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Abstract—The aging of twisted pair cables with silane cross-

linked polyethylene insulation has been examined by means of 

both chemical and electrical techniques. Radio-chemical aging 

has been performed through three different dose rates in order 

to evaluate the contribution of the dose rate on the changing of 

the analyzed properties with aging. Correlation between the 

different techniques has been performed and the antioxidant 

contents has been successfully linked to the variation of the 

dielectric properties. 
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I. INTRODUCTION 

Nowadays, it is generally acknowledged that one of the 

most common degradation mechanisms of polymer materials 

is oxidation. To prevent or slow down this phenomenon, 

producers usually introduce antioxidants (AOs) and UV 

stabilizers inside the polymer compounds. The two main 

kinds of AOs are free-radical scavengers and hydroperoxide 

decomposers. The former are also known as primary AOs 

(usually phenol and amine-based molecules) while the latter 

are often called secondary AOs (thioether and phosphite-

based molecules). 

Up to now, the impact of these additives on the chemical 

and thermal response of the polymer compound is broadly 

analyzed in materials engineering literature [1-4]. On the 

contrary, their effect on the electrical properties and their 

response over aging have been partially analyzed in the 

electrical engineering research. 

As a matter of fact, electrical studies often focus on the 

macroscopic behavior of the material for the application 

under consideration but ignore the effects of damage and 

microstructural changes [5, 6].  

In this context, this work aims at identifying a connection 

between the micro- and macroscopic properties of twisted 

pair cables for nuclear applications and the changes in their 

chemical composition during the radio-thermal aging. 

To do so, primary insulations has been analyzed by means of 

both non-destructive electrical and physico-chemical 

techniques. Dielectric spectroscopy was used to characterize 

the changes in the electrical response with aging time, 

whereas Fourier Transform Infrared (FTIR) spectroscopy and 

measurement of the Oxidation Induction Time (OIT) allowed 

the detection of the residual antioxidants and traces of 

oxidation products caused by aging. 

In the end, correlations between electrical properties and AO 

content have been carried out. 

This research is part of the H2020 Euratom TeaM Cables 

Project which aims at providing nuclear power plants (NPPs) 

operators with a novel methodology for efficient and reliable 

NPP cable ageing management, through, inter alia, 

developing a new multiscale modelling approach to study 

polymer radiation aging. 

II. MATERIALS AND METHODS 

A. Specimens  

Samples analyzed are low-voltage I&C cables with XLPE 

insulation used in NPPs, especially designed for the project. 

The cables here analyzed have a twisted pair configuration, 

whose structure is reported in Figure 1. The twisted pair cable 

is made up of three pairs with three different primary 

insulations, due to page constraints only one kind of 

insulating material is investigated. This is made up of silane 

crosslinked polyethylene stabilized with 1 phr of primary AO 

(phenol-based) and 1 phr of secondary AO (thioether-based). 

Each cable specimen is about 50 cm long. 

 

Fig. 1. Multilayer structure of twisted pair cables under investigation. 

(black) Conductor – Copper, (white) Primary insulation, (black) Shielding – 

Copper wire braid, (grey) Sheath – Low smoke zero halogen 

B. Accelerated aging 

Three different dose rates, high, medium and low, 
corresponding to 400, 60 and 7 Gy/h respectively, have been 
chosen to perform cable aging. Radio-thermal ageing was 
performed in the Panoza (Medium and Small Dose rate) and 
Roza (High Dose Rate) facilities at UJV Rez, Czech Republic, 
through a 60Co γ-ray source.  

Aging conditions are summarized in Tab. 1. 
 



TABLE I.  AGING CONDITIONS 

Aging 

type 

Aging properties 

Dose rate (Gy/h) Sampling time (h) 
Max. absorbed 

dose (kGy) 

Small 7 3456 81 

Medium 60 864 286 

High 400 167 334 

At this stage, few samplings for the small dose rate (SDR) 
aging are present, so that SDR characterization is made up of 
a lower number of points. 

C. Dielectric spectroscopy measurements 

Complex permittivity and tanδ have been investigated 

through a Novocontrol Alpha dielectric analyzer with applied 

voltage of 3 Vrms in the frequency region 106-10-2 Hz. Tests 

have been performed in oven at 50 °C. 

Tanδ, known also as dissipation factor (DF), is defined by 

[3, 7, 8]: 

𝑡𝑎𝑛𝛿 =
𝜔𝜀′′+𝜎

𝜔𝜀′
  (1) 

where ε’ is the real part of permittivity defined as the 

dielectric constant of the material, ε’’ is the imaginary part of 

permittivity related to the dielectric losses of the material, ω 

is the angular frequency of the wave and σ is the DC 

conductivity of the material. 

