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ABSTRACT 

 Dielectric spectroscopy was evaluated as a condition monitoring technique for aged 

polyethylene electrical insulation in nuclear power plants. Bare core insulations of crosslinked 

polyethylene were aged at 55 and 85 °C under exposure to 60Co γ-radiation at different dose 

rates (0.42, 0.76 and 1.06 kGy h–1) to different total doses. The samples were studied by 

dielectric spectroscopy and tensile testing, and the crystallinity, mass fraction of soluble 

component and density were determined. The oxidation profiles along the depth of the 

insulations were assessed by infrared microscopy. The aged samples showed an increase in 

both the real and imaginary parts of the dielectric permittivity over the whole frequency range 

studied, an increase in the mass fraction of soluble component and in the material density, and 

a decrease in the strain-at-break. The imaginary part of the dielectric permittivity at 100 kHz 

increased in a linear fashion with increasing material density, the latter being strictly related to 

the extent of oxidation of the material according to infrared spectroscopy and differential 

scanning calorimetry. The generic relationship between the imaginary part of the permittivity 

and the density included all the data obtained under different ageing conditions. The results 

suggest that dielectric spectroscopy can be used for in-situ measurements of the degree of 

oxidation of polyethylene cables, in order to obtain information about the condition of the 

cable insulation to enable the remaining lifetime to be predicted.  
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1. Introduction 

 For the safe and reliable operation of nuclear power plants, all significant components 

have to fulfil their function over their whole lifetime. This includes a wide range of polymeric 

materials used in, for example, cable insulation, seals and membranes. There are hundreds of 

kilometres of low-voltage instrumentation and control cables in a typical nuclear power plant, 

and their functionality relies on the condition of the polymeric insulation so that it is possible 

to transmit a signal without disturbance or the risk of a short circuit. The operating 

environment in a nuclear power plant, with elevated temperatures and with γ-radiation in 

some instances, causes irreversible changes to the chemical and physical structures of the 

polymeric materials, and thereby also to their vital functional properties [1–3]. For many 

polymers, including crosslinked polyethylene, these changes are caused by oxidation [4]. 

 A component that affects the safety needs to undergo a qualification process in order to 

confirm that the intended function can be fulfilled throughout its intended lifetime. The long 

expected lifetimes, often spanning over several decades, necessitate accelerated ageing tests at 

elevated temperatures and high irradiation dose rates. After ageing of the samples, tests to 

evaluate the condition of the aged specimen have to be performed. The results of accelerated 

thermal ageing can be extrapolated to service temperatures using e.g. the Arrhenius law, and 

to different dose rates by considering the total absorbed dose. However, during accelerated 

ageing, it is important that the mode and rate-limiting factor remains the same over the 

extrapolation region [2,5,6]. At excessively high temperatures or high dose rates, the rate of 

diffusion of oxygen can limit the ageing, e.g. if the rate of consumption of oxygen is faster 

than the rate of resupply of oxygen by diffusion [7,8]. Diffusion-limited oxidation (DLO) has 

to be considered in the analysis of aged samples and also in the extrapolation of data taken on 

samples with non-homogeneous oxidation. Surface-sensitive measurements such as 

indentation modulus measurements show a close relationship with the strain-at-break; cracks 

are initiated in the degraded surface layer.  

 An important result of ageing is the embrittlement of the cable insulation. Mechanical 

testing, primarily the assessment of the strain-at-break, is commonly used to assess the 

condition of the insulation [9]. A critical strain-at-break of 50 % is one of the commonly used 

failure criteria, often in combination with criteria based on the functional properties of safety-

related cables [2]. Tensile testing is a destructive method that consumes relatively large 

amounts of sample. This motivates the use of other test methods that use only small amounts 

of sample, e.g. measurements of density [10,11], oxidation induction time [12–14], oxygen 
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consumption [15], soluble fraction [16,17] and degree of oxidation by infrared spectroscopy 

[13,18]. However, even these methods are destructive and require sample removal.  

