1 Measuring equipment 

DSC measurements at UJV were performed on differential scanning calorimeter Discovery DSC 25, TA 
Instruments, designation, DSC2A, serial number: 00316“. Calibrated at least once per year with indium 
(CRM: PTB ZRM-31402), tin (CRM: PTB ZRM-31403), bismuth (CRM: PTB ZRM-31404). 

The samples are measured in aluminium pans for autosampler with prickled lid (TA Instruments). 

The test procedure was set as follows: 

• Cooling at the highest possible rate to 0 °C in N2, gas flow rate set at 50 ml/min; 

• Switching to O2, gas flow rate set at 50 ml/min and temperature stabilizing at 0 °C; 

• Linear heating at the rate 10 °C/min up to 300 °C; 

• Recording terminated after the peak value could be determined; 

• At least 3 measurements per sample were executed. 
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Figure 8 : Discovery DSC D25 at UJV. 

4.2.1.2.2 Performing the measurement 

Test specimen and a reference material are placed on a heated disc– DSC cell, temperatures under the 
specimen and under the reference material are measured. Any process including thermal exchange (in 
this case oxidation) is detected as a temperature change. The difference in temperatures of the 
specimen and the reference material is converted to heat flow. The output of this measurement may 
be heat flow over either temperature or time. 

4.2.1.2.3 Data interpretation 

The results are evaluated by the software Trios.  

The melting points are determined as the onset of peak constructed from the intersection of baseline 
with the tangent of peak in point of maximum slope as well as the peak extreme value. 

The melting enthalpy (ΔH) is determined as the area limited by baseline and the measured curve. 

The oxidation-induction temperatures are determined as the onset of peak constructed from the 
intersection of baseline with the tangent of peak in point of maximum slope (OITp) as well as the value 
at intersection of thermogram with baseline parallel line at 0,1 W/g (OITp0,1). The oxidation-induction 
process was characterized also by the position of the peak (Max). 

4.2.1.3 Results 

The obtained thermograms with samples are shown in Figure 9 to Figure 17. The melting point seems 
to increase slightly with the RA + TA samples as the function of ageing. OITp values seemed to generally 
decrease as the samples were aged. This behaviour was more pronounced in the RA + TA ageing, as 
can be seen from Figure 16 and Figure 17. 

This method has already been used for assessing cable degradation in nuclear power plants and the 
presented results have affirmed again the possibility of application. If uncertainty is taken into account, 
the measured trend of DSC changes with ageing (cable degradation) is not as noticeable as by some 
other methods described in this document.  If DSC method is to be applied in NPP, a combination of 
more non-destructive condition monitoring techniques should be applied. But this is a general 
conclusion for all the non-destructive methods. 
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Figure 9. The comparison of thermograms – Coaxial cable wire (№ 2018/62)- initial properties and subsequent 5 
withdrawals (from bottom to top) during low dose rate radiation ageing (RA-LD). 

 

Figure 10. The comparison of thermograms – Coaxial cable wire (№ 2018/62)- initial properties and subsequent 5 
withdrawals (from bottom to top) during simultaneous radiation and thermal ageing. (RA-TA). 
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Figure 11. The comparison of thermograms – Twisted pair wire №1(№ 2018/77)- initial properties and subsequent 5 
withdrawals (from bottom to top) during low dose rate radiation ageing (RA-LD). 

 

Figure 12. The comparison of thermograms – Twisted pair wire №1(№ 2018/77)- initial properties and subsequent 5 
withdrawals (from bottom to top) during simultaneous radiation and thermal ageing. 
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Figure 13. The comparison of thermograms – XLPE tape (Material №4) initial properties and subsequent 5 withdrawals 
(from bottom to top) during simultaneous radiation and thermal ageing. 

 

Figure 14. The comparison of thermograms – XLPE tape (Material №4) initial properties and withdrawals № 1,2 and 5 (from 
bottom to top) during low dose rate radiation ageing. 
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Figure 15. The comparison of thermograms: Initial properties– XLPE tape (Material №4), wire №1 of Twisted pair cable 
(2018/77) and wire from coaxial cable (2018/62). 

 

 

Figure 16. The comparison of thermograms of properties after the 5th withdrawal RA+TA– tape, wire №1 of Twisted pair 
cable (2018/77) and wire from coaxial cable (2018/62). 
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Figure 17. The comparison of thermograms of properties after the 5th withdrawal RA-LD – tape, wire №.1 of Twisted pair 
cable (2018/77) and wire from coaxial cable (2018/62). 

 

 

Figure 18. Relative decrease in OITp for the tested samples during simultaneous TA + RA. 
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Figure 19. Relative decrease in OITp for the tested samples during low dose rate radiation ageing. 

4.2.2 DSC measurements on tape samples 

4.2.2.1.1 Principle 

The principle of DSC (differential scanning calorimetry) was already described in [14]. It will be briefly 
recalled below. 

DSC 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 gives qualitative and quantitative 
information on chemical and physical transformations implying heat exchange or variation in heat 
capacity. Using DSC, it is thus possible to determine the nature, the temperature range and the 
enthalpy of exothermic and endothermic chemical reactions (e.g. post-crosslinking, oxidation, thermal 
decomposition). As they involve heat exchange, physical state transitions such as crystalline phase 
melting (endothermic process) and crystallization (exothermic process) can also be detected using this 
technique. Using DSC, it thus possible to determine the temperature range and the enthalpy of melting 
of a semi-crystalline polymer. 

In this project, DSC was used for three purposes: 

 
a) To determine the residual concentration of still active antioxidants in the Si-XLPE matrix by 

measuring the OIT, i.e. the time required to consume all the antioxidants at a given high 
temperature (isotherm, generally in molten state) under a pure oxygen flow in the DSC 
chamber. In this project, OIT was measured graphically on the DSC thermogram with the 
classical tangent method. Recall that, according to the literature [23]-[26], there is a close 
correlation between these two quantities which can be written as follows: 

OIT(T) = KT × [AO] + OIT0(T)      (4.2.1) 

Where KT is a constant only depending on the temperature and the couple (polymer matrix, 
antioxidant) under consideration, [AO] the concentration of still active antioxidants, and 
 OIT(T) and OIT0(T) the values of OIT at the measurement temperature T for the stabilized 
and the non-stabilized polymer matrix respectively. For pure PE-based materials, OIT0 is near 
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zero under pure oxygen for measurement temperatures higher than typically 190 °C. As a 
consequence, Equation 4.2.1 can be satisfyingly approximated by: 

OIT(T) = KT × [AO]        (4.2.2) 

b) To monitor and titrate the hydroperoxides (POOH) accumulated during the radio-thermal 
ageing. As hydroperoxides are thermally very unstable species (due to the low dissociation 
energy of their O-O bond), they easily decompose during a temperature rise under a nitrogen 
flow in the DSC cavity. In Si-XLPE, their temperature decomposition is typically ranged between 
130 °C and 230 °C. The concentration of hydroperoxides was determined as follows: 

[POOH] =
1

1−XATH

∆HPOOH

∆HTheory
        (4.2.3) 

Where ∆HPOOH is the area under the exothermic peak between 130 °C and 230 °C on the DSC 
thermogram, ∆HTheory is the theoretical value of the decomposition enthalpy of POOH, which 

can be calculated from the classical theoretical concepts of thermochemistry or determined 
experimentally from POOH model compounds (∆HTheory = 291 kJ. mol−1 [18]), and XATH is 

the mass fraction of ATH fillers in the tape model material under consideration (XATH =
20.9% for MOD 5, and XATH = 33.2% for MOD 6). 
 

c) To highlight the changes in the crystalline morphology of the Si-XLPE matrix throughout the 
radio-thermal exposure. As already shown in [11], radio-thermal oxidation leads to a 
predominance of chain scissions over crosslinking. These chain scissions destroy progressively 
the elastically active chains of the Si-XLPE macromolecular network, thus producing small, 
linear macromolecular fragments. 
As the amorphous phase of Si-XLPE is in rubbery state, these short fragments can easily 
migrate towards the crystalline lamellae to induce a chemi-crystallization, i.e. a lamellar 
thickening and an increase in crystallinity ratio. In general, these short fragments preferentially 
integrate into the thinnest crystalline lamellae, which leads to a narrowing of the lamellar size 
distribution around a maximum thickness and thus, a harmonization of the crystalline 
morphology. 
The direct consequence of these two morphological changes, i.e. lamellar thickening and 
increase in crystallinity, lead to the progressive disappearance of the secondary melting peaks 
constituting the low temperature part (typically between 25°C and 125 °C) of the wide melting 
range. This disappearance correlates well with the increase in the height (and thus in the area) 
of the main melting peak, while its melting temperature remains almost constant around its 

initial value ( 114.7 ± 0.6 °C). 
The global crystallinity ratio of Si-XLPE was determined as follows: 

XC =
1

1−XATH

∆Hm

∆Hm0
         (4.2.5) 

Where ∆Hm is the sum of areas under the endothermic peaks observed between 25 °C and 
125 °C on the DSC thermogram, ∆Hm0 is the melting enthalpy of the PE crystal. According to 
literature, ∆Hm0 = 292 J. g−1 [26]. 

 

4.2.2.1.2 Device 

DSC measurements were performed either with a TA instrument Differential Scanning Calorimeter Q20 
for OIT measurements, or Q1000 for POOH titration and XC determination, previously calibrated with 
an indium reference. As an example, the Q1000 device is shown in Figure 20. 
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Figure 20. Photo of DSC Q1000. 

For each measurement, squared-form samples between 5 and 10 mg were introduced into a standard 
aluminium pan either open for OIT measurements, or closed for POOH titration and XC determination. 
In both cases, the reference pan was an empty standard aluminium pan. As an example, the DSC Q1000 
chamber is shown in Figure 21. 

 

Figure 21. Photo of the DSC Q1000 chamber with the empty and the sample pans. 

The following experimental protocol was used for the OIT measurements: 

• Heating rate up to 10 °C below TOIT: 50 °C.min-1 

• Heating rate up to TOIT: 5 °C.min-1 

• Isothermal temperature TOIT 

• Equilibration time at TOIT: 2 min 

• Switch from nitrogen to oxygen flow(*): 50 mL.min-1 

For all OIT measurements, at least three were performed for each sample. 

The following experimental protocol was used for the POOH titration and XC determination: 

• Isothermal for 2 min at -80 °C 

• Heating rate up to 250 °C: 10 °C/min 

• Cooling rate down to -80 °C: 10 °C/min 

• Heating rate up to 250 °C: 10 °C/min 

• Nitrogen flow of 50 mL.min-1 (*). 

For all POOH titrations and XC determinations, at least three experiments were performed for each 
sample. 

Reference  
(empty pan) Sample 
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(*) The gas passes through a mass flow controller. The flow rates are then set through the instrument 
control software and can be controlled during experiments. 

 

4.2.2.1.3 Example of results 

OIT measurements were performed on tape model materials after their radio-thermal ageing in air in 
order to determine the duration of the oxidation induction period. As expected, it was found that 
radio-thermal ageing induces a physical loss (through evaporation) and a chemical consumption 
(through stabilization reactions) of antioxidants. But, when comparing OIT and FTIR results, it was also 
found that the polymer oxidation starts after the almost total depletion of antioxidants and without 
any additional oxidation induction period [28]-[29]. This result calls into question the choice of the OIT 
measurement as method for monitoring the health state of electrical cable insulation in nuclear power 
plants. 

In contrast, nice correlations were found between the changes in the concentration of hydroperoxides 
and carboxylic acids, on the one hand (see Figure 22), and the changes in the crystallinity ratio and the 
concentration of carboxylic acids, on the other hand (see Figure 23). Indeed, in Figure 22, it can be 
observed that the maximum concentration of hydroperoxides is well reached at the end of the 
oxidation induction period, as hydroperoxides are the main source of radicals for initiating the thermal 
oxidation. In addition, in Figure 23, a nice straight-line is obtained between the crystallinity ratio and 
the concentration of carboxylic acids, thus confirming that carboxylic acids are, with aldehydes, the 
main oxidation products from chain scissions in the Si-XLPE matrix. For this last example, it is quite 
interesting to note that the ATH fillers have absolutely no effect on the oxidation and chemi-
crystallization of the Si-XLPE matrix. 

 

Figure 22. Comparison of the changes in the concentrations of hydroperoxides (determined by DSC under nitrogen) () and 
the changes the carboxylic acid index (determined by FTIR spectroscopy in ATR mode) during the thermal ageing at 130 °C in 

air of the Si-XLPE matrix stabilized with 0.6 wt% of Irganox 1076 [29]. 

 



TMC-WP5-D5.6-DEVELOPMENT AND VALIDATION OF NON-DESTRUCTIVE TESTING TECHNIQUES FOR ON-SITE INSPECTION.DOCX 

TEAM CABLES – 755183    19/08/2022 

 

Public   Copyright TeaM Cables consortium Page 34 / 102 

 

Figure 23. Crystallinity ratio versus carboxylic acid index for MOD 1 (), MOD 5 () and MOD 6 () aged in air under 8.5 
Gy.h-1 at 47 °C (green), under 77.8 Gy.h-1 at 47 °C (blue) and under 400 Gy.h-1 at 21 °C (red) [30]. 

Contrarily to OIT, the hydroperoxides and the crystallinity ratio appear to be interesting indicators for 
monitoring the health state of electrical cable insulation in nuclear power plants. 
 

4.3 Microwave and terahertz techniques 

The THz measurement technique employs the principle of measuring the changes in dielectric 
permittivity a sample experiences due to ageing. The technique itself is completely non-destructive, as 
THz waves, in contrary to highly energetic radiation, do not facilitate e.g. the formation of free radicals. 
Moreover, due to their low-energy nature, the waves used in this technique are safe for living 
organisms.  