D. Oxidation induction time (OIT) measurements 

OIT has been measured at 210 °C with a TA instrument 

DSC Q10 calorimeter. XLPE samples with a mass between 5 

and 10 mg has been inserted inside the instrumentation 

furnace in an open aluminium pan. First heating run from 

room temperature to 210 °C has been performed with an 

heating rate of 10 °C.min-1 under a pure N2 flow (50 mL.min-

1); then, temperature equilibrium has been set at 210 °C for 5 

min and finally, the gas has been switched from N2 to O2 for 

isotherm at 210°C. Under pure oxygen, the test has been 

stopped once an exothermal peak, referred to the induction of 

the oxidation, has been registered. The time period passed 

between the switching of the furnace atmosphere and the 

onset of the exothermal peak (graphically obtained through 

the tangent method) is defined as OIT. 

E. Fourier Trasnform Infrared (FTIR) measurements 

FTIR spectra has been recorded in attenuated total 

reflectance (ATR) mode using a Perkin Elmer FTIR Frontier 

spectrometer equipped with a diamond/ZnSe crystal. Each 

spectrum is the average of 16 scans in the spectral range 

between 4000 and 650 cm-1, resolution has been set equal to 

4 cm-1. Any change in absorbance has been normalized with 

the absorbance of CH2 scissoring vibrations of PE crystal 

phase at 1472 cm-1. 

III. EXPERIMENTAL RESULTS 

A. Dielectric spectroscopy 

Figure 2 shows the trend of the dielectric losses (tanδ) at 

100 kHz as a function of the total dose for the analyzed aging 

conditions. 

As expected, the values of the dielectric losses raise with 

the increase of the aging period. From Figure 2, it is evident 

that the dose rates do have an impact on dielectric response 

of the material during aging. Different dose rates, indeed, 

result in different values of tanδ, for a fixed absorbed dose. 

This discrepancy is more and more evident as we increase the 

total dose (or the aging time). In particular, the higher the 

dose rate, the larger the dielectric losses. Indeed, as it will be 

discussed in the following, the severity of the environmental 

conditions, namely the γ-rays strength, can catalyze the 

radical formation which results into the increase of the 

dipolar species inside the polymer matrix (mainly big polar 

molecules e.g. AOs products and oxidized chains), resulting 

into the increase of the dissipation factor in the dipolar 

polarization frequency region (around 105 Hz). 
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Fig. 2. Tanδ at 100 kHz for twisted pair cable as a function of the aging 

time for the three different aging conditions considered. (green) Small Dose 

Rate, (red) Medium Dose Rate, (black) High Dose Rate. 

B. OIT results 
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Fig. 3. OIT values for twisted pair cable as a function of aging time for the 

three different aging conditions considered. (green) Small Dose Rate, (red) 

Medium Dose Rate, (black) High Dose Rate. 

Figure 3 reports the trend of the OIT values as a function of 

the aging time for the three aging conditions analyzed. OIT 

decreases with the increase of aging time, as expected. This 

is imputable to the gradual consumption of AOs due to the 

environmental stressors which catalyze oxidative reactions.  

In all the cases, the major reduction of the OIT values 

happens into the first aging period (reduction by a factor 6). 

Further aging causes the decreasing of OIT in a less drastic 

way, reaching finally a non-null value for all the conditions 



analyzed (2 mins). Even in this case, the higher the dose rate, 

the faster the decreasing of OIT, as supposed. It is worth 

commenting that, due to the graphical extrapolation of data, 

2 minutes represents the minimum value recordable by the 

instrumentation; so that it is possible to claim that oxidation 

may have started even if the OIT owns a non-zero value (2 

mins). 

C. FTIR results 
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Fig. 4. Ester index for twisted pair cable as a function of aging time for the 
three different aging conditions considered. (a) Small Dose Rate, (b) 

Medium Dose Rate, (c) High Dose Rate. 

Figure 4 displays the behavior of ester index (absorbance 

ratio between the 1733 cm-1 ester peak and the reference peak 

at 1472 cm-1) with aging time in the bulk (red dots) and on 

the outer surface (black dots) of the insulation, for the three 

aging conditions considered. 

In all the cases analyzed, an initial decrease of the ester 

index (EI) is shown on the surface of the material. The 

reduction of the EI lasts for the initial two (small and high 

dose rate) and one (medium dose rate) aging period, claiming 

a dependence on both the aging time and the aging severity 

(dose rate). Since the primary AO owns ester bonds itself, the 

ester index can be linked to the concentration of AOs on the 

surface. Indeed, AOs cannot be properly dispersed in the 

amorphous region of the XLPE matrix due to their high 

concentration (1 phr) and they are thus also present under the 

form of crystalline nodules on the insulation surface [3]. 

Consequently, the initial reduction of EI can be likely 

imputed to the consumption of both well dissolved and 

crystallized AOs on the surface during the first aging periods. 

After the initial decrease, in all the cases shown one can 

observe a stabilization of the EI on the surface followed by a 

slightly increase of the EI, likely associated with an initial 

oxidative state of the polymer surface.  

In the bulk, the variation of the EI is almost negligible 

suggesting a very weak modification of the ester content, 

which is mainly occurring on the surface, as stated above. 