 For the non-destructive testing of already installed cables, several electrical techniques 

have been proposed, such as line resonance analysis (LIRA) [19], measurements of voltage 

return [20] and dielectric loss factor [21]. This paper deals with dielectric spectroscopy, which 

has a proven potential for the condition monitoring of cables insulated with EPR and EPDM 

rubbers [22–25], crosslinked polyethylene [26] and chlorosulphonated polyethylene [27]. 

Dielectric spectroscopy has been used as a tool to detect water trees in insulation of medium- 

and high-voltage cables [28–30]. The aim of the present work is to further explore the 

possibility of using dielectric spectroscopy as a non-destructive and online condition 

monitoring technique for crosslinked polyethylene cable insulations used in low-voltage 

cables in nuclear power plants. 

 

2. Experimental 

2.1. Materials 

 Crosslinked polyethylene insulation obtained from an Alcatel RG-59 B cable was 

studied. The EVA jacketing and copper/polyester screens were removed before ageing, so that 

only the insulation and the single copper strand (diameter = 0.6 mm) conductor remained. The 

wall thickness of the insulation was 1.6 mm. It consisted of colourless, peroxide-crosslinked 

polyethylene, with a density of 917 kg m-3. Thermogravimetric analysis revealed that the 

polymer contained ca. 1 wt.% ash after heating in nitrogen to 600 °C and then further to 

1000 °C in oxygen.  

 

2.2. Accelerated ageing 

 Cable insulation samples, 10 m long, were aged at five different temperature/dose rate 

combinations at the ROZA facility at ÚJV Řež, a. s., Czech Republic, after the jacketing had 

been removed. The ageing was performed under both elevated temperature and γ-radiation 

from a 60Co γ-ray source. The combinations of ageing temperature and dose rate used were: 

55 °C at 0.76 and 1.06 kGy h–1, and 85 °C at 0.42, 0.76 and 1.06 kGy h–1. The dose rates used 

were sufficiently high to expect some diffusion-limiting effects [31]. The maximum ageing 

time under each condition was 1000 h. Specimens were removed for analysis every 200 h. 
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2.3. Dielectric spectroscopy 

 Dielectric spectroscopy was performed using a Novocontrol Alpha Dielectric Analyzer 

V2.2 operating between 10−2 and 106 Hz. The applied voltage was 3 Vrms and the test 

temperature was 50 °C. The cable samples were assessed by applying the input voltage to the 

central metal conductor and measuring the output signal from a wire braid placed on the outer 

surface of the insulation.  

 

2.4. Determination of density 

 The density of aged and unaged specimens was determined using the Archimedes 

principle, weighing each specimen in both air and ethanol (96 vol.% ethanol, 4 vol.% water) 

on a Precisa XR 205SM-DR microbalance. Three replicates for each sample were used. The 

specimens were cut from the entire cross-section of the insulation. 

 

2.5. Determination of mass fraction of soluble component 

Three samples, weighing 450 ± 75 mg, of unaged samples and samples aged for 200, 600 

and 1000 h at each combination of temperature and dose rate were cut from the whole cross-

section of the cables and reflux-boiled in xylene (CAS No. 1330-20-7; ≥ 98 % purity; VWR 

Prolabo) for 8 h. The samples were then dried in a ventilated oven (Memmert ULE-600) at 

50 °C for 12 h, and the dry mass of the samples was obtained using a Precisa XR 205SM-DR 

microbalance. The mass fraction of soluble component in the polymer was calculated as the 

mass difference relative to the initial mass of the samples. The process was then repeated on 

the same samples in order to ensure complete extraction, and the difference in sample mass 

between first and second run was only ca. 1 %.  