4.3.1 General description 

The measurements performed on the cables were carried out in reflection mode as THz waves are not 
able to penetrate the metallic conductors on the inside. Samples were held in front of the sensor head 
by means of a specifically constructed sample holder for cables, which allows for an optimized 
approach. The data collected was analyzed with the help of machine learning algorithms, namely 
Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA). 

4.3.2 Development of technique 

For the measurements, the cable jackets had to be removed. The reason behind this is that the material 
of interest is the isolation on the inside of the cable. The outer jacket interacts with the THz waves in 
such a way that small changes in the condition of the isolation on the inside are very difficult to detect, 
if at all. 

To measure a cable, the sensor head of the THz time-domain spectrometer has to be aligned as 
perpendicular to the sample as possible. This was enabled by constructing a special sample holder, 
which can be put over the sensor head (see Figure 24). 
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Figure 24. Prototype of cable holder for THz measurements. 

Using the upper plate of the holder, a cable can be clamped firmly to the holder, and by adjusting the 
height of the plate via threading, the cable can be reliably put into the focus point of the sensor head.  

Each cable was measured at two points: 3 cm from the end and in the middle. At both points, about 
1000 measurements each with 1201 sample points were taken. These 1201 points contain depth 
information, which shows a characteristic pattern regarding the unaged and specifically aged state of 
the material. 

4.3.3 Machine learning algorithms 

To analyse the data, the 1201 points of depth information were used as quasi-features. With two 
possible positions and about 1000 measurements per position, the methods of multivariate statistics 
were employed. There exist structure-discovering techniques, which can be used for dimension 
reduction, as well as structure-checking techniques, which can be used to classify the data into various 
classes. 

For the analysis of this data, PCA was chosen as the method for dimension reduction/feature selection. 
It can be used to approximate a large number of statistical variables through a smaller number of linear 
combinations (principal components) by maximising the variance among different features. The 
amount of principal components that can explain 99 % of all variances among the characteristics was 
determined by the algorithm and used as a threshold. 

LDA was selected as the method of choice for classifying and correlating the measured THz data with 
various target values. These target values, e.g. EaB, were determined by macro- and microscale 
measurements of other partners. The LDA algorithm attempts to minimise the variance within classes 
and to maximise the variance between classes, whereby a vector with the size of the number of classes 
minus one and the number of all observations is obtained as a result. From this, predictions about class 
affiliation can subsequently be made. This is possible for measurement data known to the model as 
well as for data still unknown to the model. 

To make proper use of the machine learning algorithms, a model was developed. This model was 
trained by first splitting the measurement data randomly. 20 % of the data was then selected and 
retained after feature extraction, leaving 80 % of the measurement data available to train the model 
with PCA and LDA. The retained measurement data was presented to the model for prediction 
afterwards and the predicted class affiliation was compared to the true or measured reference/target 
value and its class. This procedure counteracts the effect of overfitting and, thus, prevents the model 
from memorising certain interpretation paths, which would lead to only minor changes in input data 
destabilising the entire model, therefore reducing the predictive accuracy significantly. 

The resulting confusion matrix for every trained model is given in each subchapter. It describes the 
correctness with which the model can predict the associated correct class for a single presented 
unknown measurement data observation. The given average prediction score is an averaged mean 
over all classes based on the retained, randomly selected 20 % test data. 
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4.3.4 On-site measurement procedure 

The presented measurement method was developed primarily for laboratory use. However, it can be 
tweaked and improved upon to enable mobile on-site measurements. To make this possible, several 
adjustments are required. 

Firstly, removing the outer jacket of a cable in use in a nuclear power plant is not practical. To 
circumvent the necessity of this removal, this method can only be used in places where the jacket is 
already removed naturally, e.g. switch cabinets. 

Secondly, the setup for the THz measurements is, in case of laboratory use, not mobile. The sensor 
head could be constructed in a way that allows free movement of the head, e.g. in form of a handheld 
device. This can be combined with a three-point laser profilometer, which allows for a good 
perpendicularity of sensor head and sample. Instead of a sample holder keeping the cable 
perpendicular, it would only need to be kept in the correct distance to the sensor head. This would 
simplify the holder significantly; spacers are sufficient at this point. 

Thirdly, keeping with the theme of mobility, the generator for THz waves and the accompanying PC 
cannot be miniaturised. For easier transportation to the place of measurement, both could be put onto 
some kind of wheeled support, e.g. a trolley.  

4.3.5 Results of sheet measurements 

These results were first shown in [31], now the newest results of the sheet measurements were 
included. 

4.3.5.1 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. 

4.3.5.1.1 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.  

The data base  contains 
383,422 measurements 
with 1,201 features per 
measurement from 214 
samples. Out of these, 
76,685 (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 
25) is shown: 

 

Figure 25. Confusion Matrix 
with prediction accuracies for 
each class with Target: Flame 

Retardant ATH. 



TMC-WP5-D5.6-DEVELOPMENT AND VALIDATION OF NON-DESTRUCTIVE TESTING TECHNIQUES FOR ON-SITE INSPECTION.DOCX 

TEAM CABLES – 755183    19/08/2022 

 

Public   Copyright TeaM Cables consortium Page 37 / 102 

The averaged prediction score over all retained test measurements is 96.94 %. A closer look into the 
different classes shows that only 2.8 % 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. 

4.3.5.1.2 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 base contains 30,131 measurements with 1,201 features per measurement from 7 samples. 
Out of these, 6,027 (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 26) is 
shown: 

 

Figure 26. Confusion Matrix with prediction accuracies for each class with Target: Phenolic Antioxidant. 

The averaged prediction score over all retained test measurements is 89.81 %. A closer look into the 
different classes shows that 19 % of the test data are wrongly classified as without phenol and 3.7 % 
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. 

4.3.5.1.3 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 base contains 30,131 measurements with 1,201 features per measurement from 7 samples. 
Out of these, 6,027 (20 %) measurements were retained to validate the model in the end. 
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In order to visualize the (validation) results of the model, the following confusion matrix (Figure 27) is 
shown: 

 

Figure 27. Confusion Matrix with prediction accuracies for each class with Target: Thioether Antioxidant. 

The averaged prediction score over all retained test measurements is 94.81 %. A closer look into the 
different classes shows that 1.6 % of the test data are wrongly classified as without phenol and 7.8 % 
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. 

4.3.5.2 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. 

The data base contains 383,422 measurements with 1,201 features per measurement from 214 
samples. Out of these, 76,685 (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 28) is 
shown: 
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Figure 28. Confusion Matrix with prediction accuracies for each class with Target: Ageing Groups. 

The averaged prediction score over all retained test measurements is 55.56 %. A closer look into the 
different classes shows that the unaged samples can be predicted with 93 %, the thermal aged samples 
with only 26 % and the radiation aged samples with 73 %. All aged samples seem to be predicted as 
radiation aged, thus the right column is mostly dark blue, as radiation aged is predicted even for 
combined and thermally aged samples. 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. 

4.3.5.3 Ageing types (0-7) 

A more detailed look by classification regarding all seven different ageing types (see Table 2) 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. 

The data base contains 50,469 measurements with 1,201 features per measurement from 29 samples. 
Out of these, 10,094 (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 29) is 
shown: 



TMC-WP5-D5.6-DEVELOPMENT AND VALIDATION OF NON-DESTRUCTIVE TESTING TECHNIQUES FOR ON-SITE INSPECTION.DOCX 

TEAM CABLES – 755183    19/08/2022 

 

Public   Copyright TeaM Cables consortium Page 40 / 102 

 

Figure 29. Confusion Matrix with prediction accuracies for each class with Target: Ageing Types. 

The averaged prediction score over all retained test measurements is 88.36 %. A closer look into the 
different classes shows that the unaged samples can be predicted with 87 %. 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 87 % whereby the medium (2) and high thermal aged samples (3) can be distinguished with 
89 % and 93 %. The prediction score  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 
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 thermally 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 95 % and the ones aged with 
medium dose rate with a probability of 91 %. It is also notable that all samples aged by high dose rate 
can be predicted with 96 %, the highest percentage of all analysed samples. 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. 

4.3.5.4 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 base contains 37,900 measurements with 1,201 features per measurement from 17 samples. 
Out of these, 7,580 (20 %) measurements were retained to validate the model in the end. 
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In order to visualize the (validation) results of the model, the following confusion matrix (Figure 30) is 
shown: 

 

Figure 30. Confusion Matrix with prediction accuracies for each class with Target: Dose Rate. 

The averaged prediction score over all retained test measurements is 90.48 %. A closer look into the 
different classes shows that the unaged samples were to 96 % correctly distinguishable and predictable 
for the model. The biggest discrepancy is 22 % of samples aged with high dose rate, wrongly classified 
as unaged. 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 31): 
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Figure 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 92.67 % 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. 

4.3.5.5 Withdrawal 

The five different withdrawal times, as well as the initial, unaged sample also allow a classification by 
the model (see Table 3) 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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The data base contains 50,469 measurements with 1,201 features per measurement from 29 samples. 
Out of these, 10,094 (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 32) is 
shown: 

 

Figure 32. Confusion Matrix with prediction accuracies for each class with Target: Withdrawal. 

The averaged prediction score over all retained test measurements is 73.9 %. 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. 

4.3.5.6 Material Modification 

Lastly, the seven different material modifications can be used as targets as well (see Table 3). To 
prevent certain ambiguities and because of the unknown number of additives in the later withdrawals 
only unaged tapes were considered here. 

The data base contains 30,131 measurements with 1,201 features per measurement from 7 samples. 
Out of these, 6,027 (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 33) is 
shown: 
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Figure 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 %.  

4.3.6 Results of cable measurements 

In this section, the results of the cable measurements will be analysed. Since it could be shown in the 
analysis of the sheet measurements that it is difficult to interpret the data in a conventional way, 
machine learning methods will be applied for the case of the cable measurements, as well. 

The analysed cables were Coaxial cables with a single wire (sample modification 8) and Twisted Pair 
cables with four different wires (sample modification 9). The wires come in pairs of two, with pair one 
consisting of XLPE without ATH (equal to material composition 4 in tapes and sheets) and pair two 
consisting of XLPE with added ATH (equal to material composition 7 in tapes and sheets). The third pair 
consists of EVA/EPDM, which is not important for this project. Not all cables could be measured due 
to time constraints and the fact that the outer jacket had to be removed, but it was agreed on to 
analyse one cable of each ageing type (unaged, combined ageing, thermally aged, radiation aged) and 
different withdrawals. For the Twisted Pair cables, all four XLPE insulations were analysed, and all the 
cables, Coaxial as well as Twisted Pair, were measured at one end and in the middle. The measured 
samples are shown in Table 4. 

4.3.6.1 Coaxial cables 

First, the measurements of the Coaxial cables are analysed. For this, a distinction of the different 
possible ageing types is necessary. Thus, the model was first trained to differentiate between the 
different ageing types, with all withdrawals included in the data. This is shown in Figure 34. The 
averaged prediction score over all retained test measurements reaches an accuracy of 99.12 % for this 
set task. 
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Figure 34. Confusion Matrix with prediction accuracies for each class with Target: Ageing Type. 

For an in-depth analysis of a measurement, this information regarding the ageing type can now be 
seen as an “a priori” information and thus, the model can be retrained with this information included. 
Now, a differentiation between withdrawals of one ageing type is possible. This is shown as example 
in Figure 35. For ageing type 4, the combined ageing, the averaged prediction score over all retained 
test measurements is 100 % for the task of classifying the three withdrawals 0, 3 and 5. For thermal 
ageing with 110 °C and radiation ageing with high dose rate, the averaged prediction score is 100 %, 
as well. 

 

Figure 35. Confusion Matrix with prediction accuracies for each class with Target: Withdrawal. 
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Another interesting detail which came about after removing the outer jacket was a gradient in 
discolouration of the isolation, shown in Figure 36.  

 

Figure 36. Coaxial Cable 8425 with removed outer jacket, gradient from left to right. 

This gradient was the reason why the cables were measured at two positions, once in the middle and 
once at the end. Training the model to classify between “middle” and “end” of a cable, with the a priori 
information of the ageing type, allows for a correct prediction with an average score over all retained 
test measurements of 100 % for unaged and thermally aged cables (110 °C), 97.31 % for combined 
aged ones and 99.4 % for purely radiation aged samples (high dose rate, shown in Figure 37). 

 

Figure 37. Confusion Matrix with prediction accuracies for each class with Target: Measured position on the cable. 

The explanation for this discolouration is theorised as inhomogeneous ageing along the cable 
depending on the distance to the cut end. While the ends of the cables were tightly wrapped with 
silicone tape to prevent the flow of gases and liquids, this tape is not suitable to stop increased 
temperature or radiation in the same way the outer jacket would. Heat, for example, can travel along 
the copper wire inside of the cable, thus resulting in less thermal stresses/thermally induced ageing in 
the middle of the cable compared to the ends. This is also similar to cables in electrical boxes in an 
NPP, as the jacket is removed in these boxes, thus inhomogeneous ageing is possible.  

4.3.6.2 Twisted pair cables 

Similar to the analysis of the Coaxial Cables, the model for the Twisted Pair cables was trained to 
differentiate between the different ageing types, first. For this, the measurements of all four wires, 
both positions and all ageing types were included. The averaged prediction score over all retained test 
measurements reaches only 75.69 % accuracy (see Figure 38). The reasoning behind this low score is 
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the relatively low amount of data with a high variance for each measurement, since e.g. the insulations 
of all four wires differentiate from each other, be it in form or composition. 

 

Figure 38. Confusion Matrix with prediction accuracies for each class with Target: Ageing Type. 

The model was also used to classify and predict, for all available data, the material of the measured 
wire. A possible use-case for this model could be the on-site inspection with missing record about the 
cable’s material composition. This prediction reached a score of 81.22 % (see Figure 39), which is still 
quite low. Again, this low score can be explained with variance in the wires compared to a small 
amount of data. 