It is worth commenting that also, in this case, the dose rate 

plays a significant role. Indeed, the duration of the decreasing 

phase is different among the three aging conditions due to the 

gamma ray intensity. 

IV. DISCUSSION 

It has been shown that radiochemical aging causes a deep 

modification of the chemical and electrical properties of the 

cable specimens analyzed. In brief, this behavior could be 

imputed to the severity of the aging conditions (γ-rays) which 

is reported in literature [1, 3, 4] to accelerate degradation 

phenomena, i.e. consumption and physical loss of AOs. This 

mechanism leads to oxidation and, consequently chain 

scission and chemi-crystallization (main causes of the loss of 

mechanical performance of the polymer matrix). 

It is evident that the main cause of degradation of the 

polymeric insulation is oxidation which is usually avoided by 

the presence of AOs. These molecules, as presented before, 

are highly polar species and convert themselves into other 

polar species reacting with oxygen atoms, namely AOs 

products. The consumption of the AOs causes the reduction 

of the OIT values and the formation of new molecules. These 

molecules show the same ester bond so that the two 

phenomena (AO consumption and AO products formation) 

can be difficulty singled out through FTIR measurements 

(Figure 4) due to possible compensation of concentration of 

the ester bonds leading to the flattening of the EI trend with 

aging. As presented in the previous section, the last aging 

times for the three aging conditions show an increase of the 

EI which is also linked to the minimum value reachable by 

the OIT measurement (Figure 3), possibly suggesting that 

oxidation has started and the new esters created are directly 

referred to the polymer oxidized species.  

Focusing on the electrical behavior of the aging treatment 

(Figure 2), as presented, one can observe the increase of the 

dielectric losses with aging time, as the AOs products do. 

These latter are more easily analyzed through the dielectric 

spectroscopy technique. AO molecules, indeed, react with 

radical chains giving birth to bigger molecules (e.g. 

hydroperoxide and AO-grafted polymer chains) which can 

respond electrically in the frequency region here analyzed. 

a 

b 

c 



For this reason, the conversion of the AOs into their products 

may be directly linked to the increase of the 105 Hz dielectric 

losses and, consequently, to the aging of the polymer matrix. 

Let us introduce the Antioxidants Depletion Factor (ADF) 

defined as: 

ADF =
OIT0−OIT

OIT0
   (1) 

where OIT and OIT0 are the respective values for the aged 

and unaged samples. 

As the name suggests, this factor represents the depletion of 

the AOs over the aging time, hence their conversion into AO 

products. Indeed, OIT values are directly proportional to the 

AO concentration as widely reported in literature [3, 9]. 

Figure 5 reports the trend of the dielectric losses as a function 

of the defined ADF. 
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Fig. 5. Depletion of AO as a function of TanDelta for twisted pair cable and 

the three different aging conditions considered. (green) Small Dose Rate, 

(red) Medium Dose Rate, (black) High Dose Rate. 

The association with dielectric losses lays on the fact that 

both the factors keep into account the contribution of the 

changes of AO concentration. The dielectric spectroscopy at 

the analyzed frequencies (around 105 Hz), indeed, may 

evaluate the presence and the concentration of the AO 

products (dipolar species). On the other side, as stated above, 

OIT is directly dependent on the concentration of AOs inside 

the polymer matrix [3, 9], hence it is able to evaluate the 

conversion of these molecules into their products. 

For all the aging conditions considered, after a significant 

initial variation of ADF, the data are placed between the 

range 0.8 – 1 tending asymptotically to 1, corresponding to 

the complete running out of AOs (namely when OIT=0).  

This correlation is possible until the AOs are present, hence, 

when they are fully converted into AO products and no 

oxidation occurs, so that OIT≠0.  

As a matter of fact, various works correlate the increase of 

the ester index after the AO consumption to the increase of 

the dielectric losses at high frequencies [3]. Indeed, the same 

chemical species have their electrical response placed in the 

region around 105 Hz. 

In the case here considered, one can observe a slightly 

increase of the EI and an OIT close to zero only during the 

last aging period considered for the three aging conditions. 

Therefore, the actual aging level seems to be not sufficient to 

propose correlations between these two parameters at this 

stage. 

IV. CONCLUSIONS 

In this work, different aging assessment techniques have been 

reported to efficiently evaluate the aging-induced 

modification of the polymer insulation of the cable analyzed. 

In particular, chemical analyses, i.e. OIT and FTIR, have 

been linked to the change in the electrical response of the 

material, underlining a quite good correlation among the 

techniques. The introduction of the antioxidant depletion 

factor and consequently, the grade of the AO conversion into 

products induced by aging stressors, allowed the linking of 

this property with the dissipation factor (tanδ) at 100 kHz. 

This latter resulted to be strictly related to the concentration 

of the antioxidant products, leading thus to an effective 

correlation between the two factors. 

Future works on this topic will include the analysis of the 

effect of the radiochemical aging on the different cable 

configurations (e.g. coaxial cable) and the chemical 

composition (e.g. introduction of inorganic fillers) of the 

insulation system.  
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