 

2.6. Tensile testing 

Tubular insulation specimens (length ≥ 60 mm) were prepared from unaged and aged 

cable samples by removing the internal copper conductor. The stress-strain properties of these 

samples (initial gauge length = 20 mm) were assessed at 23 ± 1 °C and 50 %RH in an Instron 

5566 Universal Testing Machine, using an extension rate of 12.5 mm min-1. Six replicates 

were tested for each sample. 
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2.7. Infrared microscopy 

 The degree of oxidation at different depths in the insulation samples was determined 

using a Perkin-Elmer Spotlight 400 FTIR imaging system with a germanium ATR crystal. 

Samples were attached to a glass microscopy slide with cyanoacrylate glue, and data were 

collected every 50 µm over the insulation thickness of the sample (~1.6 mm), with 32 scans 

per spatial point and a spectral resolution of 1 cm-1. The IR spectra were recorded between 

4000 and 750 cm-1 and, to quantify the oxidation of the sample, the peak area of the carbonyl 

band (1720 cm-1) was normalized with respect to the peak area of the methylene asymmetric 

bending band (1460 cm-1). 

 

2.8. Differential scanning calorimetry 

 The mass crystallinity (wc) at 23 °C of the insulation samples were obtained by heating 

5 ± 0.5 mg samples from -80 °C to 180 °C at a scanning rate of 10 °C min–1 in a Mettler-

Toledo differential scanning calorimeter DSC 1. The crystallinity was assessed according to 

the total enthalpy method [32]: 

 �� = � × � ��	

������� ��� ��,����,��������


�  (1) 

where ∆h12 is the melting enthalpy obtained by extrapolating the post-melting scanning 

baseline until it intersected the DSC trace at the low temperature side (at T1), ∆hf
0 (Tm

0) is the 

heat of fusion at the equilibrium melting point (293 J g–1) [33], and Cp,a and Cp,c are the 

specific heat capacities of the amorphous and crystalline components, respectively. Data for 

Cp,a and Cp,c were obtained from Wunderlich and Baur [34]. The factor K is the ratio of 

remaining melting at room temperature. 

 

3. Results and discussion 

3.1. Dielectric response of unaged and aged cable insulation samples 

 Figs. 1a and b show the dielectric response for a sample aged for different times at 85 °C 

and 1.06 kGy h–1 expressed as the real and imaginary parts of the dielectric permittivity. With 

few exceptions, these curves showed an increase over the whole frequency range with 

increasing ageing time. This increase was most prominent at frequencies below 100 Hz 

(Figs. 1a and b). Figs. 2a and b display the imaginary part of the dielectric permittivity at 

100 kHz (ε” (100 kHz)) plotted as functions of ageing time and irradiation dose, respectively; 
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ε” (100 kHz) showed a linear increase with increasing ageing time (Fig. 2a). Noteworthy is 

the split of the data into two different straight lines, depending on the temperature. The 

irradiation dose dependence of ε” (100 kHz) presented in Fig. 2b show clearly that both the 

dose rate and the temperature have a significant impact.  

 

Figs. 1a,b and 2a,b  

 

 The data for the samples aged at 85 °C showed a dose rate dependence; the imaginary 

dielectric permittivity increasing with increasing dose rate at a given ageing time (Fig. 2a). 

The dose rate dependence at a given ageing time implies simply that the dielectric permittivity 

increased with increasing total dose. The fact that the ageing at the lower temperature (55 °C) 

was significantly less affected by the dose rate (Fig. 2b) suggests that the process responsible 

for the change in dielectric loss is limited by oxidation, particularly at the lower ageing 

temperature. The lower effect of dose rate at lower temperatures has been observed earlier, 

when ageing at comparably high dose rates [35]. The scatter between repeated measurements 

was dependent on the frequency, with a greater scatter at lower frequency, approximately 

15 % of the absolute value below 1 Hz, and about 1 % at 100 kHz. 