 

Figure 39. Confusion Matrix with prediction accuracies for each class with Target: Wire Material. 
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To increase the accuracy of the model, some “ground truths” need to be included as a priori 
information. One such ground truth could be the ageing type since this should be known to the 
operator of the NPP. Trying to predict the material of the measured wire with this a priori information 
included in the model leads to the following prediction scores (see Table 9). 

Table 9. Averaged predictions scores with a priori information ageing type and target: wire material. 

Ageing type Averaged prediction score 

All 81.22 % 

Unaged 99.86 % 

Thermally aged at 110 °C 87.87 % 

Combined ageing 90.99 % 

Radiation aged at high dose rate 95.02 % 

As can be seen, the accuracy of the model increases, if only one ageing type is analysed, by at least 6 % 
and up to 19 %. The increase for the unaged samples is mostly due to the fact that only one unaged 
withdrawal exists, in contrary to two (measured) withdrawals for the aged cases. Another key point is 
the accuracy being the lowest for purely thermal ageing and the highest for purely radiation ageing, 
with combined ageing taking almost the exact middle. This can be attributed to the assumption and 
visual observation of inhomogeneous thermal ageing.  

The next task is to find out the age of a sample, i.e. the withdrawal for a given ageing type and wire. If 
the model is built with only the a priori information of ageing type, the resulting prediction score for 
the withdrawal 3 or 5 is between 84 % and 94 % accuracy (see Table 10). As there exists only one 
withdrawal for the unaged samples, the model does not work in this case.  

Table 10. Averaged predictions scores with a priori information ageing type and target: withdrawal. 

Ageing type Averaged prediction score 

All 77.6 % 

Thermally aged at 110 °C 84.42 % 

Combined ageing 93.13 % 

Radiation aged at high dose rate 93.42 % 

As before, it can be seen that the prediction accuracy is the lowest for the thermally aged samples, 
due to previously discussed reasons. 

Again, a priori information can be used to increase the accuracy. In this case, the material of the 
analysed cable is either known by the marking of the cable, or by a previous run of another model 
predicting the material (see Table 5).  Using the new prediction model with the given information of 
ageing type and material, the accuracy of the predicted withdrawal increases as can be seen in Table 
11  and Table 12. 
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Table 11: Averaged predictions scores with a priori information ageing type and wire material XLPE and target: withdrawal 

Ageing type Averaged prediction score 

All 86.72 % 

Thermally aged at 110 °C 91.57 % 

Combined ageing 96.9 % 

Radiation aged at high dose rate 96.04 % 

 

Table 12. Averaged predictions scores with a priori information ageing type and wire material XLPE+ATH and target: 
withdrawal. 

Ageing type Averaged prediction score 

All 84.85 % 

Thermally aged at 110 °C 89.73 % 

Combined ageing 95.88 % 

Radiation aged at high dose rate 96.1 % 

 

This increase is due to the fact that the two materials of the insulations are different to each other, 
which leads to slightly different effects on the measurement. If the prediction model is not built 
accordingly, it tries to find the smallest differences in the measurements and might thus concentrate 
on the variations stemming from the material instead of those from the ageing. Also visible is, again, 
the lower prediction accuracy for thermally aged samples. 

To construct a more robust model and increase the averaged prediction score over all measurements, 
multiple steps can be taken. The most important point is to measure all possible combinations of 
ageing type, wire material and withdrawal, to cover all possible ageing scenarios. Also, multiple 
measurements of the same setup (e.g. ageing type 1, withdrawal 3, wire material XLPE + ATH) would 
allow to build a better model, since measurement inaccuracies in between measurements are taken 
into account.  

4.3.6.3 Mechanical testing data as target 

The mechanical testing data for the cables was only performed on some of the cables, as these tests 
were only planned as an additional method, without many reserves of material samples. Thus, only 
radiation and combined aged cables were tested by UJV, and, due to material shortages, some 
withdrawals could not be analysed, as samples were missing. The previous Table 4 of cables measured 
with THz Time-Domain spectroscopy was therefore adjusted. Table 13 shows the cables for which both 
mechanical testing as well as THz testing data exist, coloured in green. 
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Table 13. Cables for which THz- and mechanical testing data exist. 

Coaxial cable Twisted Pair cable 

8400 9400 

8423 9423 

8425 9425 

8443 9443 

8445 9445 

8473 9475 

8475 9475 

The target chosen to train the model was the Elongation at break (EaB) of the tested cables. A widely 
accepted value to evaluate mechanical testing data is 50 % Elongation at break, this is seen as the 
critical point at which a sample is no longer fit for usage in an NPP. Thus, the model was trained to 
differentiate between samples that are at or below 50 % EaB and those that are above that value. The 
resulting averaged prediction accuracies without a priori information is shown in Table 14. 

Table 14. Averaged prediction scores with no a priori information for the cables with target: EaB. 

Cable type Averaged prediction score 

All 90.04 % 

Coaxial 99.8 % 

Twisted pair 96.58 % 

As can be seen, the averaged prediction score is between 90.04 %, if the model is used on all the cables, 
and 99.8 %, if used only on Coaxial cables. The prediction score of Twisted pair cables is a bit lower 
than that of Coaxial cables, this is most likely due to the fact that the Twisted pair cables have different 
wiring pairs, which age differently and thus show different mechanical behaviour. 

4.3.7 Conclusion 

All in all, it could be shown that the implementation of machine learning algorithms and the 
subsequent building of prediction models opens up a new and useful way of analysis. While the 
prediction scores for the sheets are sometimes too low to allow for an accurate reading of the data, 
the models are able to correctly predict the age of an analysed cable sample with accuracies in the 
upper 90 %. In some cases, specific a priori information needs to be given to the model before starting 
the process, but this is easily possible by using e.g. ageing type or material of the analysed cable wire 
insulation. Moreover, the correct prediction of the failure criterion EaB can be achieved for the cables 
with accuracies of more than 95 %, thus allowing for a safe distinction of cables which should not be 
in use any longer. 

The differing accuracies of the predictions of cables and sheets might be the result of a way bigger 
sample size for the sheets than for the cables, or it might be because it is easier for THz Time-Domain 
spectroscopy to analyse cable insulations instead of sheets. To build a more stable model and to find 
a solution to the aforementioned uncertainty, in possible follow-up projects, it would be necessary to 
increase the amount of measured cable insulations by the factor 10 at the least. All things considered, 
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the usage of machine learning methods to predict the age and condition of a measured cable by using 
data from THz Time-Domain spectroscopy can prove beneficial in the future. 

4.4 Ultrasonic technique 

The physics of the ultrasonic technique for monitoring PE embrittlement in non-destructive fashion is 
based on classical continuum mechanics. For every solid material fulfilling three conditions, 
homogeneity, isotropic and linear elasticity, sound velocity for longitudinal wave mode can be 
calculated using the equation (See equation 4.3.1). In the equation E is Young’s modulus, ρ is density 
and ν is Poisson’s ratio. 

 

𝑣 = √
𝐸

𝜌
 

1 − 𝜈

(1 + 𝜈)(1 − 2𝜈)
 (4.3.1) 

While PE is exposed to gamma radiation, it brittles. Simultaneously it hardens. Therefore, the Young’s 
modulus increases while density and Poisson’s ratio are not changed. This causes sound velocity to 
increase. The research question is: “Does the Young’s modulus increase enough, that it can be 
measured by detecting changes in sound velocity?” 

4.4.1 General description 

The sound velocity measurement used in this project is based on traditional pulse-echo method. In this 
method, a short sound pulse is sent to the specimen and arrival time of the echo (time of flight) t is 
measured. If the length of the sound path s (for example plate thickness) is known, the sound velocity 
can be calculated using equation (4.3.2) 

 
𝑣 =

2𝑠

𝑡
 (4.3.2) 

4.4.2 Development of technique 

4.4.2.1 Method to determine sound velocity in 1 mm thick PE plates 

The sound velocity for 1 mm thick PE plates was determined in two phases. First, the thicknesses of 
the plates were determined using digital micrometre (Mitutoyo MCD-1” SXF). The thickness for each 
plate was measured from 12 different locations. Average of these values was used as plate thickness 
and standard deviation as error parameter for thickness. 

Secondly, the time of flights were determined for each plate. A contact transducer (GE 5 MHz .25B), 
nominal frequency 5 MHz, with acrylic delay line (22 mm) was used. The signals were recorded using 
Dynaray Lite (sampling rate 100 MHz) ultrasound inspection system. 

 

Figure 40. Basic concept for time-of-flight measurement using contact transducer. 

To improve accuracy, the arrival time difference between delay line - sample echo (front wall echo) 
and the second back wall echo was used as measured. This procedure doubled the sound path reducing 
relative measurement error by half and increasing the overall sound velocity measurement accuracy. 
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Figure 41. Actual measured acoustic signal from a 1mm thick sheet. Front wall echo and first and second back wall echoes 
can be clearly seen. 

4.4.2.2 Method to determine sound velocity in cable insulator 

Determining the sound velocity in cable insulators was a rather difficult task. The major problem is the 
arbitrary geometry of the sample. Therefore, a device that determines the sound path and conducts 
time-of-flight measurement simultaneously had to be developed. 

The measurement device is a combined digital micrometre (Mitutoyo DM713, nominal accuracy 1 μm) 
and ultrasound transducer (GE G 5 MN, nominal frequency 5 MHz) setup built using commercially 
available modular components made by Thorlabs Ltd. Only the non-commercial part of the setup is 
combined delay line (acrylic, 10 mm) and transducer holder. 

The measurement electronics used in this setup consisted of a pulser-receiver (Panametrix, Model 
5077PR) and an oscilloscope (Tektronix TDS 5034 B, sampling rate 5 GS/s) as a signal digitizer.  

 

Figure 42. Measurement setup (left) and close-up of the delay line - transducer setup (right). The distance between the delay 
line and steel backing plate can be freely adjusted using digital micrometre with nominal accuracy of 1 μm. 

In order to conduct the measurement, one first needs to cut a short cylindrical piece of the insulator 
using a scalpel or other sharp knife. Then, one must place the specimen in standing position between 
the delay line and steel backing. There is a black dot in the backing plate marking the optimal position. 
A small drop of contact agent, such as honey or glycerol, must be used. 
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Figure 43. Prepared specimen. The short (approx. 2 mm long) cylinder is cut using a scalpel. 

The distance between the delay line and the steel backing plate is adjusted using the micrometre so 
that a clear signal can be seen in the oscilloscope screen. The signal is recorded and the micrometre 
reading is taken.  

 

Figure 44. Measured actual signal (blue) and its envelope (red). Time-of-flight is the distance between the local maxima of 
the envelope. 

The recorded ultrasound signal is analysed using Matlab. The time-of-flight in this case was determined 
as distance between local maxima of the signal envelope. The envelopes were determined using 
Matlab inbuilt function envelope. In physics and engineering, the envelope of an oscillating signal is a 
smooth curve outlining its extremes. There is an envelope command also in Matlab which calculates 
the actual envelope from the measurement data. 

4.4.2.3 Further development for on-site measurement 

The method has been developed exclusively for laboratory conditions. After several minor 
improvements, the method can be successfully applied in field condition.  

First, the data analytics methodology for the setup must be automatized. At the moment, the time-of-
flight determination is based on an expert’s analysis on envelope curves. With a short computer 
program, the possibility of human errors related to analysis can be minimized. In addition, replacing 
the used oscilloscope with modern computer-based measurement platform wound decrease the risk 
of human errors. 

Secondly, the specimen preparation procedure must be further developed. The current preparation 
technique is not feasible for on-site conditions. The method capability to determine sound velocity 
from arbitrary shaped geometries must be tested. Applying the method to arbitrary specimens might 
require some further development for the method. 

Thirdly, the measurement setup must be miniaturized. The fine mechanics of the prototype were built 
using commercially available modular fine mechanics. Therefore, the measurement setup is rather 
large. It is possible to combine a traditional hand-held micrometre and an ultrasound transducer into 
a single device, that performs as well as the prototype, but can be used in field condition. 
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Figure 45. Concept for sound velocity measurement gauge for on-site condition. 

4.4.3 Results 

The results are shown in three different figures for the radiated samples, sound velocity [m/s] vs 
Elongation at break [%] (EaB), sound velocity [m/s] vs Young’s modulus [MPa] and sound velocity [m/s] 
ageing dose. For the thermally aged samples, the same figures are made except ageing dose is replaced 
with heat treatment duration. For thermally aged cable samples, no mechanical testing data was 
available, thus only sound velocity [m/s] vs heat treatment duration is shown. In the following sections 
results for some materials are shown in more detail. 

In addition, comparison with destructive testing EaB values is done by comparing the changes into EaB 
with the sound velocity measurements. The changes in EaB are divided into three categories: no 
change: final value of EaB > 50% and change between the different doses/durations less than 100 units, 
some ageing: final value of EaB > 50 % but change between the different doses/durations more than 
100 units and ageing: final EaB values < 50 %. In addition, categories for too few available 
measurements and “something strange” are shown. In Table 15 the different categories and 
corresponding colours are shown. 

Table 15. Comparison criteria with EaB results and color codes for the comparison 

Color Criteria, EaB Criteria, sound velocity 

no ageing EaB > 50 %, change between 
measurement < 100 units 

First and last measured value 
change < 50 m/s 

some ageing EaB > 50 %, change between 
doses/durations > 100 units 

First and last measured value 
change ≥ 50 m/s but ≤ 100 m/s, 
rising trend  

ageing EaB < 50 % First and last measured value 
change > 100 m/s, rising trend 

too few values Not enough measurements Not enough measurements 

something strange Explained in comments Explained in comments 

4.4.3.1 Sheet results 

Comparison tables with EaB results are split into materials with similar properties, materials 1, 5 and 
6 are shown in Table 16, materials 2, 3, 4 and 7 in Table 17. 

