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Abstract 

Low-voltage (LV) cables are crucial components for the safe and reliable operation of 

nuclear power plants (NPPs). Throughout the normal operation of NPPs, and depending on 

the application, LV cables are exposed to different stresses such as electrical, thermal, 

mechanical, and environmental stresses. Thermal, radiation, and other environmental 

stresses are the existing dominant stresses in NPPs. However, mechanical stressors like 

bending and squeezing can alter the performance of the cable. Consequently, the 

degradation process of the cables' insulating materials is accelerated. Hence, their 

functionality is not assured as the reliability of cables is strongly associated with their 

insulation integrity. These stresses stimulate the desire to better understand LV cable 

insulation degradation to determine the actual cause of cable insulation degradation. Thus, 

monitoring and assessing the insulation state is of utmost importance. 

Condition monitoring (CM) of cables' insulation can be carried out through various test 

techniques where the electrical, chemical, physical, and mechanical properties of the 

dielectric material are explored. Despite a significant research work devoted to assessing 

the polymeric insulations of cable, there is no, presently, unique CM technique that can be 

applied to all cable types. Recently, electrical property measurements-based condition 

monitoring has gained the attention of researchers where electrical aging markers such as 

complex permittivity, return voltage, and space charges are investigated. The application 

of such techniques was mainly limited to single and multi-core shielded cables, where the 

LV cables' insulation and the jacket are monitored separately.              

This Ph.D. thesis focuses on the assessment of single-conductor, unshielded LV nuclear 

cables under multi-stress aging. Electrical condition monitoring techniques; dielectric 

spectroscopy, extended voltage response, and polarization/depolarization current have been 

implemented. Besides, the Shore D hardness test was adopted to investigate the role of the 

aging stresses on the mechanical properties of the cables under study. 

In the entire work, an XLPE/CSPE LV nuclear power cable has been considered. The 

cable samples underwent two aging scenarios; simultaneous thermo-mechanical aging and 

radio-mechanical aging. By implementing a dielectric response analyzer, the complex 

permittivity was studied by frequency swapping between 200 µHz and 500 kHz. Also, the 

polarization and depolarization currents were measured. Furthermore, the cables were 

charged by a 1 kV DC voltage source to examine the extended voltage response via 
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measuring the decay and return voltage slopes. The changes in the hardness of the cable 

were monitored through the Shore D hardness test.  

The electrical parameters, i.e., the real and imaginary parts of permittivity, the 

polarization/depolarization currents, the decay voltage slope, and the return voltage slope, 

presented sturdy variation with aging. Thus, they may be used as electrical aging indicators 

(markers). In addition, these aging markers were correlated with the Shore D hardness 

showing the applicability of using these condition monitoring techniques as potential 

methods to assess the degradation of NPP LV single-conductor, unshielded cables. 
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Chapter 1: Introduction  

1.1 Background 

In accordance with the climate-energy package [1], the role of clean energy sources in 

the energy generation market increases day by day since there is an unwavering desire to 

de-carbonize energy sources. Nuclear fission applications, i.e., nuclear power plants 

(NPPs), Figure 1.1, are extensively introduced as clean energy sources among the various 

sustainable energy sources. Since nuclear energy is the world's second-largest source of 

low-carbon electricity after hydropower. In November 2021, 442 nuclear power reactors 

were in operation worldwide, totaling a net electrical installed capacity of 394.467 GW. 

Besides, there were 51 reactors under construction, which will increase the net capacity by 

53.870 GW [2]. Currently, NPPs supply around 10.3% of the world's electricity, and it is 

expected that by the year 2050, the share of NPPs will increase up to 17% [3]. 

 

Figure 1.1: Typical nuclear power plant. 

 

Safe operation is one of the most important criteria for NPPs. The concept of nuclear 

safety includes the “control of the radiation exposure of people and the release of 

radioactive materials to the environment, to restrict the likelihood of events that might lead 

to a loss of control over a nuclear reactor core, nuclear chain reaction, radioactive source 

or any other source of radiation, and to mitigate the consequences of such events if they 

were to occur” [4]. The items (structures, systems, and components) important to safety are 

those items whose “malfunction or failure could lead to radiation exposure of the site 

personnel or members of the public.” These items can be classified into the groups of safety 

systems and safety-related items [5].  

The operation of a typical NPP requires thousands of kilometers of cables. Throughout 

NPPs, low-voltage (LV) cables are extensively used for power transmission and to connect 

the various system components since a commercial NPP may comprise around 1600 km of 
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LV cables [6]–[8]. A significant proportion of these cables are in the group of safety-related 

components. For instance, the link between the plant safety and control systems is provided 

by LV cables via signaling to control equipment, plant operators, and safety systems [9]–

[11]. The insulation (primary insulation and jacketing) of these cables is mainly based on 

polymers due to their reliability, availability, ease of fabrication, and low cost [12], where 

the most common types are cross-linked polyethylene (XLPE), ethylene-propylene rubber 

(EPR), ethylene propylene diene monomer (EPDM), and ethylene-vinyl acetate (EVA) 

[13]–[15]. A detailed description of the various NPP LV cable types, construction, and 

materials is addressed in Appendix A. 

Considering their crucial role, the safety-related components have to be qualified. The 

qualification is the process of demonstrating that equipment will operate on demand, under 

specified operating conditions, and meets the performance requirements of the system [5]. 

Therefore, the functionality of safety-related cables has to be demonstrated during normal 

operation, accidents, and post-accident conditions. The qualification methods are type 

testing, analysis, use of operating experience, and a combination of these methods [16]. 

i. Qualification by type testing is the preferable qualification method. A variety of 

type tests shall be performed to assess the capability of cables to perform their 

intended functions for their qualified life after being exposed to degradation 

stresses. The tests should simulate conditions that meet or exceed the specified 

operating conditions, including design-basis events (DBEs) at the particular 

location of the cable. 

ii. Qualification with operating experience is related to the collected and 

documented data of cables that fulfilled their desired safety functions under specific 

service conditions. Generally, operating experience data are of limited use when 

considering qualification to harsh DBE conditions. It may be considered if the in-

service cable samples have performed successfully during applicable DBE 

conditions after being subjected to aging conditions. 

iii. Qualification with analysis is not acceptable to be used individually. It has to be 

implemented in combination with type tests and operating experience. This 

qualification technique is mainly carried out with the help of theoretical approaches 

based on the physical properties of cables insulation.  

The qualification method of safety-related (Class 1E) cables is prescribed by the IEEE-

383 standard [17]. The test procedure for type testing of cables includes the following steps: 
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i. The thermal and radiation aging for simulation of normal service; 

ii. Testing integrity of insulation and jacket (electrical tests on wounded and soaked 

samples); 

iii. Design-basis event (DBE) simulation: functionality test in DBE environment; 

iv. Post DBE simulation test: flexibility and electrical tests on soaked samples.  

1.2 Motivation 

For many decades, insulation aging has been recognized as a prime cause of the 

premature failure of a wide variety of equipment and plants. Prior to the arrival of nuclear 

technology, the primary stressors for insulation aging were electrical, mechanical, thermal, 

and environmental/medium stress [13], [18], [19]. The electrical, thermal, and mechanical 

stresses are dominant [20]. The introduction of nuclear technology has added a new 

direction to the aging phenomena, i.e., radiation aging. The effects of the environmental 

stresses on insulation aging had to be given due consideration besides the other stressors 

[18]. 

Depending on the application and location of the LV cables, they are subjected to a 

wide range of environmental conditions and stresses, involving elevated temperature, high 

radiation doses, humidity, moisture, submergence, and mechanical bending [11], [13], 

[21]–[23]. Fortunately, some cables are located in a mild environment, while others are 

located in the containment area where the environmental conditions become very harsh 

[24], [25].  

Figure 1.2 illustrates the various aging stressors and how they interact with each other. 

Each electrical, thermal "temperature," and mechanical stresses represents one side. The 

radiation and environmental stresses are combined on the fourth side. Signifying that the 

majority of insulation systems endure electrical, thermal, and mechanical stresses, but the 

exposure to radiation and harsh environmental conditions is related to nuclear systems. 

According to the IEEE-383 standard, aging during regular operation is simulated by 

thermal and radiation stresses [17], while, as we have seen above, the cables are subjected 

to several other stresses. Moreover, the International Atomic Energy Agency (IAEA) 

Specific Safety Guide 69 [16] prescribes considering the possible synergetic effects, where 

they can lead to significant aging effects and degradation mechanisms. However, as 

reported, at some locations in NPPs, the bending radius may reach critical values, and the 

role of mechanical aging can be significant, Figure 1.3 [21]. 
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Therefore, in this research work, the effects of thermal, radiation, and mechanical 

aging stresses on LV NPP cables' insulation have been considered. 

   

 

i. Thermal Stress 

Thermal stress is, in most cases, a consequence of temperature variations. However, the 

normal operating temperature may cause thermal stress. As shown in Figure 1.2, ambient 

temperature is one of the thermal stress causes. It results in a prolonged degradation of 

 

Figure 1.2: Aging stressors and multi-stress aging. 

 

 

 

Figure 1.3: Excessive mechanical bending of NPP cable [21]. 
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cable insulations, including core insulation and jacket materials. Severe damage can be 

produced due to the radiation heat, localized hot spots, and in some places, inadequate 

ventilation. Also, thermal stress may occur due to ohmic losses of cable conductors [18], 

[26]. Besides, fire retardant solutions have a negative effect since they may inhibit the 

cables' internal heat dissipation to the environment [6]. 

ii. Radiation Stress 

NPP cables are exposed to low dose rates of gamma (γ) irradiations in normal operating 

conditions, while in accident conditions, cables suffer high doses of gamma (γ) and beta 

(β) irradiations [27], [28]. β-radiations take the form of either an electron or a positron (a 

particle with mass and size of an electron but with a positive charge). Due to its small mass, 

it can travel in the air for a few meters. The penetration of β-radiations into the material 

relies on the absorbing material [18]. The γ-radiations are electromagnetic in nature and 

have high penetration strength compared to other radiation types. The dose rate of γ-

radiations is dependent on the reactor power level and varies with its frequency and 

wavelength. Those γ-radiations have very short wavelengths, and thus very high frequency 

will have high energies. Hence, they are considered the primary cause of radiation stress 

compared to other radiation types. 

iii. Mechanical Stress 

Furthermore, mechanical stress is another crucial stressing factor that is not included in 

the LV NPP cables' type test [17]. Cables polymeric insulation must face the challenge of 

mechanical stresses such as the externally applied forces when cables are sharply bent 

during installation [21], [29]. Depending on the cable diameter and the bending radius, if 

the bending radius is sufficiently small, the insulating material is elongated, and cracks are 

initiated. Thus, the jacket material excessively aged more than the underlying insulation 

[28], [30]. It is reported that when the polyethylene (PE) material was subjected to tensile 

stress, macromolecular chain movement occurred easily, and the molecular chains were 

stretched along the direction of the tensile stress. Therefore, the attraction bonds between 

the molecular chains were fractured, leading to stress concentration on the polymeric 

material's main chain, Figure 1.4 [31], [32]. 