 

3.2. Effect of ageing on the density 

 The density increased with increasing ageing temperature, increasing irradiation dose and 

decreasing dose rate (Fig. 3). Differential scanning calorimetry showed that the mass 

crystallinity of the aged samples was constant and essentially the same as before ageing: 

43.9 ± 0.6 % (average ± standard deviation for samples aged at 55 (0.76 kGy h–1) and 85 °C 

(0.42 kGy h–1). A linear fit to the experimental data (mass crystallinity versus ageing time) 

showed a very small increase in crystallinity with increasing ageing time, i.e. from 43.5 % 

(unaged samples) to 44.4 % (samples aged 1000 h). This change in crystallinity corresponds 

to an increase in density of 1 kg m–3. Thus, the extensive change in density from the initial 

value of 917 kg m–3 to 965 kg m–3 (maximum value) must be attributed to oxidation of the 

amorphous component of the polymer.  

 

Fig. 3 
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 The density of the samples aged at 55 °C showed only moderate dose rate dependence 

(Fig. 3), and there was a pronounced dose rate dependence on ageing at 85 °C, where the 

lower dose rate yielded the greater increase in density. These data suggest that the transport of 

oxygen from the surrounding air into the polymer was important. For a given irradiation dose, 

the time at the low dose rate (0.42 kGy h–1) was 2.5 times longer than a comparable time at 

high dose rate (1.06 kGy h–1). The radicals formed due to γ-irradiation were, thus, more prone 

to react with oxygen and further along the Bolland-Gee oxidation scheme under the low dose 

rate conditions than at the high dose rates. The smaller change in density for a given 

irradiation dose of the samples aged at the lower temperature (55 °C) simply reflects that the 

degree of oxidation of these samples was more moderate due both to slow oxygen diffusion 

and to a low oxidation rate.  

 

3.3. Changes in the mass fraction of soluble component of the polymer 

 The mass fraction of the soluble component of the polymer increased with increasing 

irradiation dose, increasing temperature and decreasing dose rate (Fig. 4). The soluble fraction 

in the unaged sample was only 16 ± 1 %. The samples aged at 85 °C reached very high 

values, 40 to 45 %, whereas the sampled aged at 55 °C reached only 30 % (Fig. 4). The 

increase in soluble fraction with irradiation dose was strongest for the samples exposed to the 

lowest dose rates (Fig. 4). This is consistent with the hypothesis that the oxidation reaction –

 promoted by a low dose rate – favoured chain scission of the amorphous polymer chains. The 

lower increase in the samples aged at 55 °C is consistent with the lower increase in density 

observed in these samples, due to the lower rate of oxidation of the samples at the lower 

temperature. 

 

Fig. 4 

 

 The major effect of the irradiation-induced degradation in the presence of oxygen was, 

thus, oxidation and scission of amorphous chain segments, which is expected to lead to a 

lowering of the concentration of tie chains and trapped entanglements, and also of the fracture 

toughness of the polymer. Exposure of polyethylene to γ-radiation under oxygen-free 

conditions leads primarily to crosslinking [36]. After oxygen-free γ-irradiation and post-

irradiation exposure to oxygen, polyethylene showed a rapid decrease in radical concentration 

in the amorphous phase by reaction of the amorphous radicals with oxygen, while a much 
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slower decay of the crystalline radicals enabled slow diffusion of the latter to the 

crystal/amorphous interface where the reaction between the radicals and oxygen occurred 

[37,38]. The presence of oxygen during γ-irradiation changes the degradation scenario 

towards a dominance of scission of the amorphous chains in polyethylene [39–41].  

 The data for the mass fraction of soluble component presented refer to the entire 

insulation. It was, however, shown by infrared microscopy that oxidation was 

macroscopically heterogeneous, being concentrated in the outer parts of the insulation 

(Section 3.6). 

 

3.5. Mechanical performance 

 The strain-at-break (εb) decreased with increasing irradiation dose and decreasing dose 

rate (Fig. 5). The samples reached a low plateau value after being irradiated by 400 to 

600 kGy depending on the dose rate (Fig. 5). The brittle samples, which had reached the low 

plateau, showed deep surface cracks even prior to the tensile testing. Some of the samples 

aged under milder conditions also displayed small surface cracks that would provide spots for 

fracture initiation. Samples exposed to the lowest dose rate (0.42 kGy h–1) showed the 

strongest decrease in εb, and they reached the plateau at the lowest irradiation dose (400 kGy). 