Table 16. Comparison of EaB results and sound velocity(v) for mod 1, 5 and 6. 
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For mod 1, 5 and 6 with all EaB measurements with dose 5 measurement values below 50 % EaB the 
change was also clear with ultrasonic measurements, if enough measurement points could be 
acquired.  Slight change in the sound velocity was also noticeable with mod 6 TA(87) minimal change 
was seen in the EaB values. However, for this dataset there was no EaB measurement available for 
duration 5, which would have better confirmed the results, so the conclusion is made with the 
difference to duration 1 to duration 4 and no clear rising trend is detected. 

Table 17. Comparison of EaB results and sound velocity (v) for mod 2, 3 ,4 and 7. 

 

For mod 2, 3, 4 and 7 ageing was not as severe due to the addition of antioxidants. For mods 2 and 3 
TA(130), the measured sound velocity values were lowering, which suggests a change in density  or 
other properties (see 4.4.3.3). The TA(130) series samples had clear discolouration and change in the 
rigidity of the samples. TA(130) measurements for mod 4 showed a M-shaped curve and for mod 7 a 
reverse U-shape no clear conclusions can be drawn. If the samples had partially changed density, the 
change could be attributed to that since the measurement is local on the sheet, only one point is 
measured. In addition, mod 2 RA(RT)40 shows a decrease after the first measurement and then a 
steady curve, while TA(87) series has a reverse U-shaped curve for mod 2. The final signal shape oddity 
is with mod 4 RA(RT)5 series: as the values do not follow any clear trend, measurement for duration 3 
could not be made. When ageing is detected in EaB measurements changes in the sound velocity 
measurements are also observed, apart from mod7 RA(87)5 and RA(RT)5. However, the indications in 
the change in sound velocity are not as clear. Also for mod 2 TA(87) and mod 3 TA(87), changes in the 
sound velocity measurements are observed, even though EaB does not have a clear ageing indication. 
Especially for RA(RT)40 series throughout all the mods, the indications detected with sound velocity 
measurements are in line with the EaB measurements. 

In this section, results for material 6 and material 5 radiated aged sheet samples and material 5 
thermally aged sheet samples are shown. In the figures sound velocity is plotted against elongation at 
break (EaB), Young’s modulus (E) and ageing dose. 

Treatment
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Figure 46. Material 6 sound velocity against elongation at break. 

As EaB drops below 50 % the sound velocity starts to rise, effect is highlighted at below 25 % EaB. All 
measured aged sound velocity values are above the untreated value (UnA). 

 

Figure 47. Material 6 sound velocity against Young’s modulus 

The correlation directly with Young’s modulus is not as clear as with elongation at break. However, it 
can be seen especially for RA(RT)40 series that as measured E increases, so does the measured sound 
velocity. The correlation does not necessarily extend to the last dose values, since in a tensile test after 
ultimate tensile strength the modulus value drops. This can be seen especially in RA(87)5 series where 
the final measurement point (Dose 5) is below the second measurement point (Dose 2). 
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Figure 48. Material 6 sound velocity against dose. Dose at different treatments. 

In the figure, all measured sound velocity values are above those of the unaltered sample. Especially 
with the series that have more data points, the rise in sound velocity with ageing treatment is clear. 
For RA(RT)300 and RA(87)5 series it is not so clear, but with the dose 5 sample for RA(RT)500  the 
measured signal shape is not optimal as the sample is deteriorated and there can be considerable error 
in the measured value. The same thing occurs with RA(87)5 Dose 5 sample. 

 

Figure 49. Material 5 sound velocity against elongation at break. 

For material 5, the increase in sound velocity can again be clearly seen after elongation at break goes 
below 25 %.  The measurement of the unaltered material is very high. The dose 5 value for RA(RT)40 
series is not seen in the figure since tensile test could not be performed since the sample broke 
immediately, however sound velocity was measured at 2175 m/s and if we assume elongation at break 
at close to 0% it will extend the green series. 
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Figure 50. Material 5 sound velocity against Young’s modulus. 

From Young’s modulus measurements and sound velocity, no clear correlation can be drawn again due 
to Young’s modulus value dropping after ultimate tensile strength. This is seen as a drawback between 
the second last and last value (RA(87)5, RA(RT)5) compared to steady, rising curve like in the case of 
RA(RT)40, where measurements for Dose-5 where not available. 

 

Figure 51. Material 5 sound velocity against dose. 

All of the series show rise in sound velocity as the radiation dose is increased. However, the sound 
velocity measured for the unaged sample is very high. 
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Figure 52. Material 5 sound velocity against elongation at break. 

The elongation at break series shows that for TA(87) series as the ageing is severe enough the sound 
velocity vastly increases. The same is seen for TA(110) series except for duration 2 measurement which 
has a very high sound velocity value. 

 

Figure 53. Material 5 sound velocity against Youn’s modulus. 

Typical change in Young’s modulus is seen in TA(87) series as the modulus value lowers the mechanical 
properties. 
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Figure 54. Material 5 sound velocity against ageing duration. 

Rise in the sound velocity measurements with rise in ageing duration can be seen for TA(87) and 
TA(110) series. Measurement data was not available for the TA(130) series. 

4.4.3.2 Cable results 

The ultrasound velocity measurements are compared with EaB results in Table 18. 

Table 18. Cable sound velocity measurements compared to sound velocity measurements. 

 

No EaB measurements were available for thermally aged samples. All thermally aged series for mod 9 
opaque showed a lowering trend in the measurements. Lowering trend was also seen for mod 9 white 
TA(87). For mod 8 white, the thermally aged series showed a reverse U shaped curve. For the thermally 
aged samples, visible discoloration is seen and melting is seen. Especially for the TA(130) series, all the 
cable pairs are fused together, which would suggest a change in density as well. For the radiated cables, 
no severe ageing was detected in EaB measurements, the ageing was done as a cable sample and the 
cable structure has protected the insulation material. For coaxial cable mod 8 white, the changes in 
EaB were detected with changes in the sound velocity, however for mod 9 the changes in EaB were 
not large enough to be detected with sound velocity measurements apart from white RA(RT)5 series. 
However, end values for EaB were above 200% except for mod 8 white RA(87) and mod 9 white 
RA(RT)300. 

In this section, results for the cable samples material 8 coaxal cable and material 9 for twisted pair 
cable are presented. The results are split into thermally aged and radiation aged series and also by the 
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colour of the measured cable, white and opaque. Material 8 white is COXL XLPE, material 9 white is 
twisted pair cable XLPE filled TXLF and opaque is twisted pair cable XLPE TXLN. Only radiation aged 
results are shown here, since for thermally aged samples no tensile test data was available. 

 

Figure 55. Material 8 sound velocity against dose for white cable, radiation aged. 

All measured values are above the unaltered sample, in addition the trend for the series is rising. 
However, subsequent values for the series are often within the error bars of the measured sound 
velocity values and fluctuation is seen especially in RA(RT)300 and RA(RT)5 series. Still, between dose 
1 and dose 5 measurements for all series, sound velocity has increased 48 – 100 m/s, more than the 
measurement error. 

  

Figure 56. Material 8 sound velocity against elongation at break for white radiation aged cable. 
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Measured sound velocity increases as the EaB value decreases. This can be seen for all series, also all 
aged sound velocity values are above the unaltered sample value. On some results when EaB values 
are close to each other, there is some fluctuation: dose 5 points lower EaB than dose 4 measurement 
point for RA(RT)40, sound velocity almost exactly the same. For RA(RT)5 only two tensile test results, 
dose 1 and dose 2 were available. For RA(RT)300 dose 3 and dose 4 EaB values are the same sound 
velocities slightly differ. 

 

Figure 57. Material 8 sound velocity against tensile strength for white radiation aged cable. 

The trend for the results in all series is like with EaB values. All values are above the unaged sample 
and sound velocity is generally increased with decreased tensile strength values. 

 

Figure 58. Material 9 opaque sound velocity against radiation ageing treatment. 
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For material 9 opaque cable samples, the radiation ageing treatment cannot clearly be seen to alter 
the sound velocity. Almost all of the measured values are within the error limits of subsequent 
measurements. All series are values are within 50 m/s of each other. 

 

Figure 59. Material 9 opaque sound velocity against elongation at break. 

All measured aged EaB values are below the unaged sample. However, no big change in the measured 
values for sound velocity or EaB is seen.  

 

Figure 60.Material 9 opaque sound velocity against tensile strength. 

Again, it cannot be seen reliably from the changes in the measured sound velocity values or from the 
measured tensile strength values. 
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Figure 61. Material 9 white sound velocity against radiation dose. 

For material 9 white cable, no change in sound velocity is seen except for series RA(RT)5 which has a 
rising curve. The Dose-1 value for RA(RT)5 is very low and the Dose-5 value high. Other series show no 
change in the sound velocity. 

 

Figure 62. Material 9 white sound velocity elongation at break. 

As in Figure 61 the low measured sound velocity value for RA(RT)5 Dose-1 has a very high EaB value, 
the high Dose5 values have a lower EaB value than measurements for Dose2-Dose4, but not as much 
as sound velocity measurement would suggest. RA(RT)300 Dose5 EaB measurement is lower than the 
rest, but otherwise ageing cannot be detected from sound velocities or EaB values. 
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Figure 63. Material 9 white sound velocity against tensile strength. 

The tensile strength values are in line with EaB and sound velocity observations above. 

From the sound velocity and EaB correlation figures, an end-of-life criteria could be proposed to three 
materials: Mod5, Mod6 and Mod8. Only these three materials had sufficiently wide data sets to enable 
end-of-life criterion determination. The end-of-life criteria was determined at the 50% EaB value after 
a fitting procedure on the obtained data set. Irradiation ageing data was only used in the procedure. 
The obtained values and used fitting functions are presented in Table 19.  For Mod5, the initial unaged 
sound velocity value was excluded from the end-of-life criterion calculation since it deviated from the 
other measurement results. It is reasonable to assume, based on the general behaviour of the samples, 
that the sound velocities measured with the slightly aged materials have a sound velocity value very 
close to the unaged one. Otherwise, the values calculated for Mod5 and Mod6 are quite close to each 
other, as could be expected taking into account their similar composition. Mod8 has a bit higher end-
of-life value compared to the other two materials. This is suspected to be due to the different material 
compositions. In addition, the ageing environment was different as the availability oxygen during the 
ageing was limited for Mod8 due to the surrounding jacket material.  

Table 19. End-of-life criteria derived from the ultrasound measurements. 

Material Fitting function End-of-life criterion [m/s] 

Mod5 𝑐 = 0.0054 ∗ 𝜀2 − 23.123 ∗ 𝜀 + 24861 2062 

Mod6 𝑐 = 0.0104 ∗ 𝜀2 − 3.019 ∗ 𝜀 + 2187 2048 

Mod8 𝑐 = 0.0013 ∗ 𝜀2 + 0.3007 ∗ 𝜀 + 2086 2098 

4.4.3.3 Effect of density 

The effect of density was briefly studied for materials 2 and 3 sheet samples from TA(130) series since 
they showed a decrease in sound velocity with increasing ageing treatment. This can be seen in Figure 
64 and Figure 65. 
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Figure 64. Material 2 sound velocity against thermal ageing duration. 

 

Figure 65. Material 3 sound velocity against thermal ageing duration. 

The behaviour differs from what was expected. As there was clear discolouration and change in the 
rigidity of the samples, change in density was expected. This was studied by measuring the density of 
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Figure 66. Density measurement results for Mod2 and 3 thermally aged samples at 130°C. 

From the measurements carried out, it can be seen that lower measured sound velocities do 
correspond to higher density values, which is according to equation 4.3.1. 

4.4.3.4 Effect of measurement location 

As the measurement procedure for the cable samples requires cutting a sample specimen from the 
cable, measurements were only carried to the ends of the cable samples. The ageing treatments were 
done to the full cable with the jacket on and there might be a difference in the ageing severity in the 
middle of the cable compared to the ends of the cable. This was studied by peeling the jacket off from 
the cable sample and carrying the measurement at the middle and the end points the cable. The results 
can be seen in Table 20. 

Table 20. Sound velocity measurements at the end of the cable samples and at the middle of the cable samples. 

Material Treatment Duration Middle End 

mod9 opaque TA110 Dur3 1950.772 2002.3 

mod9 opaque TA110 Dur5 1969.551 1978.433 

mod9 white TA110 Dur3 1973.612 2100.106 

mod9 white TA110 Dur5 2070.497 2149.468 

mod 8 TA110 Dur5 2006.373 1930.339 

In the table, the higher measurement value is bolded, and as expected for all material 9 cases, the 
sound velocity is higher in the end of the cable than in the middle of the cable, suggesting uneven again 
for the cable length, due to the jacket. This was also visually apparent due to the change in colour of 
the cable ends compared to the middle. However, material 8 does not comply with the hypothesis, 
possibly due to severity of the heat treatment, the density might have changed as the measurement 
is made for duration 5 sample. 

4.4.4 Sources of error 

As signal readings are taken from envelope curve, the local maxima and the shape of the signal are 
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movement of the envelope curve maxima. Also, it has to be noted that using different envelope curve 
methods (like Python, scipy.signal.hilbert) yield different results. All the measurements presented are 
analysed with Matlab’s envelope function. For some sheets, the second backwall echo could not be 
detected since the signal attenuates/scatters too much. This is attributed to deformation and melting 
of the samples, most clearly seen with completely discoloured samples. 