In contrast, due to the nature of the compressive stress, it generates more attraction 

bonds as the distance between the molecular chains becomes smaller, Figure 1.5. Moreover, 

the micro cavities that arise with the tensile stress are compressed, resulting in an apparent 

reduction in the free volume [33]–[35]. 
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Cables manipulation can also cause cracking. In addition, thermomechanical stresses 

are created during operation due to different thermal expansion rates between the cable 

conductor and the insulating materials. Besides, the fabrication cooling process causes 

residual internal stresses [36]–[38]. Due to the difference in the cooling rate of the outer 

and inner insulation layers, i.e., the outer layers have a higher cooling rate than the inner 

ones, they solidify first, producing stress on the inner layers [36]. Moreover, the electric 

field can induce mechanical stress [37], [39], [40]. Amyot et al. declared that the breakdown 

strength decreased significantly if the residual stresses were higher than 6 MPa [41]. 

Mechanical strains and stresses affect the dielectric behavior of polymeric insulating 

materials, affecting the breakdown strength [32]. Tanaka et al. reported the temperature 

 

Figure 1.4: Microscopic structure of polymeric insulation under different tensile rates [32]. 

 

 

Figure 1.5: Microscopic structure of polymeric insulation under different compressive rates [32].  
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dependence of mechanical properties affected the breakdown characteristics of the 

insulation [42]. As in [43], when XLPE insulation was exposed to a mechanical strain of 

21%, the AC breakdown strength was reduced. Mita et al. studied the breakdown of PE 

under different mechanical strains. It showed a reduction in the breakdown field with strains 

up to 30% [44]. In [45], [46], the primary source of degradation in silicon rubber (SR) cable 

systems was strongly related to the electrical tree formed by mechanical stresses. Points 

with high field concentration, such as protrusions, impurities, voids, and mechanical 

defects, are the origin of electrical trees [47]–[49].  

Mechanical stresses influence the treeing process in insulating materials [50], and the 

characteristics of tree propagation are also affected by mechanical stress [51]. Varlow et al. 

stated that the tensile-compressive stresses influenced the behavior of the electrical tree. 

Besides, an enhancement of treeing resistance was observed with the inclusion of fibers in 

tension [52], [53]. Severe degradation was found in the case of the presence of residual 

mechanical stress for XLPE insulation [54]. 

The presence of these stresses accelerates the degradation of cables; therefore, it 

stimulates the necessity for a better understanding of the LV cables' behavior, essentially, 

the insulation degradation process. Unanticipated or premature cable aging, particularly 

safety-related cables, could lead to the unavailability of safety equipment. As for the safety 

of the nuclear power industry, it is essential to implement quality assurance and quality 

control successfully [55]. Since an accident at a NPP may have catastrophic consequences. 

Therefore, it is of utmost importance that all elements associated with the safe operation 

and shutdown of the nuclear facilities perform their DBE functions. 

The polymers' degradation mechanisms are described in detail in Appendix B. 

1.3 Research Aim 

Based on all these, the main topic of this thesis is the study of the effect of mechanical 

stress on the insulation of nuclear power cables. This Ph.D. thesis work has been conducted 

as a part of the “Condition Based Maintenance Technology Development for Nuclear 

Control and Instrumentation (C&I) Cable via Korea-Hungary Joint Research” project 

(KNN 123672). Earlier phase in the project, the effects of separated irradiation and thermal 

aging were studied, and condition monitoring methods have been proposed to track the 

insulation degradation due to these stressors [56]. This Ph.D. thesis is based on the results 

of the next phase when the effect of thermo-mechanical and radio-mechanical aging 
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stresses on the electrical and mechanical parameters of NPP LV cables was investigated. 

The main research aims can be stated as follow: 

i. Investigating the role of mechanical stresses on the electrical and mechanical 

properties of the insulation of NPP LV cables via comparing the results of thermally 

and thermo-mechanically aged cables; 

ii. Examination of applicability of the proposed condition monitoring (CM) methods 

on multifactor aging, i.e.: 

a) Thermo-mechanically and, 

b) Radio-mechanically 

The cable samples used in the first phase of the project were XLPE/CSPE insulated, 

where CSPE stands for chlorosulphonated polyethylene. 

iii. Investigation of multi-stress aging on other insulating material, cross-linked 

polyolefin (XLPO). 

1.4 Condition Monitoring Techniques 

For electric cable systems, CM involves the measurement and inspection of one or more 

indicators, which can be correlated to the electric cable's condition or functional 

performance on which it is applied. Moreover, linking the measured indicators with an 

independent parameter, such as time or cycles, is desirable to identify the cable condition 

trends [57]. CM is an essential aspect of the aging management program [58]. The data 

obtained from CM techniques has the role in determining a cable's ability, in its current 

state, to perform its intended function within specific acceptance criteria [59]. 

There is a consensus that there is no single CM technique that is entirely sufficient and 

reliable for assessing the degradation of cables due to aging, predicting the remaining 

lifetime, and locating faults. Thus, a combination of methods has to be implemented to 

obtain an indication for the degradation of cables [28], [58], [60]. The desirable attributes 

of a CM technique are listed below [6], [28], [58], [61]: 

i. Non-intrusive and non-destructive; 

ii. Cost-effective and simple to be used under field conditions; 

iii. Applicable during the regular operation where appropriate; 

iv. Disconnection of equipment is not necessary; 

v. Indicator for structural integrity and electrical functionality; 

vi. The property measured can be correlated with an identifiable failure criterion; 
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vii. Able to detect defects at any location; 

viii. Reproducible and capable of compensation at different environmental conditions 

such as humidity and temperature.  

In reality, fulfilling these requirements is not possible with the available techniques. 

However, several methods have been evaluated and validated as CM techniques, Figure 1.6 

[58].  

 

In the broadest terms, the primary approaches of LV cables CM are passive and active 

CM techniques. Passive CM methods are non-intrusive and non-destructive. Visual, tactile, 

and thermal imaging are classified as passive CM methods. In contrast, the active methods 

involve hands-on testing, including electrical, mechanical, and chemical tests [60]. Another 

classification is based on whether the CM technique is destructive or not [55]. Currently, 

the available CM techniques can test all cable parts in addition to cables' accessories [55]. 

Most of the current fleet of NPPs have reached the end or working beyond their initial 

qualification license given for 40 years; extending this period is an important concern in 

the nuclear industry [62]. Operators may apply for license renewal to extend the NPPs 

running period by 20 or even 40 years [63] as the changing process of the vast amount of 

LV cables is not an easy task, and the replacement cost of these cables is not affordable. 

Conventionally, CM of NPP cables is based on mechanical testing, particularly the 

elongation at break (EaB) test with a 50% acceptance criterion. The EaB test is naturally 

 

Figure 1.6: Cables condition monitoring techniques. 
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destructive as it requires samples removal; therefore, it is not applicable for on-site testing 

and does not support the desire for lifetime extension of NPPs. Therefore, non-destructive 

condition monitoring (NDCM) is of supreme importance.     

Consequently, the entire Ph.D. work is based on the non-destructive assessment of LV 

cables. The destructive techniques are out of this work's scope. The details of such 

destructive techniques can be found in the literature [28], [55], [58], [64].  

Electrical methods are widely applicable to cabling systems, including the conductor, 

insulation, jacket, as well as terminations, splices, connectors, and penetrations. Generally, 

electrical CM techniques can be conducted either in the time or frequency domain. In this 

Ph.D. work, dielectric spectroscopy (permittivity and tanδ), extended voltage response 

(EVR), and polarization-depolarization current (PDC) techniques have been implemented 

as non-destructive electrical CM techniques. A brief review of the recent research work 

carried out using the implemented electrical and mechanical techniques is given herewith.  

A detailed description of the CM techniques and the related literature review is given 

in Appendix C.  

1.4.1 Dielectric Spectroscopy 

Generally, Frequency domain techniques are most widely adopted for assessing 

structural integrity and electrical functionality. The measurement of the dielectric 

properties as a function of frequency is known as dielectric spectroscopy. This technique 

extends the measurement of the loss factor "tanδ" and capacitance in power frequency to a 

wide range of frequencies (10-5 to 109 Hz) using dielectric response analyzers and network 

analyzers. This CM technique is also known as permittivity measurement [55], [6]. 

The dielectric spectroscopy analysis of EPR insulated LV NPP power cable has been 

studied in [65]. In this work, the authors investigated the simultaneous thermal-radiation 

aging over a frequency range between 10-2 and 106 Hz. The real and imaginary parts of 

permittivity at 0.01 Hz showed a strong correlation with the EaB. In [66], the dielectric 

response of an XLPE insulation used in NPPs was measured. The authors implemented 

mechanical tensile testing and chemical investigations such as density, mass fraction, 

Fourier Transform Infrared (FTIR) spectroscopy, and differential scanning calorimetry 

(DSC) in addition to the dielectric spectroscopy. The dielectric spectroscopy technique 

presented a good agreement with the carbonyl index, density, and EaB. 

Suraci et al. compared the dielectric spectroscopy measurements of thermally aged 

XLPE coaxial NPP cable with the time domain reflectometry (TDR) method [67]. Both 
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techniques showed their applicability to assess the cable integrity. Linde et al. combined 

the dielectric spectroscopy with the nuclear magnetic resonance (NMR) to evaluate an EPR 

insulation exposed to thermal and radiation aging [68]. The electrical aging markers derived 

from the measurement presented a strong correlation with the EaB and carbonyl index. 