 

Fig. 5 

 

 The dose rate dependence revealed in Fig. 5 can be explained by the heterogeneous 

character of the oxidation, as shown by the infrared microscopy data. 

 

3.6. Infrared spectroscopy assessment of polymer oxidation  

 This section deals with two issues: (i) assessment of the oxidation profiles; (ii) 

assessment of the average degree of oxidation through the entire insulation. The latter is 

important in the context of the density data, since it was postulated in Section 3.2 that the 

significant increase in density in the aged samples was due to oxidation. 

 The oxidation profiles expressed in terms of carbonyl absorbance normalized with respect 

to the 1460 cm–1 methylene absorbance of two of the samples studied – one being aged at 

55 °C and 1.06 kGy h–1 for 1000 h, and the other at 85°C and 0.42 kGy h–1 for 600 h – are 

displayed in Fig. 6. These two samples showed essentially the same overall degree of 

oxidation considering the entire cross-section. This was confirmed both by integrating the 
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oxidation profile and by the fact that the samples had the same density values. However, the 

oxidation profiles were different for the two samples: the sample aged in 1.06 kGy h–1 (high 

dose rate) and 55 °C (low temperature) showed a very thin layer (thickness = 150 µm) of 

highly oxidized polymer, whereas the sample aged at 0.42 kGy h–1 (low dose rate) and 85 °C 

(high temperature) showed a much thicker layer (thickness = 600 µm) of less oxidized 

polymer. The maximum degree of oxidation was almost 10 times greater in the sample aged 

at high dose rate and low temperature than in the sample aged at low dose rate and high 

temperature.  

 

Figs. 6 and 7 

 

 It was interesting to note that the sample with the very thin highly oxidized surface skin 

showed a much lower εb-value (16 %) than the sample with the considerably thicker oxidized 

layer (87 %). 

 The calculation of the average degree of oxidation from the linear carbonyl index profile 

considered the cylindrical geometry of the insulation: the outer diameter was 2.2 mm and the 

inner diameter was 0.6 mm. Fig. 7 shows that the calculated average carbonyl index including 

the entire insulation increased linearly with increasing density. This finding is in accordance 

with the proposal that oxidation of polyethylene means that hydrogen is partly replaced by 

carbonyl oxygen; the latter being a heavier element than hydrogen, which is the primary 

reason for the increase in density on ageing. 

 

3.7. Relationship between electrical and physicochemical properties 

 The imaginary part of the dielectric permittivity at 100 kHz (ε” (100 kHz)) increased 

linearly with increasing density (Fig. 8); the latter was confirmed (Section 3.6) to be 

proportional to the average carbonyl index of the entire insulation. Data obtained for samples 

aged under different conditions, i.e. different temperatures and different dose rates, fitted well 

to a straight line, which confirmed that both ε” (100 kHz) and the density were essentially 

insensitive to the distribution of the oxidized species in the insulation. Thus, the dielectric 

analytical method can sensitively the detect oxidation of the insulation, although it does not 

provide any information about the oxidation profile through the insulation. 

 

Figs. 8 and 9 
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 Fig. 9 presents the relationship between the strain-at-break and ε” (100 kHz). There is a 

clear division of the data according to temperature and irradiation dose rate. The samples 

exposed to a high dose rate at 55 °C suffered highly concentrated oxidation of a thin surface 

layer, the low strain-at break-plateau being reached at a low ε” (100 kHz), 0.005, whereas 

samples exposed to a high irradiation dose rate at 85 °C were subjected to more evenly 

distributed oxidation, the low strain-at break plateau being reached at higher ε” (100 kHz)-

value, 0.01. 