Some samples were deteriorated too much to be measured. On others the measurements can still be 
possible but distortion, uneven surface and surface roughness, in addition to signal shape, affect the 
thickness measurement results. The thickness can vary in different parts of the sheets and for the cable 
samples this is present as the samples are cut by hand and inevitably the measurement surface is not 
completely even. Sheets sample thickness is measured with external micrometre and several readings 
are taken and an average value used. However, the thickness in the plate can vary considerably on 
different parts of the plate. For the cable samples only one reading is taken, and it is received from the 
measurement jig micrometre. The micrometre does not have a standardized tightening force, and it 
can be tightened more even after the backing plate and delay line are in contact, because the overall 
structure yields. Standardizing the tightening force would improve the thickness measurement results 
for the cable samples. In addition to this, if the tightening force is too high for the cable sample, it will 
cause large deformations to the sample making the result inaccurate. 

4.4.5 Conclusions 

From the sheet results for material 5 and material 6 radiated samples, it can be seen with each ageing 
step that the measured sound velocity increases. This effect is pronounced as ageing is enough for 
elongation at break to drop below 25 %. Young’s modulus values cannot be directly correlated with 
sound velocity, since at very low EaB values the measured Young’s modulus value drops as the 
measurement is made beyond ultimate tensile strength. 

The results for thermally aged sheet samples are not as uniform as the ageing temperature was quite 
high and there were visible effects on the samples. However, the ageing was detected in the TA(87) 
series for multiple materials. 

In cable results for the radiated COXL XLPE material 8 white, the ageing is not as severe as for the sheet 
samples, since no EaB values below 50 % are available. The results show an increase in sound velocity 
in the series in correlation with a decrease of EaB value. The samples have not aged as much as the 
sheet samples. 

For material 9 white twisted pair cable TLXF XLPE, the ageing is not as severe as with the sheet samples. 
Only one series shows stronger ageing, that is detected with EaB and sound velocity. 

For material 9 opaque twisted pair cable TLXN XLPE, ageing is not severe. All EaB values are above 300 
% and sound velocity measurements within 50 m/s between all measurements within each 
measurement series. 

Thermal and radiation ageing can be detected with ultrasonic measurements on the sheet and cable 
samples as the ageing is enough for the EaB to drop below 50% and there is clear difference in the EaB 
results as ageing is detected in the change of sound velocity. Melting of the samples affects the 
ultrasonic measurement due to change in the density. 

An initial acceptance criterion could be proposed for three materials based on the correlation of EaB 
values. Validity of the acceptance criterion is questionable, since it was only possible to define it for 
three materials, which indicates a lack of universality in this specific correlation. More studies are 
required in setting the acceptance criterion, including correlating the sound velocity to other material 
properties for more reliable results.  

The ageing is more severe at the ends of the cable samples than it is in the middle of the samples 
where the cable jacket is protecting the insulation and it is detected with the measurements. 
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4.4.6 On-site measurement procedure 

With the measurement gauge designed for on-site conditions, it is possible to perform the 
measurements on-site. The setup can be calibrated so that it is possible to measure sound velocity 
directly from the unsealed cable without any specimen preparation directly from internal insulator of 
the cable. 

Currently the measurement setups of the measuring jig are shown in Figure 42, with an ultrasonic 
device/ oscilloscope ultrasonic probe mounted to the jig (GE 5 MHz .25B), contact gel and sample 
preparation equipment (scalpel, ruler). 

First, launch the computer and the ultrasonic device, connect cables to the measurement jig and load 
the measurement setup. Prepare the samples: cut a section off from the cable, strip the jacket off the 
cable until only the cable to be measured remains, cut an even ended piece of approximately 2 mm 
from the cable for the measurement. For sample see Figure 43. 

Calibrate the measurement jig micrometre screw to 0 at when the delay line and backing plate are 
connected. Place the cut sample onto the measurement area of the jig (marked with black spot), apply 
contact gel. Tighten the measurement jig until a clear signal is shown on the ultrasonic 
device/oscilloscope screen. Take reading from the jig micrometre and record the signal. Remove the 
sample and clean the sample and measurement area of the jig. Archive the sample (if required). 

Post-processing of the signal: run the processing script in Matlab and take readings from the two peaks 
in the signal (Figure 44), extract time-of-flight from the peaks (second peak-first peak) and calculate 
sound velocity from thickness measurement and time of flight. 

4.5 Reflectometry 

Reflectometry is an effective and truly non-intrusive and non-destructive in-situ technique available. 
It is already new in another domain like aeronautics. In TeaM Cables, CEA LIST researched and set up 
a new method based on reflectometry, to characterize ageing in a non-destructive way in the cable 
under test. This new method is based a TDR/FDR measurement on this cable under test and it can be 
used in NPP. It enables non-destructive detection, localization and characterization of ageing. 

4.5.1 General description 

A reflectometry-based technique that will be adapted, optimized and assessed is the Time Domain 
Reflectometry (TDR), which thanks to recent advancements in detection systems and computerized 
data analysis techniques may be used to detect insulator ageing and therefore to assess the condition 
and the residual lifetime of cables. Reflectometry is divided mainly into two families: time domain 
(TDR) and frequency domain (FDR) reflectometry. Both are based on the injection of a probe signal in 
the cable. The principal differences lie in the injection procedure and signal processing. When the 
signal propagates in the cable and meets an electric discontinuity (defect, splice, impedance change 
due to ageing, etc), a part of its energy is returned towards the injection point with the original or a 
modified signal shape. TDR has the advantage of being simpler to understand and analyze by its 
temporal character: the peaks are naturally related to the defects or discontinuities present on the 
cable and the reflectogram can be drawn according to curvilinear distance along the line. The simplest 
implementation uses a short duration signal (Gaussian, rectangular, step) and offers a good precision 
of localization.  

CEA TECH have several competencies not in scope of this project but for a future utilization in this 
future maintenance process, the goal of this document. In order to reduce system complexity, increase 
robustness to noise and implement wire diagnosis for online defect detection and localization, various 
improvements have been done in these last years on TDR-based techniques, especially for 
transportation applications. Different evolutions of TDR-based techniques have appeared and been 
developed by CEA [32]: 
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• MCTDR (Multi Carrier Time Domain Reflectometry) allows a total control of the spectra of the 
diagnosis and useful signals of the network. It injects a “multi-carrier” signal, only made up of 
frequencies chosen apart from the spectrum of the useful signals and ensures a total 
harmlessness of diagnosis. 

• OMTDR (Orthogonal multi-tone time domain reflectometry) enables not only online diagnosis but 
also data communication in complex wiring networks. It is based on the principle of orthogonal 
frequency division multiplexing (OFDM), widely used in advanced wireless communication 
systems. The OMTDR divides the total bandwidth B into several sub-bands using orthogonal and 
then overlapped sub-carriers to increase the spectral efficiency and reduce interference. 

• CTDR (Chaos Time Domain Reflectometry) is a spread-spectrum reflectometry method using 
pseudo-random signals generated by a chaotic process. The signal generation procedure increases 
the signal’s robustness to sampling. This feature also increases the diversity of the signals that can 
be generated, enabling a virtually infinite number of uncorrelated signals to be used concurrently 
by several reflectometers on a single complex network without interference between them (such 
as for distributed diagnosis) or with the system being tested (provided the combined CTDR signals 
are kept below its noise margin). 

Today TDR-based techniques are used to detect “hard” defects (short circuits, open circuits) but 
adapted to detect cable ageing (“soft” defect). Characterization of local and global cable ageing was a 
challenging task, and this project enables providing new insights towards an effective adaptation of 
TDR-based techniques to ageing characterization.  

CEA is also working on the improvement of reflectometry-based diagnosis methods and the design of 
diagnosis systems implementing these methods.  

4.5.2 Development of technique 

The reflectometry technique is one of the non-destructive techniques used for the TeaM Cables project 
and useable on-site for future inspection in NPP. This technique has a specificity: it enables us to 
analyze and to characterize a local ageing on a NPP cable under test over its entire length. 

In [33] we presented the results obtained from CEA new method devised and set up to characterize 
local ageing on a cable under test. The method objective is to extract characteristic impedance (Zc) 
profile from a TDR or FDR measurement made on a cable under test. Then, we know this Zc along of 
this cable. It is an absolute Zc profile state of the cable under test without considering any reference 
(e. g. initial cable state before ageing). This new method called R2Zcprofile (Reflectogram to Zc profile). 

R2ZcProfile method was used to analyze, localize and characterize the local ageing. These results 
obtained on several cases: 

• Simulation cases made by CEA software 

• Laboratory real cables cases 

• Severe accelerated thermal ageing in order to get locally and globally aged samples on project 
cables selected (coaxial and twisted pair). 

It is important to select the good wavelength λ, then good maximal frequency of injected signal. In 
fact, λ is the length to scan the impedance variation on a cable under test. Thus, R2Zcprofile enables 
to provide a better result if the length d of a Zc cable segment is the order or above of λ.  A procedure 
to filter the effect of necessary connectors needed for the cable under test was used during the 
reflectometry measurements. Thus, the method is not sensitive to the size of the connectors installed 
on a cable under test.  

The cable results are interesting on samples severely aged in an oven at 150°C for three weeks. Three 
different ageing conditions were obtained: one unaged (referred as New), one globally aged (GA), and 
one locally aged (LA). The schematic illustrations on how the local ageing of cables was performed are 
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presented in Figure 67 and Figure 68, respectively, and the installation of the cables into the oven in 
Figure 69. 

 

 

Figure 67. Local ageing of the coaxial cable. 

 

 

Figure 68. Local ageing of the twisted pair cable. 
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Figure 69. Installation of the cables into the oven during local ageing. In the left figure, parts of the cables inside the oven. In 
the middle figure, parts of the cables outside the oven. In the right figure, the cable feed throughs and markings (with white) 

indicating the borderline for aged and unaged parts. 

Following results were obtained with the R2Zcprofile method: 

• Coaxial cable: 
o For globally (GA) and locally (LA) aged samples, the characteristic impedance 

increases. 
o Characteristic impedance was recovered on LA sample to the one of new sample for 

the four parts of the cable that were outside of the oven. 
o Characteristic impedance was recovered on LA sample to the one of GA sample for the 

three parts of the cable that were inside of the oven. 

It can be concluded that there are notable ageing effects on LA coaxial sample (see figure below) similar 
to GA sample for the parts inside the oven and similar to new sample for the parts outside of the oven. 
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Figure 70 : Zc profile extracted by R2ZcProfile from the TDR measurement on Coaxial locally aged at 400MHz 

• White twisted pair: 
o For globally (GA) and locally (LA) aged samples, the characteristic impedance 

decreases. 
o Characteristic impedance was recovered on LA sample to the one of new sample for 

the four parts of the cable that were outside of the oven. 
o Characteristic impedance was recovered on LA sample to the one of GA sample for the 

three parts of the cable that were inside of the oven. 

It can be concluded that there are notable ageing effects on LA white twisted pair sample (see 
figure below) similar to GA sample for the parts inside the oven and similar to new sample for 
the parts outside of the oven. 
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Figure 71 : Zc profile extracted by R2ZcProfile from the TDR measurement on White twisted pair: LA sample. 

• Black twisted pair: 
o For globally (GA) and locally (LA) aged sample, the characteristic impedance increases. 
o An impact of thermal diffusion across the cable cooper can be observed. Insulator used 

for this black twisted pair is not designed to endure the applied ageing. Thus, LA 
sample seemed to age globally. 

o LA sample have some parts outside of the oven. Thus, LA sample is less aged than GA 
sample.  

It can be concluded that there are notable ageing effects, on the whole, on LA and GA white 
twisted pair samples. 

• Translucent twisted pair: 
o For globally (GA) and locally (LA) aged sample, no ageing is observed. 
o No impact of thermal diffusion across the copper conductor.  
o Ageing process (150°C for 3 weeks) is not enough to age these translucent twisted pair 

cables.  

It can be concluded that there are no notable ageing effects (three weeks at 150°C) on LA and 
GA white twisted pair sample. Characteristic impedances are similar for the new, LA and GA 
white twisted pair sample. 

R2ZcPRofile based on TDR techniques proved to be successful to characterize ageing to a degree where 
insulation damage has not progressed too far, then they could easily be embedded into an inexpensive 
in-situ CM tool (not in scope of the project but for a future utilization). Furthermore, for future 
generation of I&C control systems, improved TDR-based techniques (SSTDR, MCTDR) have the 
potential to be easily embedded into the I&C electronic boards to perform non-intrusive on-line 
diagnosis of cable circuits (including connectors), without interfering with the system’s operation. 
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4.5.3 On-site measurement procedure 

VNA (figure below), a temporal reflectometer or a I&C electronic board to perform non-intrusive on-
line diagnosis of cable under test is required for performing reflectometry measurements.  

 

 

Figure 72 : ZNB8 Vector Network Analyzer used for TDR measurements. 

The VNA setup has been calibrated with VNA reference impedance Z0 = 50 Ω. Data output is made up 
of 20001 points at 0 dBm power. The frequency range analyzed is between 50 kHz and 1.000050 GHz, 
and sometimes, between 20 kHz and 400.02 MHz. The frequency band and the number of points has 
been chosen to obtain a harmonic grid. 

Cables under test must be connected at the VNA. For that, an appropriate connector should be 
installed to connect these cables at the VNA. A TDR or FDR measurement will be made for each of 
these cables. A post-treatment, R2ZcProfile method, will be applied on the obtained data. Several 
peaks exist in the TDR data when defects are present in the insulator, see an example of this in Figure 
73. The post-treatment enables to extract the echo peaks from the primal peaks. A primal peak appears 
when the injected TDR signal meets a different characteristic impedance in the cable under test, a 
consequence of an existing defect. The echoes are removed, enabling the definition of the 
characteristic impedance of the defect. If some local ageing or defect exists on one of these cables 
under test, it will be detected, localized and characterized. Then, we can indicate the local ageing area 
on these cables. R2ZcProfile can also characterize global ageing. With another project with non-
destructive techniques, it will enable us to confirm the ageing and its severity against end-of-life 
criteria. 
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Figure 73. TDR on coaxial project cable locally aged sample at 400MHz. 