The work in [69] focused on elucidating the changes in the dielectric spectroscopy 

behavior of thermally aged XLPE samples with structural changes. The dielectric constant 

and tanδ were measured over a 10-2 to 105 Hz frequency range at room temperature. The 

structural changes were correlated with the tanδ, hydroxyl index, and carbonyl index. While 

in [70], flat samples of low-density polyethylene (LDPE) were thermally aged at 90 oC and 

110 oC. Thermal, mechanical, and dielectric spectroscopy techniques explored the thermal 

aging effect on the LDPE specimens. A strong correlation was found to exist between the 

different methods. Thus, dielectric spectroscopy as a non-destructive electrical CM 

technique can be applied to follow the polymeric insulations' degradation. Similarly, the 

dielectric spectroscopy technique has been implemented to assess XLPE LV cables' 

degradation under γ-irradiation and temperature [71]. The dielectric spectroscopy, 

oxidation induction time (OIT), and FTIR were shown to be more convenient for evaluating 

the development of radio-thermal aging of LV cables in NPPs. 

Dielectric dissipation factor (DDF) or tanδ is one of the cable CM techniques that has 

been successfully implemented to assess the various cable insulating components. This 

technique's rationale is that tanδ is unitless as it is related to the phase difference between 

the resistive and capacitive current components under AC applied voltage [55], [58]. The 

tanδ measurement can be carried out by either applying a low voltage (typically less than 

100 Vrms) with the frequency being swept over a wide range or using fixed frequency 

(power frequency, 50/60 Hz) and stepping the AC voltage up to 1.2 times higher than the 

cable's rated voltage [55]. 

To date, the tanδ has been implemented to investigate various and complex insulation 

systems involving LV, MV, and HV cables [72]–[79]. The authors in [72] investigated the 

degradation of EPR insulation under irradiation aging. In this work, the tanδ has been 

applied in conjunction with permittivity and thermal decomposition. The EPR samples 

have been exposed to a total dose of 2000 kGy with a dose rate of 5 kGy/h. A satisfactory 

agreement has been observed between the dielectric loss and tanδ since both factors showed 

an increasing fashion with the radiation dose increased. Also, in [73], Yizhou et al. used 

the tanδ test over a frequency span of 10-2 Hz to 104 Hz to characterize two NPP control 

cables based XLPO insulation. The tanδ successfully revealed the degradation of the two 
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cable types under thermal and irradiation aging. The authors in [74] have studied 

EVA/EPDM/EVA-based I&C cable degradation under sequential thermal-radiation aging. 

The tanδ has been measured with an excitation voltage of 3 Vrms over 10-2 to 106 Hz 

frequency range. With the help of tanδ, the morphological changes and polarization 

phenomena due to aging have been well-investigated. 

Sobek et al. investigated the degradation of six HV XLPE cable samples using tanδ 

[77]. In this research, the tanδ has been measured using Schering's bridge at 50 Hz power 

frequency with voltage stepping from 500 V to 2 kV. Whereas an 18/30 kV MV XLPE 

cable has been assessed using tanδ in [78]. The cable specimens have endured electrical 

and thermal accelerated aging, and the measurement of tanδ was executed at 50 Hz with 

voltage application between 0.25 Uo to 2 Uo. The tanδ results as a diagnostic tool were 

correlated with the insulation service performance.  

Similarly, the authors in [79] applied the tanδ test to assess MV XLPE cables. In this 

work, the tanδ has been measured over a frequency range of 0.1 Hz to 50 Hz. The insulation 

assessment at a very low frequency (VLF), typically in the range of 0.01 Hz to 1 Hz, is a 

reliable and precise diagnostic technique to acquire the insulation state of XLPE cables. 

The capacitive reactive current component decreases significantly at VLF. 

1.4.2 Extended Voltage Response (EVR) 

EVR is a time-domain-based CM technique. EVR is the extended version of the voltage 

response method [80]. Expanding the discharging time gives the advantage of investigating 

the high-time constant polarization processes such as bulk, interfacial, and hopping 

polarization [81]. The method has shown its applicability on diverse high and low complex 

insulation materials [80], [82]–[84]. 

Csányi et al. studied the short-term thermal aging of poly-vinyl chloride (PVC) LV 

distribution cables [85]. In this research, the degradation of the PVC insulation has been 

investigated using the EVR technique, the loss factor, and the Shore D hardness. Similarly, 

the EVR technique was applied to investigate LDPE and PVC LV cables [86]. The EVR 

results revealed the degradation of both insulating materials. Also, it showed a good 

agreement with chemical investigations. Németh examined the deterioration processes of 

6/10 kV impregnated paper insulated cable [87]. 

The EVR technique has been successfully applied on EPR insulation-based I&C NPP 

cables [88]. In this work, the EVR method has been implemented to assess the degradation 

of the cable samples under two different stresses, thermal and irradiation. Based on the 

https://digital-library.theiet.org/search?value1=&option1=all&value2=E.+N%c3%a9meth&option2=author
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EVR technique, some aging markers have been introduced, and they presented a strong 

correlation with the thermal and irradiation aging of EPR cable samples. In [83], Tamus et 

al. applied the EVR technique to a high voltage transformer insulation model. 

Nevertheless, the EVR technique's applicability to assess LV cables' insulation in NPPs 

under combined aging stresses has yet to explore. 

1.4.3 Polarization-Depolarization Current (PDC) 

In practice, Polarization-Depolarization Current (PDC) method is a well-known reliable 

diagnostic tool to assess the conduction and polarization processes of cables' polymeric 

materials in the time domain [89]–[92]. Therefore, the information obtained from the PDC 

method can be used for evaluating the aging extent of cables' insulation. Besides, the PDC 

technique has been widely implemented to investigate the moisture content in power 

transformers and oil-paper insulation [93]–[98]. 

Using the PDC technique, the authors in [99] investigated the water tree phenomena in 

8.7/15 kV, 3ⅹ240 mm2 XLPE cable. The cable samples were accelerated aged using a 10 

kV, 5 kHz AC voltage source. A good agreement was observed between the water tree 

length and the PDC curves as the polarization-depolarization current and the water tree 

length have increased with aging. The XLPE conductivity calculation based on the 

difference between the polarization and depolarization currents showed a good correlation 

with aging. The role of the test temperature on the PDC method was studied in [100], where 

a single core XLPE based medium-voltage cable was thermally aged at 150 oC for 300 

hours. The PDC method was conducted at 25, 40, 50, 60, and 70 oC. The depolarization 

current showed a monotonic increase with the measurement temperature were increased. 

The parameterization and modeling of dielectric polymers have been widely adopted 

using the PDC method. The authors in [91], [99], [101] examined the number of the 

polarization branches based on the extended Debye's model. However, the PDC method's 

applicability has been proved to assess cables; this technique is greatly affected by the 

background noise and electromagnetic interferences. 

The PDC approach examines various aspects such as the loss factor, complex 

permittivity, and polarization and depolarization currents. These dielectric parameters are 

frequency-dependent, and it is necessary to monitor these parameters over a wide range of 

frequencies. The PDC method has a significant feature as the test can be carried out in a 

short time compared with the dielectric spectroscopy-based ac voltage [93], [102]. 
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1.4.4 Indenter Testing 

Conventionally, the changes in the mechanical properties of nuclear cables insulations 

and jacketing materials were monitored by the EaB testing. As mentioned, the EaB test is 

destructive as it requires relatively large specimens [60]. As an alternative, compressive 

modulus tests indenter tests were introduced as non-destructive mechanical testing. The 

Shore D hardness is a type of indenter testing [55]. The indenter modulus is obtained from 

the relationship between the applied force of a probe that is pressed into a polymer material 

at a constant speed and the deformation. This test checks the flexibility of cable insulations 

and jacketing materials to decide if the cable becomes brittle or prone to crack [60]. For 

materials that harden with aging, the indenter modulus increase with time. For cable 

systems involving jacketing over the insulation, the jacket's indenter modulus can be used 

as an indicator for the underlaying insulation [6]. 

Class 1E, LV nuclear power cables based on XLPE/CSPE insulation have been 

examined in [56]. The cables samples underwent individual thermal and radiation stresses, 

and the assessment of cables’ insulation was based on adopting the dielectric spectroscopy 

and the EVR techniques. Besides, the Shore D hardness has been implemented. A strong 

correlation between the Shore D hardness and the insulation electrical parameters was 

observed. The correlation among the indenter modules, the EaB, and the breakdown voltage 

strength for nuclear EPR cables exposed to thermal aging and high-temperature water 

submergence has been carried out in [65]. Testing parameters on indenter modulus, 

including indenter diameter, penetration speed, and penetration depth, were studied for 

monitoring cable degradation conditions. The authors revealed that the indenter modulus 

has increased by 60% under thermal aging, which has been correlated to the 50% 

acceptance criterion of the EaB. In contrast, a decrease by 30% in the indenter modulus 

values was observed due to a moisture-related aging environment, which also presents a 

good agreement with the cable breakdown voltage strength. Also, the authors revealed the 

applicability of the indenter modulus testing for the remaining lifetime estimation. 

In [76], the authors investigated different cable CM techniques, time, and frequency 

domain reflectometry methods, tanδ, partial discharge, EaB, and indenter modulus. The 

authors revealed that the recovery time of an indentation provides significant additional 

information that may correlate better with EaB. Also, the authors indicated that softer 

polymers such as EPR, the indenter modulus increases with aging and strongly correlates 

with the changes in the EaB.  
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1.5 Thesis Outline 

The Ph.D. thesis work has been formulated and presented in seven chapters. Each 

chapter has been arranged to give the reader clear and in-depth knowledge about the impact 

of multi-stress environments, thermo-mechanically and radio-mechanically, on single-core, 

unshielded NPP LV cables' degradation.  

Chapter 1, Introduction, this chapter has been divided into four main parts. The first 

part presents a brief introduction to the NPPs and the role of LV cables on the safe and 

reliable operation of NPPs. Also, the qualification methods of NPP LV cables are addressed 

in this part. The motivation behind the Ph.D. thesis work is described in the second section. 

In the third section, the aim of the Ph.D. work is elaborated. The fourth part depicts the 

implemented CM techniques and their related literature review. 

Chapter 2, Experimental Work, provides a detailed description of the LV cable 

samples used in this research and the measurement procedure. A complete illustration of 

the experimental setup of each evaluation technique, electrical and mechanical, has been 

presented. 

The measurement results of the electrical and mechanical techniques have been 

presented in the subsequent three chapters. The results of LV NPP power cables under 

thermo-mechanical stresses have been demonstrated in Chapter 3, Results of NPP Cables 

Under Simultaneous Thermal-Mechanical Aging. While the results under radio-

mechanical have been presented in Chapter 4, Results of NPP Cables Under 

Simultaneous Radiation-Mechanical Aging. The results of LV PV DC cables under 

thermo-mechanical stresses have been introduced in Chapter 5, Results of PV Cables 

Under Simultaneous Thermal-Mechanical Aging. 