 

4. Conclusions 

 The dielectric response of a cross-linked polyethylene insulation used in nuclear power 

plants was measured before and after ageing in air at elevated temperatures (55 and 85 °C) 

and exposure to γ-radiation (0.42, 0.76 and 1.06 kGy h–1) from a 60Co-source. These 

exposures led to polymer oxidation, as revealed directly by infrared spectroscopy and 

indirectly by a substantial increase in the material density. The material density was 

proportional to the average carbonyl index of the insulation. Extraction in hot xylene showed 

that the oxidation of the polymer was accompanied by chain scission of the amorphous 

component, which was also manifested in a substantial decrease in the strain-at-break of the 

aged samples. A non-destructive and sensitive dielectric monitoring technique, which 

assessed the imaginary part of the dielectric permittivity at 100 kHz, yielded data that 

increased in a strictly linear fashion, independent of the irradiation dose rate, with increasing 

material density (average carbonyl index). It was shown that the strain-at-break was also very 

sensitive to the carbonyl index profile through the insulation. Samples consuming oxygen in a 

very thin surface layer (due to a high irradiation dose rate) showed a greater decrease in 

strain-at-break than samples irradiated at a lower dose rate with a more uniformly distributed 

oxidation profile. Since dielectric spectroscopy is a non-destructive technique showing good 

correlation with the degree of oxidation, it has potential to be used as a condition monitoring 

technique to follow the oxidation of installed cable insulations to allow for effective ageing 

management. However, the need for a reference for the output limits its use to shielded 

cables, and further research is needed to manage the real conditions with junctions, long 

cables etc. before implementation in nuclear power plants. 
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Legends to Figures 

 

Fig. 1a. The real part of the dielectric permittivity (ε’) plotted as a function of the frequency 

(logarithmic scale) for unaged and aged samples after exposure to 1.06 kGy h–1 irradiation at 

85 °C in air. 

Fig. 1b. The imaginary part of the dielectric permittivity (ε”; logarithmic scale) plotted as a 

function of the frequency (logarithmic scale) for unaged and aged samples after exposure to 

1.06 kGy h–1 irradiation at 85 °C in air. 

Fig. 2a. Imaginary part of the dielectric permittivity at 100 kHz (ε” (100 kHz)) plotted as a 

function of ageing time for samples aged in air under different combinations of temperature 

and irradiation dose rate. 

Fig. 2b. Imaginary part of the dielectric permittivity at 100 kHz (ε” (100 kHz)) plotted as a 

function of irradiation dose for samples aged in air under different combinations of 

temperature and irradiation dose rate. 

Fig. 3. Density of unaged and aged samples aged in air using different combinations of 

temperature and irradiation dose rate plotted as a function of irradiation dose.  

Fig. 4. The mass fraction of soluble component in unaged and aged samples aged in air using 

different combinations of temperature and irradiation dose rate plotted as a function of 

irradiation dose.  

Fig. 5. The strain-at-break (εb) of unaged and aged samples aged in air using different 

combinations of temperature and irradiation dose rate plotted as a function of irradiation dose.  

Fig. 6. Carbonyl index (area of the carbonyl band at 1720 cm-1 divided by the area of the 

methylene band at 2850 cm-1) plotted as a function of distance from the outer surface of the 

insulation for samples aged in air at 85 °C and 0.42 kGy/h, for 600 h (filled circles, line a) and 

55 °C and 1.06 kGy/h for 1000 h (open circles, line b). 

Fig. 7. Average carbonyl index for entire insulation plotted as a function of the density of the 

materials. The straight line is a linear fit to the experimental data. The point marked with an 

arrow is an outlier; this sample displayed deep surface cracks. 

Fig. 8. The imaginary part of the dielectric permittivity at 100 kHz (ε” (100 kHz)) plotted as a 

function of density of unaged and aged samples aged in air using different combinations of 

temperature and irradiation dose rate.  
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Fig. 9. The strain-at-break (εb) plotted as a function of the imaginary part of the dielectric 

permittivity at 100 kHz (ε” (100 kHz)) for unaged and aged samples aged in air using 

different combinations of temperature and irradiation dose rate.  
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