4.6  Dielectric spectroscopy 

4.6.1 Introduction 

In the recent years, dielectric spectroscopy (DS) gained more and more interest in LV cable monitoring 
since it verifies all the just mentioned requirements, exception given for the last one. Up to now, no 
universal acceptance criterion for maintenance, e.g., an end-of-life (EoL) point, has been set and 
verified. Under these circumstances, various researchers performed DS measurements on industrial-
grade cables and correlated the obtained dielectric properties with some of the most common 
techniques for ageing evaluation (e.g., elongation-at-break) [34][36]. 

In this section, the development of a portable device, capable of performing dielectric spectroscopy 
measurements, is presented. The device was used to measure the dielectric properties of the coaxial 
cable used in the project at different ageing levels, in order to evaluate its suitability for ageing 
evaluation. Moreover, a sensitivity test on the device was performed, aiming at evaluating the 
minimum aged cable length able to register modification in the dielectric spectrum.   

4.6.2 General description 

Dielectric spectroscopy (DS) measures the dielectric response of a medium subjected to an external 
alternating electric field as a function of frequency [37]. 
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This technique measures the impedance of a system over a range of frequencies, and therefore the 
frequency response of the system. Namely, the electrical properties of a dielectric in a coaxial cable 
geometry, is described by measuring its capacitance (C) and conductance (G), defined as follows: 

 

𝐂(𝛚) = 𝛆𝟎𝛆′(𝛚)
𝛑 (

𝐃𝐞𝐪

𝟐
)

𝟐

𝐝
 

(4.5.1) 

 

𝐆(𝛚) = 𝛆𝟎𝛚𝛆′′(𝛚)
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𝟐
)

𝟐

𝐝
 

(4.5.2) 

where ε0, ε’, ε’’ are respectively the permittivity in vacuum, the real and imaginary parts of permittivity 
of the analyzed dielectric material and Deq is the equivalent diameter of the considered cable (reduced 
into a plane capacitor). It is defined as: 

𝑫𝒆𝒒 = √
𝟖∙𝒅∙𝑳

𝐥𝐧 (
𝑹𝟐

𝑹𝟏
⁄ )

     (4.5.3) 

where d is the thickness of the insulation, L the length of the metallic mesh, and R1 and R2 the inner 
and outer radius of the electrical insulation, respectively. 
Therefore, the complex permittivity can be defined as follows: 

 �̇� = 𝛆′(𝛚) − 𝐣𝛆′′(𝛚)                (4.5.4) 

The real part of permittivity is defined as the ability of the dielectric medium to store energy while the 
imaginary part of permittivity defines the energy losses of the material. 

Furthermore, the dielectric losses can also be reported in the form of tanδ, also called dissipation factor 
(DF) which is defined as follows: 

𝐭𝐚𝐧𝛅 =
𝛔

𝛚⁄ + 𝛆′′

𝛆′
~

𝛆′′

𝛆′
(at high frequencies) 

(4.5.5) 

where σ is the conductivity of the material and ω is the angular frequency of the wave. At high 
frequencies, as reported in equation (4.5.5), the contribution given by the conductivity becomes 
negligible (𝜎

𝜔⁄ → 0). 

Dielectric analysis of co-existent processes underlines correlations between molecular spectroscopy, 
which examines the properties of individual constituents, and the techniques characterizing the bulk 
properties of the material under investigation e.g., FITR and EaB. In particular, the DS technique is very 
sensitive to the change of polarity inside the polymer chain, since polar molecules e.g. C=O and C-OH 
are deeply influenced by the external field applied to the material under test [37]. 

4.6.3 Dielectric spectroscopy advantages  

As briefly reported in the introduction, the dielectric spectroscopy technique addresses most of the 
required properties for the ideal condition monitoring technique. A schematic of the requirements is 
reported in Figure 75. Among the various prerequisites, the technique has not a universal acceptance 
criterion for maintenance yet. For this reason, UNIBO’s work in the project aims at evaluating the 
behaviour of the system with ageing and at correlating the electrical response with some other key 
properties of the material e.g., mechanical resistance and oxidation level. From the ageing test results 

 

1. Conductor – Copper (the innermost); 
2. Primary insulation – XLPE; 
3. Polymeric film; 
4. Shielding – Copper wire braid; 

5. Outer sheath – Low Smoke Zero Halogen 

Figure 74. Project’s coaxial cable geometry. 
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coming from WP3 at different temperatures and dose rates, it was shown that the best correlation 
between the degradation level of the insulation and its dielectric response occurs in the frequency 
range between 1kHz and 1MHz, as it will be also recalled in the following sections.   

 

Figure 75. Schematic of the requirements for an ideal condition monitoring technique for LV cables. 

4.6.4 Portable measurement device 

The portable device developed by UNIBO in the framework of the TeaM Cables project is described in 
detail in [38]. Briefly recalling, the portable device allows the evaluation of both Capacitance and tanδ 
of the connected cable. The setup is made up of: 

1. A function signal generator (Rigol DG 1022z) which applies voltage equal to 10 Vrms with 
frequency in the range 1-200 kHz. 

2. A device mainframe made up of a data acquisition module consisting of NI cDAQ9174 
model and NI9215 data acquisition card, two sampling resistor modules, four BNC input 
channels for the signal measurement and one input channel for the signal source. 

3. A laptop to acquire data through a LabVIEW® Software, compiled for the project’s 
purposes. 

 

Figure 76. Measurements setup scheme for dielectric spectroscopy tests. 

4.6.5 On-site measurement procedure 

As already described in [38], dielectric spectroscopy measurements are easily performable on-site. 
Cable terminations can easily be accessed by the operator and with appropriate plugs, they can be 
connected to the portable device. Figure 77 reports the different connection schemes for two different 
cable morphologies i.e., coaxial and twisted pair with N-type terminations. For the purposes of this 
deliverable, BNC plugs were connected to the cable terminations (Figure 78).  

Ideal 
Condition 
monitoring 

technique for 
Low voltage 
cables inside 

NPPs

Non 
destructiveness

Easily 
replicable 
Low error 
dispersion

Referred to 
the bulk of 

the insulation

Performed 
in situ

Universal 
acceptance 
criterion for 

maintenance. 
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Figure 77. Schematic of connection plugs. 

 

Figure 78. Photographs of cable connections. (a) coaxial cable, (b) twisted pair cable. 

4.6.6 Ageing evaluation 

In order to evaluate the appropriateness of the measurement technique for ageing evaluation, 
accelerated ageing has been performed on project cables. From the results obtained in the framework 
of WP3, it was possible to depict a monotonous increase of the dielectric losses (tanδ) with ageing 
time. In particular, the frequency region which best fits with the cable ageing level resulted to be 
between 1kHz and 1MHz. As an example, Figure 79 shows the trend of tanδ as a function of frequency 
at different ageing times. From this, it is possible to notice that the higher frequency region only depicts 
a constant increase of the property with ageing. The reason for that was assigned to the dipolar 
properties of degradation species, which electrically respond in the highest frequency region here 
considered (dipolar polarization). Moreover, it was reported that the property is dependent on the 
severity of ageing conditions, the harsher the ageing stresses, the faster the increase of the property. 
As an example, Figure 80 reports the values of tanδ at 100kHz as a function of the different ageing 
conditions considered inside the project. From this graph, it is possible to observe a complete 
accordance between the ageing severity and the increase of the property, as requested. A more 
complete outlook of this analysis is reported in [39]. 

 

Figure 79. tanDelta versus frequency as a function of ageing time. Twisted pair non filled cable. 
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Figure 80. Tan(delta) at 100kHz for the different radio-chemical conditions considered. Twisted pair non filled cable. 

4.6.7 Sensitivity tests 

One of the limitations appointed to the DS technique is the fact that it is a bulk technique, hence it 
cannot localize limited aged spots (hot spots). Indeed, if the aged part of the cable is limited in length, 
the variation of the property can be little and, in some cases, close to the accuracy of the 
instrumentation [36]. Hence, there is the need to study which is the minimum aged length which can 
cause recordable modifications of the property. To do so, cables characterized by different aged 
lengths were tested through the proposed portable device. The ratio between the aged and the total 
cable lengths provides the damage ratio. 

Damage ratio =
aged cable lenght (m)

total cable lenght (m)
    (4.5.6) 

Performing electrical measurements on cables with different damage ratio, hence different aged 
lengths, allows the identification of a threshold value under which the variations of bulk electrical 
properties are negligible. As a result, this process will allow the definition of the sensitivity of the 
proposed portable device (Figure 81). 

 

Figure 81. Schematic of the variation of the dissipation factor as a function of the damage ratio. The threshold value is 
placed ~50%. 

4.6.7.1 Ageing procedure and samples 

Table 21 reports the specifications of the tested samples, portraying both the unaged and aged lengths 
of the different coaxial cables obtained and the correspondent damage ratio. Ageing was performed 
on Project’s 10m-coaxial cable in an air oven at 120 °C for 6000h. The aged cable was later connected 
to a 10m unaged one aiming at simulating a damage ratio=50% and finally tested. Then, unaged cable 
was reduced in length by cutting the cable to the desired dimension and tested. Iterating this 
procedure with different lengths, it was possible to obtain a wide range of damage ratios (Table 21). 

Table 21. Sample specifications 

Unaged length Aged length Damage ratio 
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0 10 100% 

3.3 10 87% 

5 10 66% 

7 10 59% 

10 10 50% 

3.3 2 37% 

3.3 1.5 31% 

3.3 1 23% 

3.3 0.33 10% 

10 0 0% 

4.6.7.2 Results and discussion 

As known, capacitance is a function of the cable geometry properties e.g., length and insulation 
thickness. The different coaxial cables involved in the tests have the same polymer thickness but 
different length. For this reason, capacitance values obtained through the instrumentation were 
divided by the corresponding cable length in order to obtain the so-called specific capacitance (nF/m). 
This property gets rid of the length dependency maintaining the other polymer-related properties e.g., 
the real part of permittivity. On the contrary, tanδ is not dependent on the cable geometry, hence it is 
not necessary to modify the acquired data to fit the different cable geometry conditions. Results 
coming from the measurements are portrayed in Figure 82. 

As it can be noticed, non-monotonous increase of the property can be evaluated in the case of specific 
capacitance. It is worth noting that variations are very little among the different cables tested 
(between 0.1 and 0.12 nF), hence they could be considered as negligible and close to the 
instrumentation setup uncertainties. On the contrary, the dielectric losses i.e., tanδ monotonously 
increase with the damage ratio. The property raises up to almost one order of magnitude, depending 
on the frequency region considered. This result was expected thanks to the growth of the 
concentration of degradation species with ageing, which electrically respond into the analysed 
frequency region, as already discussed in [39]. Being a bulk measurement, tanδ results suggest that a 
cable with low damage ratio presents dissipation factor values similar to cables with little ageing level, 
due to the significant dilution of the aged part, and its electric characteristics, inside the cable. 
Consistently, as we raise the damage ratio, the instrumentation records higher values of tanδ since we 
are increasing the concentration of the aged part inside the cable. Finally, as expected, the highest 
value of dissipation factor is obtained for the fully aged cable (damage ratio=100%). 
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Figure 82. (a) Specific capacitance and (b) tanDelta as a function of cable damage ratio. 
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For a more efficient data analysis, it has been chosen to plot the trend of dissipation factor at three 
different frequencies: 50, 100 and 150 kHz as a function of the damage ratio. Figure 83 reports the 
absolute values of tanδ while Figure 84 depicts the percentage variations of the property. 
Considering the absolute values, one can notice that, for all the considered frequencies, a minimum 
damage ratio close to 25% is required to obtain appreciable variations of the dissipation factor. 
Although, the property value change with damage ratios between 0 and 25% is very small and it could 
be assigned to the instrumentation uncertainties. Moreover, in the case of 150 and 100 kHz, it is 
possible to notice a reduction of the property for low damage ratios. In order to register a sufficiently 
high increase, a damage ratio ~35% is needed. After this level, for all the frequencies considered, a 
monotonous increase of the property is registered.  

Similar reasoning can be obtained focusing on the tanδ percentage variation shown in Figure 84. In 
particular, from the figure, a more significant increase of the property (up to +80% of the initial value) 
is appreciable for the 50kHz response. The other two considered frequencies increase up to +40%, as 
in the case of 100kHz. The more limited increase of the property for these last two frequencies is also 
caused by the initial high value of tanδ which decreases with low damage ratios. Furthermore, the 
minimum damage ratio beyond which recordable variations are registered is equal to ~35%, in 
agreement with what mentioned above. Given the little variations of tanδ values with low damage 
ratios, which can be related to the instrumentation uncertainties, a variation of at least 10% of the 
initial value is advisable. This limitation leads to: 

- the neglection of little modifications of tanδ values with low damage ratios, which brings to 
the reduction of the registered tanδ. 

- the overcoming of possible environmental disturbances or instrumentation-related issues. 
- the use of different frequencies of the frequency region considered. In particular, it would be 

possible to use 100kHz as a reference frequency in accordance with its use as an ageing marker 
for cable health status evaluation (see [39]). 

Nonetheless, it is possible to use the dielectric spectroscopy technique with lower damage ratios, 
coupling it with other complementary measurements e.g., TDR in order to evaluate the local ageing 
status of the insulation, and already described in the project consortium’s related article [36]. 
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Figure 83. tanDelta as a function of cable damage ratio. 
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Figure 84. Percentage variation of tanDelta as a function of damage ratio. 

Dielectric spectroscopy results were correlated with chemical and mechanical analyses in order to find 
a unique end-of-life (EoL) criterion based on the electrical measurements. Since the dielectric 
properties are influenced by the dipolar characteristics of the insulating material, the electrical 
quantity trend with ageing may differ depending on the material composition and ageing condition. 
Nonetheless, correlations showed that the EoL is reached at almost constant values. Results are 
reported in Table 22. 