Chapter 6,  Discussion, is inscribed to the discussion on the obtained results of both 

NPP and PV cables. Electrical aging markers have been selected to emphasize the 

degradation cause. Afterward, correlations have been established to verify the applicability 

of the implemented techniques. 

Chapter 7, Summary and Future Work, is the last chapter, where the executed 

research work has been summarized. The obtained scientific results were highlighted by 

categorizing as Thesis I, Thesis II, Thesis III, and Thesis IV. Finally, the future perspectives 

beyond this research work were proposed. 
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Chapter 2: Experimental Work 

2.1 Introduction 

This chapter presents an elaborated description of the experimental work carried out in 

the entire research. The configuration and technical data of the nuclear power and 

photovoltaic cables are given. Also, the time and frequency domain dielectric spectroscopy 

techniques, in addition to the mechanical testing method, are presented in detail. 

2.2 Materials 

2.2.1 Nuclear Power Cable 

In this research, the NPP cable was Firewall III-J radiation-resistant and fire-retardant 

class 1E LV unshielded power cable used in NPPs. The cable has been manufactured by 

Rockbestos (RSCC Wire and Cable, East Granby, CT, USA). The cable has been qualified 

with a minimum of 40-years thermal life at 90 oC. As shown in Figure 2.1, the cable 

comprises three parts: Annealed, tin-coated copper class "B" stranded conductor, core 

insulation of XLPE, and a black heavy-duty Hypalon jacket (Chlorosulphonated 

Polyethylene, CSPE). The cable technical data are given in Table 2.1. 

 

Table 2.1: NPP cable technical data. 

Parameter Value 

Cable Type Single core un-shielded 

Rated voltage (kV) 0.6 

Conductor size (AWG) 6 

Number of strands 7 

Core insulation XLPE 

Insulation thickness (Mils) 45 

Jacket material CSPE 

Jacket thickness (Mils) 30 

Overall diameter (Inch) 0.34 

Permanent bending radius (Inch)  1.5 

Maximum conductor temperature (oC) 90 

 

 

Figure 2.1: Configuration of the NPP cable. 
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2.2.2 PV Cable 

The PV cable used in this research was a halogen-free, flame retardant, ultraviolet-

resistant cable. The cable type was H1Z2Z2-K manufactured by the Lapp company, 

Germany. As illustrated in Figure 2.2, the cable involves three parts: fine-wire, tin-plated 

copper conductor, both the core and jacket insulation were based on cross-linked polyolefin 

(XLPO). The cable technical data are listed in Table 2.2. 

 

Table 2.2: PV cable technical data. 

Parameter Value 

Cable Type Single core un-shielded 

Rated voltage AC/DC (kV) 1/1.5 

Conductor size (mm2) 4 

Core insulation XLPO 

Insulation thickness (mm) 1 

Jacket material XLPO 

Jacket thickness (mm) 0.77 

Overall diameter (mm) 5.8 

Permanent bending radius (mm)  23.2 

Maximum conductor temperature (oC) 120 
 

2.3 Samples Preparation 

The cable samples have been carefully prepared to avoid causing any local defects that 

may cause local stresses during the accelerated aging tests or affect the measurements. The 

length of each cable sample (NPP and PV) was 50 cm. According to the IAEA guidelines 

[55], 1 and 3 cm have been peeled from the core insulation and jacket, respectively, to avoid 

leakage current during the measurements. As mentioned, the cables under investigation 

were un-shielded; therefore, the second electrode was provided by wrapping aluminum foil 

on the test sample's surface. The aluminum foil length was 29 cm, and it was placed at the 

same location on the sample surface to avoid any uncertainties, as shown in Figure 2.3. 

Hence, both the core insulation and the jacketing material were examined as they were kept 

intact during the accelerated aging tests and the measurements. Prior to starting the 

 

Figure 2.2: Configuration of the PV cable. 
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accelerated aging, all the samples were preconditioned for 24 hours at a temperature of 70 

oC to remove any moisture which may exist within the samples. 

 

2.4 Accelerated Aging Tests 

2.4.1 Simultaneous Thermal-Mechanical Aging of NPP Cables 

The NPP cable samples were exposed to simultaneous combined thermal and 

mechanical aging. Since the IEEE-383 standard [17] provides the general requirements and 

qualification techniques of Class 1 E NPP cables, the standard has recommended 

mechanical aging after the qualification tests, i.e., thermal and radiation aging. However, 

we have implemented the mechanical aging parallelly with thermal aging. Hereby, the 

cable samples were coiled on a mandrel with an outer diameter of 15 cm. The cable set was 

then placed in an air circulating oven at a constant temperature of 120 oC according to the 

benchmark analysis for condition monitoring techniques of aged LV cables in NPPs 

published by IAEA [55], Figure 2.4. The combined thermal-mechanical aging was 

conducted for eight cycles that lasted to 1459 hours, as tabulated in Table 2.3. 

 

 

Figure 2.3: Cross-section of the cable sample. 

 

Figure 2.4: NPP cable samples inside the oven for combined thermal-mechanical aging. 
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Table 2.3: Duration of thermal-mechanical (T-M) aging exposure of NPP cable samples. 

Cycle No. 
Cycle (T-M) aging period 

(Hours) 

Total (T-M) aging period 

(Hours) 

1 176 176 

2 162 338 

3 169 507 

4 272 779 

5 128 907 

6 144 1051 

7 192 1243 

8 216 1459 

 

2.4.2 Simultaneous Radiation-Mechanical Aging of NPP Cables 

Similarly, as with the thermal-mechanical aging, other samples from the same NPP 

cable were coiled on the same mandrel and fixed tightly from both ends. After that, the 

samples were removed from the cylinder with keeping the bending radius constant and 

taken to the radiation facility, Figure 2.5. The combined radiation-mechanical aging was 

performed at the Institute of Isotopes Co., Ltd., Hungary. The combined aging was carried 

out at room temperature using a 60Co gamma-ray source. The distance from the cobalt-60 

source corresponds to a distinct gamma dose rate. The samples have been exposed to 80 

kGy, 160 kGy, 240 kGy, 320 kGy, and 400 kGy with an average dose rate of 0.5 kGy/hr. 

The dose rate was selected to reduce the diffusion-limited oxidation (DLO) as per the 

guidelines of the IAEA [55]. 

  

2.4.3 Simultaneous Thermal-Mechanical Aging of PV Cables 

The PV cable samples have been coiled on a mandrel with an outer diameter of 6 cm 

and placed in an air circulating oven for simultaneous thermal-mechanical aging, Figure 

2.6. The simultaneously combined aging was executed at a constant temperature of 120 oC. 

The accelerated thermal-mechanical aging of the PV cable samples has been carried out for 

eight cycles that lasted to 1120 hours. Table 2.4 shows the duration of each aging cycle and 

the corresponding total aging period.  

 

Figure 2.5: Bended cable for combined radiation-mechanical aging. 
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Table 2.4: Duration of thermal-mechanical (T-M) aging exposure of PV cable samples. 

Cycle No. 
Cycle (T-M) aging period 

 (Hours) 

Total (T-M) aging period 

 (Hours) 

1 120 120 

2 69 189 

3 69 258 

4 138 396 

5 240 636 

6 240 876 

7 124 1000 

8 120 1120 

 

2.5 Dielectric Spectroscopy  

2.5.1 General Aspects 

i. Practically, the presence of the noise and electromagnetic interferences is unavoidable; 

therefore, the dielectric spectroscopy measurements were carried out in Faraday's cage 

to restrain the random noise; 

ii. All the grounding connections were made via single-point grounding to avoid any 

circulating current, which may arise in the grounding circuit as in the case of multi-

point grounding;   

iii. Moreover, the measurements were executed at a temperature of 50 oC (in oven) and 

relative humidity of approximately 10 %. As at higher temperatures, for instance, 50 

oC, the contact between the dielectric material and the cable conductor is improved 

since the insulating material becomes softer. Also, the polymer chains' mobility and 

charge carriers increase at higher temperatures. Therefore, enhancing the response of 

the polymeric material [55], [103];  

 

Figure 2.6: PV cable samples inside the oven for combined thermal-mechanical aging. 
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iv. Additionally, at 50 oC, the effect of humidity on the dielectric response measurements 

was limited; 

v. The Faraday's cage was isolated from the oven shelf by an insulating sheet to avoid any 

floating potential.  

2.5.2 Frequency Domain Spectroscopy 

In the entire work, the complex permittivity as a frequency domain spectroscopy 

technique has been investigated over a wide range of frequencies, typically between 200 

µHz and 500 kHz, using two different devices. By employing the commercial dielectric 

response analyzer type Dirana (OMICRON GmbH, Kiel, Austria) and the precision 

component analyzer type 6430A (Wayne Kerr Electronics, West Sussex, UK), the complex 

permittivity was investigated from 200 µHz to 1 kHz and from 2 kHz to 500 kHz, 

respectively.  

It is noteworthy that the dielectric spectroscopy between 200 µHz and 1 kHz frequency 

range has been conducted over two steps for time-saving. The first step was for frequencies 

from 0.1 Hz to 1 kHz using a sinusoidal excitation voltage of 200 V (peak-peak). At the 

same time, the second step was for the frequencies below 0.1 Hz, where the Dirana system 

apply the polarization and depolarization current technique with a bias voltage of 200 V 

DC. With the help of the built-in Fourier transformation, the device transforms the time 

domain data to the frequency domain [92].  

For the frequency range, 200 µHz to 1 kHz, the general dielectric test type configuration 

was chosen, as shown in Figure 2.7. The excitation voltage "Output" was connected to the 

cable jacket, while the current measurement "CH1" was taken from the cable conductor. In 

order to obtain accurate results and eliminating the surface leakage currents, two guard 

points have been connected at both ends of the cable jacket via copper strips, as illustrated 

in the experimental setup shown in Figure 2.8.  

 

 

Figure 2.7: General dielectric test configuration. 
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For the high-frequency range, 2 kHz to 500 kHz, the 6430A analyzer was used with a 

bias voltage of 5 Vrms between the cable conductor and the aluminum foil "Jacket" as shown 

in Figure 2.9. Similarly, with the low-frequency range, a guard connection was used, and 

it was connected to Faraday's cage, Figure 2.9. 

The calculation of the complex permittivity ˆ( ) ( ) ( )j      = −  was based on the 

measurement of the capacitance and resistance as in equations (2.1) and (2.2): 
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Figure 2.8: Experimental setup of dielectric response measurement from 200 µHz to 1 kHz. 
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Where ( )mC   and ( )mR   are the measured capacitance and resistance at a particular 

frequency f . 0C  is denoted as the reference “geometric” capacitance, and it is related to 

the cable dimensions and defined as [9]: 

 
0

0
2 1

2

ln( / )

l
C

R R


=  (2.3) 

Where 0  is the vacuum permittivity (
12

0 8.854188 10 / F m −=  ) and l  is the aluminum 

foil length ( 29 l cm= ). 2R and 1R are the outer and inner insulation radius. 

2.5.3 Time Domain Spectroscopy 

The experimental setup of the extended voltage response method as a time-domain 

spectroscopy technique is shown in Figure 2.10. In this technique, a DC charging voltage, 

chV was connected to the cable conductor for a charging period of cht . The earth terminal 

was connected to the cable jacket via the aluminum foil. After elapsing the charging time, 

the charging voltage was disconnected for the decay voltage measurement. The return 

 

Figure 2.9: Experimental setup of dielectric response measurement from 2 kHz to 500 kHz. 
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voltage was measured after discharging the test sample. The schematic diagram of the EVR 

measurement is illustrated in Figure 2.11.The test parameters were: 

i. DC charging voltage ( chV ): 1 kV; 

ii. Charging time ( cht ): 4000 sec; 

iii. Discharging time ( discht ): from 1 sec to 2000 sec (20 steps). 

 

 

2.6 Shore D Hardness 

As a mechanical testing technique, the Shore D hardness test was measured to 

investigate the effect of the accelerated aging tests on the mechanical properties of the 

 

Figure 2.10: Experimental setup of EVR measurement. 

 

 

Figure 2.11: Schematic diagram of EVR measurement. 
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cable's overall insulation. The hardness measurement is based on the indentation depth of 

the indenter foot into the material while applying a constant force. If the indentation is the 

highest, the measured value is 100, and if there is no indentation, the result is 0. In the case 

of the Shore D scale, the force is 4450.0 mN, the maximum penetration distance is 2.54 

mm, and a 30-degree conical pressure foot is used. The Shore D hardness measurement is 

suitable for testing flat samples with a minimum 6 mm thickness according to the 

ASTMD2240-05 standard [104]. Although the test method is suitable for flat samples 

[104], with the adaption of the foot adapter supplied with the hardness, the hardness 

measurement can be executed for round surfaces. 

  In this research, a hardness tester type HPE II (Bareiss Prüfgerätebau GmbH, 

Oberdischingen, Germany) has been used, Figure 2.12. The hardness of the cable samples 

was measured by 10 replicates along with the cable sample length after each aging cycle at 

25 oC ± 0.5 oC. 

 

 

 

                                             

Figure 2.12: HPE II Shore D hardness tester. 
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Chapter 3: Results of NPP Cables Under Simultaneous 

Thermal-Mechanical Aging 

3.1 Introduction  

This chapter presents the simultaneous thermal-mechanical (T-M) stresses effect on the 

insulation of LV nuclear power cables. Firstly, the frequency domain spectroscopy results 

are shown over the 100 mHz-500 kHz frequency range. Secondly, the extended voltage 

response results are presented. The third section includes the results of the PDC 

measurements. In the fourth section, the Shore D hardness results are given. At the end of 

this chapter, a comparison between thermal and T-M aging is given.  

3.2 Experimental Results 

3.2.1 Dielectric Spectroscopy with Frequency Swapping    

The real part of permittivity (𝜀′) versus the frequency at each aging period is illustrated 

in Figure 3.1. As mentioned, the complex permittivity (𝜀̂) was explored using two different 

devices; Figure 3.1 (a) and (b) show the real permittivity at 100 mHz-1 kHz and 2 kHz- 

500 kHz frequency ranges, respectively. Both figures were plotted on a log-log scale. 

For the 0.1 Hz-1 kHz frequency range, Figure 3.1 (a), the higher values of the real part 

of permittivity were shifted to lower frequencies independent of the aging period. A slight 

change in the real permittivity was observed after the first aging cycle. After the second 

cycle, the real permittivity modestly decreased.  

 

Figure 3.1: Real part of permittivity (𝜀′) at different aging times versus frequency ranges: (a) 0.1 Hz-1 

kHz, (b) 2 kHz-500 kHz. 
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A noticeable decrease in the real permittivity has occurred as a result of the consequent 

3rd, 4th, 5th, and 6th cycles. It is noteworthy that the real permittivity reduction after the 3rd 

and 4th cycles was more prominent at 0.1 Hz. The decrement after the 5th and 6th cycles was 

notable while shifting to higher frequencies. Unlike the previous aging cycles, the real 

permittivity increased after the 7th and 8th cycles. The increment was more obvious at lower 

frequencies. 

Independent of the aging time, the real permittivity showed a downward trend over the 

2 kHz-500 kHz frequency range, as shown in Figure 3.1 (b). The real permittivity after the 

second aging cycle was almost the same as the value after the first cycle. 

The behavior of the imaginary part of permittivity (𝜀′′) against the aging time is 

depicted in Figure 3.2. The imaginary permittivity plot for frequencies from 100 mHz to 1 

kHz is shown in Figure 3.2 (a), while the trend between 2 kHz to 500 kHz is given in Figure 

3.2 (b). Over the entire frequency band (0.1 Hz to 500 kHz) and for all aging cycles, the 

permittivity imaginary part's highest value was obtained at the lowest frequency (0.1 Hz). 

At the same time, the imaginary permittivity minimum value was observed at 5 kHz. 

For the 0.1 Hz-1 kHz frequency range, the imaginary permittivity slightly increased 

after the first two aging cycles. After the 3rd and 4th cycles, the imaginary permittivity 

increased between 10 Hz and 1 kHz, while it decreased at frequencies below 10 Hz. In 

contrast, an increasing trend was observed over the 0.1 Hz-1 kHz frequency range from the 

5th to the last aging. The increase in the imaginary permittivity after the 5th and 6th cycles 

was not significant, while it was prominent after the 7th and 8th cycles, Figure 3.2 (a). 

 

Figure 3.2: Imaginary part of permittivity (𝜀′′) at different aging times versus frequency ranges: (a) 0.1 

Hz-1 kHz, (b) 2 kHz-500 kHz. 
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Concerning the 2 kHz-500 kHz frequency range, the imaginary permittivity slightly 

increased after the first aging cycle at all frequencies except between 2 kHz and 10 kHz. 

The change after the 2nd, 3rd, 4th, and 5th cycles was not significant. As a result of the second 

aging cycle, the imaginary permittivity increased between 2 kHz and 100 kHz while it 

decreased at frequencies higher than 100 kHz to 500 kHz. After the third aging cycle, the 

value decreased in the frequency range of 2 kHz to 20 kHz and increased at frequencies 

higher than 20 kHz. The imaginary permittivity went down after the fourth cycle except at 

200 kHz, 400 kHz, and 500 kHz. 

In contrast, the imaginary permittivity went up after the fifth cycle except at frequencies 

from 50 kHz to 500 kHz. A very slight increase was observed after the sixth cycle at the 

whole frequency band. Whilst it decreased after the 7th cycle and increased after the 8th 

cycle. 

For better visualization of the real and imaginary parts of permittivity behavior over the 

whole frequency range (0.1 Hz-500 kHz), three reference frequency ranges have been 

selected with reference frequencies covering the entire frequency spectrum: 

i. Low-frequency range: 0.1 Hz, 1 Hz, and 10 Hz; 

ii. Middle-frequency range: 100 Hz, 500 Hz, and 1 kHz; 

iii. High-frequency range: 2 kHz, 100 kHz, and 500 kHz. 

As depicted in Figure 3.3 and on the contrary with the high-frequency range, the real 

permittivity showed the same trend over the low and middle-frequency ranges as it declined 

 

Figure 3.3: Real part of permittivity (𝜀′) versus the aging period at the selected reference frequencies. 
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as a result of the first six aging cycles, then it increased. However, the dependency of the 

real permittivity on the low-frequency range, especially at 0.1 Hz, is more prominent 

compared to the middle and high-frequency ranges. 

   Similarly, the imaginary permittivity at the same reference frequencies is shown in 

Figure 3.4. The dependency of both middle and high-frequency ranges was not remarkable 

since the values were approximately the same over these two ranges. Interestingly, the 

imaginary permittivity showed an increasing fashion over the low-frequency range after 

the first four aging cycles. 

 

Figure 3.5 (a) describes the dissipation factor "tanδ" behavior over the 0.1 Hz-1 kHz 

frequency range. It can be noticed that the maximum tanδ values were obtained at the 

lowest frequency, 0.1 Hz, irrespective of the aging period. The tanδ values decreased after 

the first cycle at all frequencies. In contrast, it has increased after the second cycle at all 

frequencies except at 0.1 Hz. After the third cycle, the tanδ values declined at frequencies 

between 0.1 Hz and 10 Hz, while at frequencies higher than 10 Hz, the values were 

approximately the same as the second cycle. The tanδ shifted up after the fourth cycle at 

frequencies higher than 5 Hz, while it declined at frequencies less than or equal to 5 Hz. 

The fifth cycle caused an increase in tanδ over the entire frequency spectra (0.1 Hz-1 kHz). 

Also, an increasing fashion was observed after the sixth cycle except at 100 mHz and 

200 mHz. An increasing trend was observed after the seventh cycle, which was more 

 

Figure 3.4: Imaginary part of permittivity (𝜀′′) versus the aging period at the selected reference 

frequencies. 
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dominant between 1 Hz and 100 Hz. Likewise, the tanδ values were increased after the 

eighth cycle since the notable increase was between 1 Hz and 80 Hz. 

 

Figure 3.5 (b) shows the enlarged tanδ profile between 10 Hz and 1 kHz. It is evident 

that the tanδ regularly shifted up with aging for frequencies higher than 10 Hz except after 

the third aging cycle since the tanδ values were about the same as the second cycle. Also, 

it can be noticed that the tanδ sharply increased after the last three aging cycles, and the 

noticeable increase was obtained between 10 Hz to 100 Hz. The effect of the aging on the 

tanδ values over the 0.1 Hz-1 kHz frequency range was not significant at frequencies higher 

than 500 Hz to 1 kHz, Figure 3.5 (b), and at frequencies below 10 Hz to 100 mHz, Figure 

3.5 (a). 