Table 22. The proposed end-of-life criterion for real permittivity, imaginary permittivity and tanδ values. 

Material  EoL 

 Real permittivity Imaginary 
permittivity 

tanδ 

Pure PE (tape) Radiation ageing > 3.5 > 0.07 ± 0.02 > 0.023 ± 0.003 

Thermal ageing > 3.5 > 0.07 ± 0.02 > 0.023 ± 0.003 

PE+AOs+ATH 
(tape) 

Radiation ageing > 3.5 > 0.07 ± 0.02 > 0.023 ± 0.003 

Thermal ageing EoL not reached 

 

4.6.8 Conclusions 

In this deliverable, UNIBO described the suitability of a portable device capable of performing dielectric 
spectroscopy measurements for ageing evaluation. The sensitivity of the portable device was also 
investigated. 

Conclusions coming from the above-mentioned analyses can be summarized as follows: 

- Dielectric losses in the frequency region between 1 kHz and 1 MHz depict good correlation 
with the ageing level of the considered cables. In particular, tanδ at 100kHz was proposed as 
an ageing marker thanks to its correlation with degradation species. 

- Dielectric spectroscopy showed to be suitable for the evaluation of local aged portions of the 
cable, if the aged part occupies more than 35% of the total cable length. Cables with smaller 
damage ratios would require complementary measurements techniques e.g., TDR, in order to 
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evaluate and localize locally aged spots which do not significantly affect the global dielectric 
property. 

- Depending on the frequency considered, also shorter aged portions could be evaluated (down 
to 10%), but variations are very little, and they could be linked to device uncertainties and 
environmental conditions e.g., noises. 
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5  Contribution to general condition 
monitoring strategy 

5.1 Comparison of techniques 

The techniques were compared to each other to demonstrate their strengths and weaknesses as well 
as identify any complementarities between the techniques. A definitive requirement for a non-
destructive testing method is that it should have a sufficient sensitivity towards ageing. The sensitivity 
can be towards either local or global ageing but should distinguish a severely aged sample from a less 
aged one, preferably with a good resolution. Table 23 summarizes the general properties and 
evaluation of sensitivity and accuracy of the developed NDT methods. A few general remarks can be 
summarized based on the data presented in the table: 

• Regarding sensitivity, the type of ageing (thermal or radiation induced) is not perhaps that 
essential since both types of ageing can be detected. It seems that the antioxidant 
consumption is more relevant from the sensitivity point of view.   

• In case of the local techniques, inhomogeneities of the material seem to be a significant source 
of uncertainty for these measurements. 

• In the case of global techniques, a sufficient amount of local ageing is required in order to 
monitor the effects globally. 

On-site conditions differ from laboratory conditions in several ways and have some special 
requirements that are needed to take into account when cable condition is measured on-site. Firstly, 
the measurement method and data analysis should be relatively straightforward so that inspection 
personnel can easily adapt those. A complicated measurement procedure and data analysis would 
require excessive training and elongates measurement time required for a single cable. Secondly, the 
measured cables at on-site are usually located in various places within the facility, thus requiring 
mobility from the measurement personnel and the used equipment. Thirdly, sampling can become an 
issue since the insulator can easily be accessible only on certain points, such as connection boxes and 
terminations. Fourthly, the duration required for a single measurement is essential since the 
inspections are focused on outages with strict schedules. Finally, if a large number of cables are 
required to measure at once, automation of the measurement procedure would be beneficial in such 
cases.  

The on-site applicability of the methods is evaluated in Table 24. Again, some general remarks on the 
applicability of the methods for on-site use can be drawn: 

• The procedures seem to be quite straight-forward and easily adopted by personnel. Data 
analysis requires different levels of expertise, depending on the NDT method. 

• DSC requires a fixed site for the equipment; other methods can be considered to be mobile 
(FTIR with certain constraints). 

• DSC requires sampling (small sample size though); ultrasonic technique currently requires 
sampling but there is potential to develop it to be fully non-destructive; other methods do not 
require sampling. 

• Most of the measurements are fast to perform 

• Global techniques seem to have a good potential for automation after the measurement 
equipment has been installed properly. 
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Table 23. General properties evaluation of sensitivity and accuracy of the developed NDT methods in TeaM Cables project. 

 

 

Property/Method DSC FTIR Terahertz Ultrasonic Reflectometry Dielectric spectroscopy

Measured parameter OIT / OITp Carbonyl index

Amplitude and TOF of THz-waves 

from which we calculate the 

permittivity

Sound velocity Characteristic impedance profile Capacitance and tanδ

Global/local

Local. It is almost no-destructive 

method. Micro sampling at NPP is 

necessary. It needs to be 

elaborated an working manual for 

NPP cable sampling, to be sure the 

cable is not damaged or after 

sampling functionality or life time 

will is not affected. Otherwise NPP 

will not allow sampling.

Local when FTIR is used in ATR 

mode. Measurements are made 

on the insulation surface (e.g. at 

the cable ends).

Local nondestructive testing 

method. To measure cables, outer 

jacket needs to be removed, thus 

in NPP measurements only in e.g. 

cable boxes

Local, currently small sample 

removal required from the 

insulator.

Characteristic impedance 

modification of local spot along 

cable under test. Then, we can 

characterize the local ageing 

profile along the cable. If no 

ageing are detectable, we know 

the impedance characteristic of 

the cable. This measurement 

characterization is made at a 

suitable frequency compatible 

with the size of the local ageing or  

soft defect.

Global. It is a non destructive 

method.

Sensitivity towards ageing type 

(thermal&irradiation)

Team Cables data shows 

decreasing trend in OITp in both 

low dose rate and combined 

thermal & low dose rate ageings. 

Oxidation products start to be 

detected when almost all 

antioxidants have been depleted 

(i.e. when OIT is near zero).

for thermal and radiation aged 

samples, changes in permittivity 

can be detected. These changes 

are difficult to detect and ascribe 

to certain conditions, sensitivity is 

increased by machine learning 

methods

Based on the project data, ageing 

was detected in both irradiation 

and thermally aged samples.

Characterization is possible for a 

thermal and radiation ageing but 

only if we have a modification of 

characteristic impedance (see 

below accuracy)

Project results claim that a 

monotic increase of the 

investigated property can be 

evaluated for both radiation and 

thermally aged materials, after 

consumption of antioxidants in 

excess.

Accuracy

OIT has scatter of results. 

Commercial cables are not 

homogeneous along their whole 

length. Individual cable batches 

differ as well. OIT from NPP cable 

has to be correlated with in-

laboratory aged cable. Especially 

for older cables the non 

homogeneity can be large. 

Many sources of experimental 

scattering when FTIR is used in 

ATR mode : surface rugosity and 

color of samples, presence of 

pollutants (humidity, organic 

substances, etc.), inhomogeneities 

in the spatial distribution of 

additives (fillers and antioxidants), 

etc.

Great scatter with conventional 

analysis, e.g. changes in thickness 

of a sample influence permittivity 

more than changes in ageing 

parameters. Scattering is 

reduced/taken out of the 

equation by usage of machine 

learning methods

There is some scatter in the 

measurement results (especially in 

sheet samples), scatter could be 

possibly decresed by standardizing 

the measurment procedure

Modification of characteristic 

impedance must be around few 

percent (>2%) on local aged spot 

to be detected and characterized 

(in this case, cable under test 

continue to stay functional). And, 

the length of the local aged spot 

(d) must compatible with the 

wave length (l) of reflectometry 

signal : d > l /5 ,  l  = V/Fmax 

with V : wave celerity of cable 

under test and Fmax : the highest 

frequency bandwidth chosen

Since it is a global measurement, it 

would be not possible to localize 

aged spots. If the cable has aged 

portions, their effects can be like 

diluted in the cable lenght and the 

increase of the property can be 

negligible. From experiments on 

various cables, it has been found 

that the aged part of the cable has 

to be at least ~35% of the entire 

cable lenght, in order to register 

appreciable variations of the 

property.
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Table 24. On-site applicability of the developed methods in TeaM Cables project. 

 

Property/Method DSC FTIR Terahertz Ultrasonic Reflectometry Dielectric spectroscopy

Level of expertise required

Sample preparation and 

measurement procedure fairly 

simple, software usually defines 

OIT automatically from the data.

Skills in chemistry are required to 

distinguish oxidation products 

from additives, in particular with 

fillers and antioxidants(requires 

some expertise).

Expertise for measurement: Low-

medium (quick introduction to 

measurement programme 

necessary); Expertise for data 

analysis at the moment: very high 

(data input into model currently 

done manually); BUT: Expertise for 

data analysis when everything is 

implemented: very low (press of 

one button)

Knowledge how to use ultrasound 

probe and equipment required 

(fairly easy),  data processing 

requires some level of expertise 

currently in order to calculate the 

sound velocity with sufficient 

accuracy (requires some 

expertise).

At this stage, We need to take a 

reflectometry measurement with 

a VNA or time reflectometer. 

Then, after we use our algorithm 

to obtain the characteristic 

impedance profile along the cable 

under test. In the future, we can 

develop a device usable by 

maintenance agent, where we can 

have automatically this 

characteristic impedance profile 

that it would be able to display on 

a screen and to save the data.

Expertise for the measurements: 

low. It is sufficient to plug the 

cables in the device with proper 

adapters. Expertise for data 

analysis: low. Once the threshold 

value is set, just check if the cable 

property exceeded the value.

Mobility 
 Measurement to be performed in 

laboratory

Mobile. Portable FTIR devices 

exist. However, their sensitivity 

threshold in generally lower than 

FTIR laboratory devices.

Mobile (one person can move the 

equipment on a trolley). A 

connected laptop for data analysis 

is required

Mobile (one person can move all 

the equipment on a rack).

Mobile (one person can move the 

full equipment on a single box). A 

laptop to be connected is 

required, at this stage. A specific 

embedded electronic device can, 

in the future, developed by CEA 

and it can be smaller than a size of 

shoe box.

Mobile (one person can move the 

full equipment on a single box). A 

laptop to be connnected is 

required.

Sampling

A tool for microsampling of NPP 

cables need to be developed. 

Working manual approved by NPP 

for micro sampling of cabloes in 

operation.

No sampling required.

No sample preparation required, 

cables can be put in front of the 

sampling head and measurement 

can be started

Currently sample preparation 

required

Not needed. The operator can 

plug cable terminations to the 

instrumentation.

Not needed. The operator can 

plug cable terminations to the 

instrumentation.

Duration

Depends on the analysis 

laboratory location, but sample 

preparation and analysis 

procedure takes some hours.

Fast (a few seconds). Fast (5 min per measured spot)

Fast (measurement less than a 

minute, sample preparation few 

minutes)

Fast (measurement less than a 

minute)

Fast (after plugging the cable to 

device, the measurement requires 

less than 3 minutes).

Automation

Some degree of automation is 

possible if sampling robot is 

combined to the DSC equipment.

Poor. Requires an operator.
Currently poor, but with options 

to optimise for good automation.
Poor. Requires an operator.

Full. After plugging the cable into 

the device, we automatically 

generate the signal, measure the 

reflected signal, analyze the 

response and display the result of 

characteristic impedance profile 

along cable under test.

After plugging the cable into the 

device, the software will 

automatically generate the signal 

and register the response.
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The technological maturity of each NDT method was evaluated in order to estimate their readiness to 
be used in on-site measurements. Several properties were identified which describe the technological 
maturity of the methods. An integral part of any condition monitoring method is that there is a clear 
and distinguished acceptance criterion available, which determines the end-of-life for the measured 
cable. A well-established end-of-life criterion is required too for predicting the remaining lifetime. Such 
lifetime prediction models are a convenient tool in the ageing management of cables and integrating 
non-destructive testing as part of such models as input data providers would enable an effective way 
to improve the overall condition monitoring strategy of cables.  

One essential factor in the technological readiness is the current limitations of each method. The 
investment price to the condition monitoring equipment is also estimated, as it might be a potential 
bottleneck in the acquisition of the condition monitoring method. Finally, the technological readiness 
level - TRL, is evaluated for each method to provide an idea of how much further development work is 
required. Table 25 summarizes the technological maturity of the developed techniques. Based on the 
comparison performed, the following conclusions were made:  

• Several properties have been looked into whether they could act as an acceptance criterion, 
but none has been universally established. However, the results obtained during the TeaM 
Cables project seem promising in the sense of establishing such criterion, e.g. work performed 
with complex permittivity, tanδ and carbonyl index. This is a topic that requires development 
in future work. 

• The lifetime prediction models require reference data and the data produced in the project 
can already be used by some of the methods developed. 

• Regarding the local techniques, access to the insulator is limited (only cable end and 
connections).  

• Regarding the global techniques, a sufficient amount of ageing is required before the changes 
in material become visible in measurements. 

• Most of the equipment has a reasonable price. 

• All methods have been tested in laboratory conditions (TRL 4) and some methods are more 
advanced and have a higher TRL. 