The behavior of the dissipation factor over the 2 kHz-500 kHz frequency range is 

plotted in Figure 3.6. An increase in the dissipation factor was observed after the first aging 

cycle at all frequencies except the frequency range between 2 kHz and 10 kHz. The second 

cycle contributed to increasing the dissipation factor except at frequencies higher than 100 

kHz. The third and fourth cycles' effect was scarce as the dissipation factor values were 

approximately the same as the second cycle. After the fifth cycle, the dissipation factor 

slightly decreased. Then it shifted up after the sixth cycle, while it went down after the 

seventh cycle. The eighth cycle resulted in a noticeable increase in the dissipation factor, 

especially at the lowest frequencies, 2 kHz, 5 kHz, and 10 kHz. 

 

Figure 3.5: tanδ behavior at different aging times versus the frequency: (a) 0.1 Hz-1 kHz frequency 

range, (b) Enlarged profile between 10 Hz and 1 kHz. 
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3.2.2 Extended Voltage Response  

The return voltage slope (Sr) versus the discharging time (20 discharging times from 1 

sec to 2000 sec) for the pristine and the aged cases is illustrated in Figure 3.7. The decay 

voltage slope (Sd) against the aging period is presented in Figure 3.8. The first six aging 

cycles contributed to decreasing the return voltage slope for all 20 discharging times. In 

contrast, it increased after the seventh and eighth cycles. The decay voltage slope (Sd) 

increased with aging, as shown in Figure 3.8.  

 

 

Figure 3.6: tanδ behavior at different aging times over the 2 kHz-500 kHz frequency range. 

 

 

Figure 3.7: Return voltage slope (Sr) versus the discharging time. 
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3.2.3 Polarization/Depolarization Current 

The results of the polarization-depolarization current method are presented in Figure 

3.9. The polarization and depolarization currents are shown in Figure 3.9 (a) and Figure 3.9 

(b), respectively. 

 

Figure 3.8: Decay voltage slope (Sd) versus the aging period. 

 

 

Figure 3.9: PDC measurement results: (a) polarization current (ipol), (b) depolarization current (idepol). 
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Both the polarization and depolarization currents showed the same trend with aging. 

Initially, an increase has occurred after the first cycle. Thereafter, they decreased after the 

second, third, and fourth cycles. A slight increment was observed after the fifth cycle, 

followed by a reduction after the sixth cycle. Both the 7th and 8th cycles resulted in rising 

the polarization and depolarization currents.  
 

As mentioned in chapter 2, the dielectric spectroscopy over the range of frequencies 

below 100 mHz to 200 µHz (denoted as a very-low-frequency range) was executed via the 

polarization/depolarization current method. The real and imaginary parts of permittivity 

behavior over the above-mentioned frequency band are presented in Figure 3.10 and Figure 

3.11, respectively. As a result of the first aging cycle, the real permittivity decreased at 

frequencies below 2 mHz while increased at other frequencies. The real permittivity 

declined after the second cycle between 200 µHz and 4 mHz, while a slight increase was 

observed at frequencies higher than 4 mHz. A noticeable decrease was observed after the 

third, fourth, fifth, and sixth cycles. Then it increased after the last two cycles. 

 

The imaginary permittivity sharply increased after the first aging cycle, particularly 

when the frequency was shifted to very low values. A decreasing trend was noted after the 

second cycle. Whilst it increased after the third cycle. In contrast, the imaginary permittivity 

decreased after the fourth cycle and risen again in the fifth cycle. The sixth cycle presented 

an increase in the imaginary permittivity over frequencies from 200 µHz to 1 mHz. In 

contrast, at other frequencies, the values were slightly less than the values of the fifth cycle. 

 

Figure 3.10: Real part of permittivity (𝜀′) at different aging times over the very-low-frequency range. 
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The imaginary permittivity shifted up after the 7th and 8th cycles except at 200 µHz in the 

7th cycle. 

  

Similarly, the real and imaginary permittivity tendency over the very-low-frequency 

range is discussed at selected reference frequencies of 200 µHz, 1 mHz, 5 mHz, and 50 

mHz. As illustrated in Figure 3.12, the real permittivity increased after the first cycle at 200 

µHz and 1 mHz, but it decreased at 5 mHz and 50 mHz. Due to the second cycle, a 

decreasing manner was observed at 200 µHz and 1 mHz, while it increased at 5 mHz and 

50 mHz. The real permittivity decreased after the third, fourth, fifth, and sixth cycles at all 

the reference frequencies unless at 200 µHz after the fifth cycle, where the real permittivity 

was the same as the fourth cycle. In the same way as the low-frequency range, the real 

permittivity increased after the 7th and 8th cycles at all the very-low-frequency range. 

The imaginary permittivity at the same very-low reference frequencies is plotted in 

Figure 3.13. As a result of the first aging cycle, the imaginary permittivity went up at all 

the reference frequencies, particularly at 200 µHz. Then, it decreased after the second cycle. 

The dropping of the imaginary permittivity after the second cycle at 50 mHz was less 

compared to other reference frequencies. The increase after the third cycle was higher at 5 

mHz compared with the other reference frequencies. At all the reference frequencies, the 

imaginary permittivity declined after the fourth cycle, while it showed an increasing fashion 

after the fifth cycle reaching the final aging cycle. Only at 200 µHz, the imaginary 

permittivity slightly declined after the 7th cycle. 

 

Figure 3.11: Imaginary part of permittivity (𝜀′′) at different aging times over the very-low-frequency 

range. 
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Figure 3.14 describes the tanδ pattern between 200 µHz and 50 mHz. Initially, the tanδ 

significantly increased, then it decreased at all frequencies after the second cycle. The third 

cycle effect on tanδ was increasing between 1 mHz and 50 mHz, while it decreased at other 

frequencies. The fourth and fifth cycles had an inverse impact on tanδ since it decreased 

and increased, respectively. The tanδ decreased due to the sixth cycle except between 200 

 

Figure 3.12: Real part of permittivity (𝜀′) versus the aging period at the selected very-low-reference 

frequencies. 

 

 

Figure 3.13: Imaginary part of permittivity (𝜀′′) versus the aging period at the selected very-low-

reference frequencies. 
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µHz and 500 µHz. A tenuous change was observed after the 7th cycle, followed by an 

increase after the 8th cycle. 

 

3.2.4  Shore D Hardness 

The results of the Shore D hardness at different aging periods are given in Figure 3.15. 

It is clearly seen that the cable hardness increased with aging. 

  

 

Figure 3.14: tanδ behavior at different aging periods versus the very-low-frequency range. 

 

 

Figure 3.15: Shore D hardness versus the aging period. 
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3.3 Comparison Between Thermal and T-M Aging 

To elaborate the impact of the mechanical stress when accompanied with thermal aging, 

the results of the combined thermal-mechanical aging were compared with thermal aging. 

The thermal aging has been carried out on the same cable type for the same aging cycles at 

the same temperature (120 oC). The dielectric response measurements over the frequency 

range 200 µHz-50 mHz and the Shore D hardness have been carried out at 25 ± 0.5 oC. 

For the thermal stress, Figure 3.16 (a) describes the real part of permittivity against (𝜀′) 

the frequency for each aging period. According to the general behavior of dielectrics, the 

𝜀′ decrease as the frequency increase. This characteristic behavior of the 𝜀′ was the same 

for all aging periods. With the aging time increased, the 𝜀′ either decreased or remained 

constant at all frequencies, except at 0.02 Hz and above, where a slight increase was 

observed. This behavior can be explained by the comparison with the imaginary parts 

curves. 

 

The 𝜀′′ results are plotted in Figure 3.16 (b). The re-arrangement of curves in the 

frequency range suggests that the 𝜀′′ curves shift towards a lower frequency range with 

aging, indicating the reduction of permittivity with aging. This behavior explains the 

decreasing of 𝜀′′ values at the lowest frequencies. 

 

Figure 3.16: (a) Real, (b) imaginary parts of permittivity for thermal aging. 
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In the case of the unaged sample, the 𝜀′′ started at a certain value, then increased with 

the increase of frequency and reached a maximum value, and then started to decrease. With 

thermal aging, the 𝜀′′ increased between 0.2 mHz and 1 mHz for the first two thermal aging 

periods, and then 𝜀′′ decreased with aging. For frequencies higher than 1 mHz, there was a 

decreasing trend in the 𝜀′′ values. This behavior was observed until the sixth thermal aging 

period, whereas after the last aging period, the values increased at all frequency points. 

The 𝜀′ in the case of the T-M aging is shown in Figure 3.17 (a). The 𝜀′ behavior against 

the frequency was similar to the thermal stress, irrespective to the aging. In contrast, the 

observed impact of the T-M was as the 𝜀′ increased after the first two aging periods for the 

whole frequency spectrum, while it started to decline after the third period. A slight increase 

after the sixth cycle was observed, while a substantial decrease in the whole curve was 

noted after the seventh T-M aging period. 

 

The frequency plot of 𝜀′′ values in shown in Figure 3.17 (b). For almost all aging 

periods, the 𝜀′′ started with a particular value. Then, the 𝜀′′ increased with frequency, 

reaching a peak value at a specific frequency, and then declined with a further frequency 

increase. A noticeable increase in the values was noted in the 𝜀′′ after the first T-M cycle 

between 0.2 mHz and 1 mHz, while at higher frequencies, the values decreased. After a 

 

Figure 3.17: (a) Real, (b) imaginary parts of permittivity for T-M aging. 
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longer aging time, the 𝜀′′ decreased at all frequencies till the fifth T-M period. Like the 𝜀′, 

after the sixth cycle, the 𝜀′′ increased, which then decreased after the last aging stage.  

Three frequencies were selected to simplify the analysis of the results: 200 µHz, 1 mHz, 

and 10 mHz, and the behavior of the real and imaginary parts of permittivity was studied. 

The measurement results of the 𝜀′ against the frequency for each aging period at the 

selected frequencies are plotted in Figure 3.18. The real permittivity behavior under the 

thermal stress is shown in Figure 3.18 (a), while the behavior in the case of thermal-

mechanical (T-M) aging is given in Figure 3.18 (b). 