One interesting perspective is how the project results can be reflected in standards. Currently, some 
standards exist that are dedicated to condition monitoring of polymeric materials in nuclear power 
plants:  

• IEC/IEEE 62582-1:2011 Nuclear Power Plants - Instrumentation And Control Important To 
Safety - Electrical Equipment Condition Monitoring Methods - Part 1: General 

• IEC/IEEE 62582-2:2016 Nuclear power plants – Instrumentation and control important to 
safety –Electrical equipment condition monitoring methods – Part 2: Indenter modulus 

• IEC/IEEE 62582-3:2012 Nuclear power plants – Instrumentation and control important to 
safety –Electrical equipment condition monitoring methods – Part 3: Elongation at break 

• IEC/IEEE 62582-4:2011 Nuclear power plants – Instrumentation and control important to 
safety –Electrical equipment condition monitoring methods – Part 4: Oxidation induction 
techniques 

• IEC/IEEE 62582-5:2015 Nuclear power plants – Instrumentation and control important to 
safety –Electrical equipment condition monitoring methods – Part 5: Optical time domain 
reflectometry 

• IEC/IEEE 62582-6:2019 Nuclear power plants ‒ Instrumentation and control important to 
safety ‒Electrical equipment condition monitoring methods – Part 6: Insulation resistance 

From these standards, IEC/IEEE 62582-4:2011 discusses DSC measurements which are within the scope 
of this project. IEC/IEEE 62582-5:2015 is also close to TDR method developed here, but not directly 
applicable since the cables studied within the project were not optical.  
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Besides the IEC/IEEE 62582 standards, other standards closely related to the methods developed in 
this work include: 

• ASTM-D3895: 2019 › Standard Test Method for Oxidative-Induction Time of Polyolefins by 
Differential Scanning Calorimetry 

• ISO 11357 parts 1 to 6 Plastics — Differential scanning calorimetry (DSC) 

• ASTM E494-20: Standard Practice for Measuring Ultrasonic Velocity in Materials by 
Comparative Pulse-Echo Method 

It seems that for DSC measurements there have been several standards developed that are applicable 
in a nuclear power plant environment. Performing an ultrasonic test on a pulse-echo method has been 
standardized, but no practices specifically for polymer-based materials or cables exist. No 
standardization for terahertz and dielectric spectroscopy methods regarding the condition monitoring 
of low voltage cables is known by the authors. 
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Table 25. Technological readiness of the developed NDT methods in TeaM Cables project. 
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5.2 Synergies  

Based on the comparison performed with the NDT methods, it is rather evident that each type of 
method has its strengths and weaknesses. The possibility to combine different methods to obtain a 
complete condition monitoring procedure would be beneficial and implementing it as part of condition 
monitoring strategies would obviously benefit the end users. Thus, identifying and suggesting such 
synergies between different methods are performed as part of the TeaM Cables project.  

As the synergies between the methods are identified, a few points should be noted. The previously 
obtained data with all methods indicate that their sensitivity to detect the ageing at the early stages is 
not very good. However, the work performed during the project showed that the accuracy of the 
methods can be improved by optimizing the measurement procedures. This is good to keep in mind 
when future developments are considered.  

Another aspect is related to the local techniques which have a limited accessibility to the insulator. 
From the cable ageing data produced within the project, it was rather evident that the ageing was 
heterogeneous along the cable length, despite the sample length being only 30 cm. Thus, performing 
measurements at the ends of the cables with these local techniques would most likely provide 
conservative values compared to the condition at the middle parts of the measured cable.   

Two different approaches could be considered when synergies are identified. The first approach would 
involve application of early ageing indicators and the second combining global and local techniques. 
These approaches are discussed in the following sections. 

5.2.1 Early ageing indicators 

OIT and FTIR would be suitable techniques identifying early signs of ageing since OIT should be 
correlating with the antioxidant content and FTIR enables the identification of oxidation products. OIT 
should be the first parameter to react to ageing as the antioxidants are depleted as FTIR should provide 
an indication as the oxidation products start to build up. Oxidation of the polymer backbone should 
ultimately change the material properties and these properties are accessible by the NDT methods 
developed in the project. Thus, different condition monitoring methods would be applied at various 
stages of ageing as schematically indicated in Figure 85.  

 

Figure 85: Schematic illustration on applying early ageing indicators in condition monitoring of cables. 



TMC-WP5-D5.6-DEVELOPMENT AND VALIDATION OF NON-DESTRUCTIVE TESTING TECHNIQUES FOR ON-SITE INSPECTION.DOCX 

TEAM CABLES – 755183    19/08/2022 

 

Public   Copyright TeaM Cables consortium Page 92 / 102 

In order to verify the applicability of these two parameters as early ageing indicators, comparison to 
EaB data was performed. The EaB data used in the visualization should have measurement points with 
EaB values clearly above 0% and close to 0%, thus yielding in a representative ageing curve. The 
identified EaB data was then compared to the corresponding OIT measurements performed. A total of 
six different ageing conditions were identified from the data: 

• Mod1-TA(87) 

• Mod5-TA(87) 

• Mod6-TA(87) 

• Mod1-TA(110) 

• Mod2-TA(130) 

• Mod3-TA(130) 

The comparison between evolution of EaB and OIT are represented in the following Figures 86-91. For 
Mod1, it can be seen that while OIT is 3 min, EaB has not significantly decreased. But after OIT has 
decreased to 0 min, the elongation values are between 13% and 22%. For Mod2, OIT decreases in an 
exponential fashion. EaB values are almost constant until the very last sampling point, where only 3% 
elongation is measured. OIT value at the fourth sampling point is 11.5 min and at the last sampling 
point 7.5 min. For Mod3, the decrease of OIT is similar to Mod2 but EaB starts decreasing a bit earlier. 
OIT value of 6 min is measured on the third sampling point where the EaB value is rather high 247%, 
while at the following sampling point the values are 2 min and 33%, respectively. There are two data 
sets for Mod5 at 87°C and 110°C which behave quite similarly. OIT and EaB values both decrease 
simultaneously. Mod6 behaves again differently as OIT reaches a 0 min value at the third sampling 
point while EaB values are not decreased until the fifth sampling point.  

 

 

Figure 86: EaB and OIT values as function of ageing time for Mod1 at 87°C. 
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Figure 87: EaB and OIT values as function of ageing time for Mod5 at 87°C. 

 

 

Figure 88: EaB and OIT values as function of ageing time for Mod6 at 87°C. 
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Figure 89: EaB and OIT values as function of ageing time for Mod5 at 110°C. 

 

Figure 90: EaB and OIT values as function of ageing time for Mod2 at 130°C. 
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Figure 91: EaB and OIT values as function of ageing time for Mod3 at 130°C. 

 

As can be seen from the above figures, Mod1, Mod2 and Mod3 displayed similar behaviour as OIT had 
to decrease to a rather low level before the elongation started to decrease. These materials contain 
only either a small amount of storage antioxidant, primary antioxidant or secondary antioxidant. It is 
not possible to give an absolute value for OIT due to the scarcity of the data, but it seems that the OIT 
value of less than 10 min might have to be reached before the elongation values start to decrease 
significantly. When the data obtained with Mod5 and Mod6 are evaluated, it seems that no similar OIT 
threshold value is possible to determine for these materials. This might indicate that the fire retardant 
in these compounds complicates the OIT measurements and their interpretation. Further 
investigations would be required for clarifying the complicating factors in this case.  

Figure 92 shows the values of the imaginary part of permittivity at 100 kHz as a function of the ester 
index for Mod1. From the graph, it is possible to notice a very good correlation between the two 
quantities depicting a unique master curve, even if small differences can be noticed considering the 
different ageing stresses i.e., heat and radiation. In particular, as the concentration of ester groups 
increases due to ageing, the dielectric losses grow. The reason for that can be found in the fact that 
esters, as oxidation products, are highly dipolar species hence they respond electrically in the 
frequency region related to the dipolar polarization (~100 kHz), which is here considered. 
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Figure 92. Master curve plotting imaginary part of permittivity as function of ester index. 

Another potential early ageing indicator could be the visual inspection of the jacket. Local ageing may 
cause colour changes into the jacket thus enabling identification of a local ageing spot. Based on visual 
inspections ageing detection could be focused on the identified aged spots.  

5.2.2 Combination of global and local techniques 

In order to put the NDT methods developed in the project in a larger context, i.e. as part of a condition 
monitoring strategy, a concept for organising the cable condition monitoring on-site is suggested in 
Figure 93. The available ageing data is essential, since based on this data the inspections can be focused 
in the most efficient way. The ageing data is assumed to comprise of temperature, radiation and 
relative humidity data gathered from fixed locations (e.g. room specific data). This ageing data should 
enable a reliable view on the cable service history.  Based on the ageing data available, physical walk 
downs and visual inspection can be arranged to the most prioritized locations. The observations 
obtained in the visual inspections can be used when organizing the non-destructive testing of the 
cables.  

As mentioned already earlier, the methods developed within this project can detect the ageing either 
globally or locally. Thus, it would be desirable to combine the global and local techniques to provide a 
sufficiently detailed information on the cable condition along the whole length of the cables. The basic 
principle behind combining global and local techniques is that global techniques could be used to 
identify the location of ageing induced defects and inspections performed with local techniques could 
be focused on these identified sites. Regarding the methods developed within this project, R2ZcProfile 
reflectometry method is applicable to detect localized ageing along the whole cable length. Thus, it 
could be used in detecting the locally aged spots along the cable. OIT measurements can be used to 
support this detection of a flaw by analysing the cable condition from the termination points. Then, 
the other local techniques could be applied at the sites identified by reflectometry. Parallel to these, 
dielectric spectroscopy could be applied in determining the condition of the cable globally. Dielectric 
spectroscopy seems to be a very sophisticated method for this purpose. The measurement is relatively 
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fast to perform and it currently can detect global changes in the measured property when the ageing 
has occurred on more than 35% on the cable length.  

 

 

Figure 93: A concept for implementing the condition monitoring of cables on-site. 

The challenge of this approach is the accessibility of the local techniques measuring the insulator and 
the status of the acceptance criterion development. The jacket would be easily accessible but 
correlating its condition to the insulator condition seems to be too complex within the scope of this 
project. In the case of the local techniques studied in this project, their accessibility is limited to the 
connection points and terminations. Thus, improving the accessibility of the local techniques or 
developing other techniques capable of detecting local ageing would be required before fully enabling 
the combination of global and local techniques.  

Despite the extensive research performed within this project, no standardized acceptance criterion 
could be established for the methods developed. Initial suggestions for end-of-life criterion were 
provided for real and imaginary permittivities and tanδ values and a critical carbonyl index value could 
be proposed for model materials. Work is still required to provide a generally accepted acceptance 
criterion (similar to the 50% EaB value). To be able to establish such criterion, excessive testing would 
be required, e.g. similar to what has been previously performed as part of IAEA round robins on 
condition monitoring[40]. 
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6 Conclusion 

Different techniques for non-destructive condition monitoring of nuclear power plant cables were 
developed. For each technique, their operational principles were summarized. Based on the 
measurement data gathered during the project, the sensitivity of each technique towards detecting 
ageing in various XLPE-type samples was evaluated. The following conclusions regarding the on-site 
applicability of developed methods can be drawn: 

• FTIR spectroscopy (in ATR mode) and DSC are promising micro-sampling techniques for the 
monitoring of the health state of electrical cable insulation in nuclear powers plants. It now 
remains to demonstrate that their physico-chemical indicators (carboxylic acid index, 
concentration of hydroperoxides, crystallinity ratio, etc.) are well closely correlated with the 
functional properties of electric cable insulations (i.e. electrical or mechanical properties). 

• In contrast, the measurement of OIT by DSC has shown strong limitations, as the oxidation of 
the polymer is detected by FTIR spectroscopy while all the antioxidants are not yet consumed. 
This measurement seems more appropriate for research than applicative purposes, in 
particular for the kinetic analysis of the mechanisms responsible for the depletion of 
antioxidants, i.e. chemical consumption and physical loss. 

• Terahertz time-domain spectroscopy with an adequate machine learning model is suitable to 
characterise samples regarding multiple factors. With this method, it is possible to sort 
samples according to their age, but also according to their material, the executed ageing type 
or their mechanical properties, e.g. EaB. This spectroscopic method currently needs direct 
access to the insulator material; thus it can only be performed on cables without outer jacket 
(e.g. in cable closets), or the outer jackets needs to be removed. The measurement procedure 
and equipment applicable for on-site measurements have been proposed. 

• Ultrasonic technique can detect ageing, especially when EaB values have decreased around 
50% and below. To provide an exact end-of-life criterion for ultrasound velocity, additional 
measurements are required. Currently the technique requires sampling if the insulator is 
measured, and further work is required to make the method fully non-destructive. A 
measurement procedure and equipment applicable for on-site measurements have been 
proposed. 

• R2ZcPRofile based on TDR techniques prove to be successful to characterize ageing to a degree 
where insulation damage has not progressed too far, then they could be easily embedded into 
an inexpensive in-situ condition monitoring tool (not in scope of the project but for a future 
utilization). Furthermore, for future generation of I&C control systems, improved TDR-based 
techniques (SSTDR, MCTDR) have the potential to be easily embedded into the I&C electronic 
boards to perform non-intrusive on-line diagnosis of cable circuits (including connectors), 
without interfering with the system’s operation. 

• Dielectric spectroscopy measurements can be performed onsite accessing the cable 
terminations. The cables should be shielded in order to properly measure the electrical 
properties. Results obtained inside the TeaM Cables Project claim that a good correspondence 
between ageing evolution and electrical property is present, allowing the use of the complex 
permittivity as an ageing marker for LV cables. In particular, the most suitable frequency for 
ageing investigation is found to be close to 100 kHz. This frequency is found to be related to 
the dipolar polarization mechanisms which are typical of oxidized degradation species e.g., 
ketones and hydroperoxides. The monotonic grow of complex permittivity with ageing and the 
successful correlation with other properties e.g., EaB allowed the definition of an EoL criterion 
based on non-destructive electric tests.  
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Measurement procedures for on-site measurements were prepared for each technique. The 
techniques were compared to each other based on their sensitivity, ease of use and technological 
readiness. Finally, potential synergies between the methods were identified. Based on the work 
performed, two approaches were suggested to be used as part of condition monitoring of cables, one 
based on the application of early ageing indicators and one based on combining global and local 
techniques. Challenges regarding applying early indicators include the interpretation of OIT 
measurements when the material has ATH additions within it. On the other hand, combining global 
and local techniques would be currently limited by the restricted accessibility of local techniques to 
measure the insulator.  
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