 

It can be noticed that under thermal aging, the 𝜀′ at the selected frequencies decreased 

with aging. After the last aging period, it increased, at 10 mHz, the 𝜀′ value even exceeded 

the unaged value. Under T-M aging, at 200 µHz and 1 mHz, an initial increase in the 𝜀′ 

was observed, then the 𝜀′ started to decrease with more aging periods. In contrast, different 

behavior was obtained at 10 mHz, where the 𝜀′ dropped after the first aging cycle. Then it 

increased until the third aging cycle. More aging periods resulted in a decrease in the 𝜀′ 

values. A surprising behavior was observed under the T-M aging after the sixth cycle, 

where the values of the 𝜀′ increased even higher than the values of the unaged case, which 

then decreased after the seventh period. 

The thermal stress effect on the imaginary part of permittivity (𝜀′′) is illustrated in 

Figure 3.19 (a). An increase in the 𝜀′′ values was observed after the first two aging cycles 

only at 200 µHz and 1 mHz, which then declined with more aging, but at 10 mHz, the 

 

Figure 3.18: Real part of permittivity (𝜀′) at the selected frequencies for: (a) thermal stress, (b) T-M 

stress. 
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values linearly decreased. The last thermal aging period resulted in a substantial increase 

in the 𝜀′′ values. At 200 µHz the value of 𝜀′′ remained higher than the unaged ones for all 

the aging periods. 

While the T-M stress caused an increase in the 𝜀′′ after the first aging cycle at 1 mHz 

and 10 mHz, then it decreased with aging, Figure 3.19 (b). In comparison, a clear trend was 

not observed at 200 µHz, where the 𝜀′′ values were higher than the unaged case only after 

the first and third aging periods. Like the 𝜀′, the 𝜀′′ values increased at all the selected 

frequencies after the six-aging cycle, whereas after the seventh cycle, the 𝜀′′ declined. 

   

The loss peak frequencies are also plotted for thermal and T-M aging, Figure 3.20. For 

the unaged cable sample, a polarization peak was observed at 1 mHz, which with thermal 

aging shifted to 200 µHz, Figure 3.20 (a). In the case of the T-M stress, Figure 3.20 (b), the 

polarization peak did not change its position after the first aging period. However, it shifted 

to a higher frequency of 2 mHz until the fourth aging cycle and then to 200 µHz after the 

fifth aging period. At the same time, it shifted back to 1 mHz after the six-period and 

remained steady for the seventh aging cycle. 

For a more detailed analysis of the dependence of the real and imaginary parts of 

permittivity curves on aging, and similarly to [105], [106], four deducted quantities have 

been calculated, namely the central real and imaginary parts of permittivity (CRP and CIP), 

and the real and imaginary permittivites' central frequencies (RPCF and IPCF). 

 

Figure 3.19: Imaginary part of permittivity (𝜀′′) at the selected frequencies for: (a) thermal stress, (b) T-

M stress. 
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The CRP is calculated by summing up the multiplication of the logarithm of the 

frequencies by the measured 𝜀′ values at given frequencies and dividing this sum by the 

sum of the logarithm of the frequencies, as expressed in equation (3.1). By replacing the 𝜀′ 

with 𝜀′′ in equation (3.1), the CIP can be calculated as in equation (3.2). 
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The RPCF can be calculated as the average of the permittivity values weighted by the 

logarithm of the frequency as in equation (3.3). Similarly, by changing the 𝜀′ to 𝜀′′ in 

equation (3.3), the IPCF can be calculated as in equation (3.4). 
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Figure 3.20: Shifting of the maximum value of the imaginary part of permittivity (𝜀′′) under: (a) 

thermal stress, (b) T-M stress. 

 



Chapter 3: Results of NPP Cables Under Simultaneous Thermal-Mechanical Aging 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

42 
 

The CRP and CIP are the characteristic values for the real and imaginary permittivity 

changes over the frequency range of investigation. The RPCF and IPCF characterize the 

shift of the curves in the frequency range, and they clearly show the changing of the average 

polarization peak and the average loss over the studied frequency range. The change of the 

CRP and RPCF with aging is shown in Figure 3.21. 

 

Figure 3.21 (a) shows that the CRP of thermally aged samples declined with aging from 

the initial value of 3.2 to below 3. However, after the last aging period, it shifted up to 

almost 3.15. In the case of T-M aging, the CRP has increased over 3.3 after the first aging 

round. Then, it decreased. The fitted trendlines show that the CRP of T-M aged samples 

was higher by nearly 0.1 during the whole aging period of the investigated frequency range. 

Accordingly, the real part of permittivity curves of thermally aged samples have been 

shifted towards lower frequencies. In comparison, a slight shifting towards the higher 

frequencies has been observed in the case of T-M aged samples, Figure 3.21 (b). 

Figure 3.22 (a) shows the CIP change with aging in the case of thermal and T-M aging. 

In both cases, the dielectric loss increased at the beginning of aging. The CIP increased 

after the first two aging periods of thermal aging. A significant increase can be observed in 

the first aging period of T-M aging, then the CIP values declined. By calculating the linear 

trend, no notable difference can be observed between thermal and T-M CIP values. 

The IPCF values, Figure 3.22 (b), were dropped by 0.5 mHz after the first aging cycle, 

then the IPCF of thermally aged samples decreased, while that of T-M aged samples 

showed a small variation, a minimal decreasing trend can be observed. The trendlines show 

 

Figure 3.21: The calculated deducted quantities to characterize the 𝜀′(𝑓) curves: (a) central real 

permittivity (CRP), (b) real permittivity central frequency (RPCF). 
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that the 𝜀′′ curves shifted towards higher frequencies in the case of T-M aging. Hence, the 

polarization peaks are at higher frequencies than the thermally aged samples. 

  

The comparison of the change in the Shore D hardness of thermally and T-M aged 

samples has been drawn in Figure 3.23. An overall increase in the hardness of the cable 

was also observed for thermal and T-M aging. However, the hardness increase is higher in 

T-M aging, which suggests the combined stress has a more intensive effect on the material 

structure, which results in higher hardness values. 

 

 

Figure 3.22: The calculated deducted quantities to characterize the 𝜀′′(𝑓) curves: (a) central imaginary 

permittivity (CIP), (b) imaginary permittivity central frequency (IPCF). 

 

 

Figure 3.23: Shore D hardness versus the aging period for thermal and T-M aging. 
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For most of the aging periods (176 h, 338 h, 912 h, 1056 h, and 1248 h), the increase in 

the hardness were 19.7%, 21.2%, 30.8%, 32.61%, and 34.89%, respectively, for T-M in 

comparison to 15.78%, 19.12%, 27.82%, 30.18%, and 30.26% for thermal only. Hence, the 

T-M stress has resulted in more hardness of the cable than the thermal stress only. 

Based on the comparison between thermally and T-M aged LV NPP cables, it is evident 

that the mechanical stress has an impact on the degradation of NPP LV cables when 

accompanied with thermal aging. This can be summarized as follow: 

“The qualification tests of nuclear power plant cables do not involve mechanical stress in 

the simulation of operation aging. To investigate the effect of mechanical stress, XLPE 

insulated, CSPE jacketed, unshielded, low-voltage, single-conductor nuclear power plant 

cable samples were exposed to thermal and thermo-mechanical accelerating aging. 

Analyzing the results of the low-frequency dielectric spectrum and Shore D hardness 

measurements of thermally and thermo-mechanically aged samples, I have revealed that: 

- The central frequency of the imaginary part of permittivity of thermo-mechanically 

aged samples was higher than that of thermally aged ones by 0.5 mHz; 

- On average, the Shore D hardness of thermo-mechanically aged samples was 

higher than that of thermally aged ones by 3.92%. 

These results show that mechanical stress substantially impacts the degradation of the 

polymeric materials of nuclear power plant cables in combination with the thermal stress. 

It is necessary for cables subjected to mechanical stress to include mechanical stress in the 

aging procedure of the qualification tests.” 
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Chapter 4: Results of NPP Cables Under Simultaneous 

Radiation-Mechanical Aging 

4.1 Introduction  

This chapter presents the measurement results of the accelerated aging tests of the 

RSCC NPP cable samples under the exposure of simultaneous radiation-mechanical 

stresses. In the same fashion of chapter 3, the dielectric response results over a frequency 

span of 100 mHz-500 kHz are firstly presented. In the second part, the EVR results are 

described. The polarization/depolarization current results are shown in the next section. At 

the end of this chapter, the Shore D hardness data are given. 

For elucidation, all the results are presented as a function of the absorbed irradiation 

dose; however, the cable samples were exposed to simultaneous radiation-mechanical 

aging, but the bending stress, i.e., bending radius, was constant during the whole aging 

period. 

4.2 Experimental Results  

4.2.1 Dielectric Spectroscopy with Frequency Swapping 

Figure 4.1 (a) illustrates the real permittivity profile over a frequency range of 0.1 Hz-

1 kHz. Also, the real permittivity spectra over the 2 kHz-500 kHz frequency range is shown 

in Figure 4.1 (b). The real permittivity presented an increasing fashion with increasing the 

irradiation dose. This behavior was observed at both frequency ranges, 0.1 Hz-1 kHz and 

2 kHz-500 kHz.     

 

 

Figure 4.1: Real part of permittivity (𝜀′) at different irradiation doses versus frequency ranges: (a) 0.1 

Hz-1 kHz, (b) 2 kHz-500 kHz. 
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The imaginary part of permittivity tendency over the 0.1 Hz-1 kHz frequency range is 

presented in Figure 4.2 (a). The imaginary permittivity increased over the entire frequency 

band after the first irradiation-mechanical aging cycle, denoted as 80 kGy. Similar behavior 

was also obtained after 160 kGy. The third aging cycle, 240 kGy, caused the imaginary 

permittivity to increase at frequencies from 2 Hz to 1 kHz. While at other frequencies, 

below 2 Hz, the imaginary permittivity was almost the same as the 160 kGy aging cycle. 

With the irradiation dose increased, 320 kGy and 400 kGy, the imaginary permittivity 

increased between 10 Hz and 1 kHz. No significant change was obtained over the 0.5 Hz-

5 Hz frequency range. On the other hand, the imaginary permittivity decreased at 

frequencies below 0.5 Hz. Figure 4.2 (b) illustrates that the imaginary permittivity showed 

an increasing trend with aging at frequencies from 10 Hz to 1 kHz.  

 

The imaginary permittivity over the 2 kHz-500 kHz frequency range is shown in Figure 

4.3. As illustrated, the higher values of the imaginary permittivity were shifted to the higher 

frequencies. Also, the imaginary part of permittivity has presented a regular increase with 

each aging cycle. 

The dissipation factor results after each radiation-mechanical aging cycle are given in 

Figure 4.4. For the frequency range of 0.1 Hz-1 kHz, Figure 4.4 (a), the tanδ has increased 

after the first two aging cycles, i.e., 80 kGy and 160 kGy. A small increment in tanδ was 

obtained after the third cycle, 240 kGy. The 320 kGy aging cycle caused the tanδ to increase 

between 10 Hz and 1 kHz, while a slight decrement was obtained to other frequencies, i.e., 

below 10 Hz. After the last aging cycle, the tanδ has decreased between 0.1 Hz and 2 Hz 

while slightly increased at other frequencies.   

 

Figure 4.2: (a) Imaginary part of permittivity (𝜀′′) at different irradiation doses over frequency range 0.1 

Hz-1 kHz, (b) Enlarged profile between 10 Hz and 1 kHz. 
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For the 2 kHz-500 kHz frequency band, the tanδ results are presented in Figure 4.4 (b). 

As a result of the first aging cycle, the tanδ has increased between 2 kHz and 200 kHz, 

while it decreased at frequencies higher than 200 kHz. After the second and third aging 

cycles, the tanδ has increased over the whole frequency range. Due to the fourth aging 

cycle, the tanδ has increased at frequencies between 2 kHz and 100 kHz, while it declined 

at frequencies higher than 100 kHz. Reaching the final aging cycle, the tanδ has shifted up 

over the whole frequency range. 

 

 

Figure 4.3: Imaginary part of permittivity (𝜀′′) at different irradiation doses over the 2 kHz-500 kHz 

frequency range. 

 

 

Figure 4.4: tanδ results at different irradiation doses at frequency ranges: (a) 0.1 Hz-1 kHz, (b) 2 kHz-

500 kHz. 
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4.2.2 Extended Voltage Response 

Figure 4.5 illustrates the behavior of the return voltage slope against the discharging 

time at each absorbed dose. The return voltage slope monotonically increased with aging. 

Similarly, the decay voltage slope increased with the irradiation dose increased as shown 

in Figure 4.6. 

  

  

 

Figure 4.5: Return voltage slope (Sr) at different irradiation doses against the discharging time. 

 

 

Figure 4.6: Decay voltage slope (Sd) against the absorbed irradiation dose. 
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4.2.3 Polarization/Depolarization Current 

Figure 4.7 illustrates the polarization and depolarization currents at each irradiation 

dose. It is evident that the polarization current has increased with increasing the irradiation 

dose, particularly after the first aging cycle, as shown in Figure 4.7 (a). In like manner, the 

depolarization current was also raised with aging, Figure 4.7 (b).  

 

The real permittivity behavior over the 200 µHz-50 mHz frequency range is shown in 

Figure 4.8. It is noticeable that the higher values of the real permittivity were obtained at 

200 µHz. A regular increase was observed after the first three aging cycles. Surprisingly, 

the real permittivity decreased after the fourth aging cycle at frequencies below 20 mHz. 

In contrast, the real permittivity slightly increased after the last aging cycle. 

Figure 4.9 shows the imaginary part of permittivity over the 200 µHz-50 mHz 

frequency range. As a result of the first three aging cycles, the imaginary part of permittivity 

increased with the irradiation dose increased. Also, it was noticeable that the increase in 

the imaginary permittivity was more prominent at lower frequencies. The fourth aging 

cycle caused the imaginary permittivity to decline at all frequencies. With the irradiation 

dose increased to 400 kGy, the imaginary permittivity was almost the same as the 320 kGy 

aging cycle.      

 

Figure 4.7: PDC measurement results at each irradiation dose versus the time: (a) polarization current 

(ipol), (b) depolarization current (idepol). 
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The profile of the real and imaginary parts of permittivity at the 200 µHz-50 mHz 

bandwidth is visualized by selecting reference frequencies of 200 µHz, 1 mHz, 10 mHz, 

and 50 mHz, as shown in Figure 4.10 and Figure 4.11. At frequencies 200 µHz and 1 mHz, 

the real permittivity sharply increased after the first three aging cycles compared to 10 mHz 

and 50 mHz, at which a small increment was obtained, Figure 4.10. With the aging period 

increased, fourth aging cycle, the real permittivity declined significantly at 200 µHz and 1 

mHz. While a small decrement occurred at 10 mHz, and a slight increase was obtained at 

 

Figure 4.8: Real part of permittivity (𝜀′) at different irradiation doses versus the 200 µHz- 50 mHz 

frequency range. 

 

 

Figure 4.9: Imaginary part of permittivity (𝜀′′) at different irradiation doses versus the 200 µHz- 50 

mHz frequency range. 
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50 mHz. The real permittivity increased after the fifth aging cycle at all the selected 

reference frequencies. 

 

The imaginary permittivity increased after the first three aging cycles at the selected 

reference frequencies, particularly at 200 µHz and 1 mHz. Due to the last two aging cycles, 

the imaginary permittivity declined at all the selected frequencies, Figure 4.11. The 

reduction after the fourth aging cycle was more evident at 1 mHz, 10 mHz, and 50 mHz. 

 

 

Figure 4.10: Real part of permittivity (𝜀′) at the selected reference frequencies. 

 

 

Figure 4.11: Imaginary part of permittivity (𝜀′′) at the selected reference frequencies. 
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The tanδ behavior at the 200 µHz-50 mHz frequency range is illustrated in Figure 4.12. 

The tanδ increased after the first aging cycle over the whole frequency spectrum. The 

second aging cycle caused the tanδ to increase at frequencies higher than 400 µHz. Due to 

the 240 kGy aging cycle, the tanδ slightly increased over the entire frequency range. After 

the fourth aging cycle, the tanδ declined at frequencies ranging from 1 mHz to 50 mHz. At 

the same time, it increased at other frequencies. After the last aging cycle, 400 kGy, the 

tanδ was almost the same as the previous aging cycle.  

 

4.2.4 Shore D Hardness 

The hardness data at each absorbed dose is presented in Figure 4.13. It is noticeable that 

the cable hardness has increased at each irradiation dose. 

 

Figure 4.12: tanδ profile at different irradiation doses versus the 200 µHz-50 mHz frequency range. 
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Figure 4.13: Shore D hardness data versus the absorbed irradiation dose. 
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Chapter 5: Results of PV Cables Under Simultaneous 

Thermal-Mechanical Aging 

5.1 Introduction  

This chapter elaborates on the behavior of the XLPO insulation-based PV cable samples 

under simultaneous thermal-mechanical stresses. The same electrical and mechanical 

dielectric evaluation techniques have been conducted on the PV cable samples like the NPP 

cables. 

5.2 Experimental Results 

5.2.1 Dielectric Spectroscopy with Frequency Swapping  

Figure 5.1 depicts the real part of permittivity (𝜀′) behavior against the aging period 

over the 0.1 Hz-500 kHz frequency band. The real permittivity spectra from 0.1 Hz to 1 

kHz is shown in Figure 5.1 (a) whereas, from 2 kHz to 500 kHz is given in Figure 5.1 (b). 

The real permittivity decreased over the 0.1 Hz-500 kHz frequency band after the first 

aging cycle. After which, an increasing trend was observed after the second, third, and 

fourth aging cycles. As a result of the fifth and sixth cycles, the real permittivity showed 

the same increasing fashion only over the 2 kHz-500 kHz frequency range. In contrast, it 

decreased after the fifth cycle over the 0.1 Hz-1 kHz frequency band and increased again 

after the sixth cycle at frequencies between 3 Hz and 1 kHz. 

 

Figure 5.1: Real part of permittivity (𝜀′) at different aging periods versus frequency ranges: (a) 0.1 Hz-

1 kHz, (b) 2 kHz- 500 kHz. 
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Surprisingly, the real permittivity decreased over the 2 kHz-500 kHz frequency range 

after the seventh and eighth cycles. For the 0.1 Hz-1 kHz frequency range, the real 

permittivity after the seventh cycle decreased at frequencies higher than 3 Hz while 

increased at other frequencies. Also, it declined after the eighth cycle. 

Figure 5.2 illustrates the imaginary permittivity behavior over the 0.1 Hz-500 kHz 

frequency range. The imaginary permittivity tendency at frequency ranges 0.1 Hz-1 kHz 

and 2 kHz-500 kHz is given in Figure 5.2 (a) and Figure 5.2 (b), respectively. 

For the 0.1 Hz-1 kHz frequency range, very slight changes were observed in the 

imaginary permittivity behavior. As a result of the first aging cycle, the imaginary 

permittivity presented a non-uniform behavior as it slightly decreased at 100 mHz, then it 

increased between 200 mHz and 10 Hz except at 500 mHz; the value was the same as the 

unaged case. A decreasing trend was observed between 20 Hz and 1 kHz. The second cycle 

increased the imaginary permittivity between 1 Hz and 1 kHz while decreased at 100 mHz 

and 200 mHz. It is noteworthy that the value of the imaginary permittivity at 500 mHz was 

steady. The imaginary permittivity increased after the third and fourth aging cycles except 

between 100 mHz and 500 mHz in the case of the later aging cycle. The fifth and sixth 

cycles resulted in decreasing the imaginary permittivity between 400 mHz and 1 kHz while 

it increased at other frequencies. The imaginary permittivity decreased after the seventh 

cycle through the whole frequency range. A similar decreasing trend was observed after 

the eighth cycle unless at 100 mHz and 200 mHz.  

 

 

Figure 5.2: Imaginary part of permittivity (𝜀′′) at different aging periods versus frequency ranges: (a) 

0.1 Hz-1 kHz, (b) 2 kHz-500 kHz. 
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Likewise, minor variations in the imaginary permittivity were obtained over the 2 kHz-

500 kHz frequency range. The imaginary permittivity decreased after the first aging cycle 

between 2 kHz and 200 kHz, while a small increase occurred at frequencies higher than 

200 kHz. Contrary to the first aging cycle, a slight increase was observed between 2 kHz 

and 200 kHz after the second cycle. As a result of the third aging cycle, the imaginary 

permittivity increased over the 2 kHz-500 kHz frequency range. The trend of the imaginary 

permittivity after the fourth aging cycle decreased between 200 kHz and 500 kHz, and it 

slightly increased between 2 kHz and 100 kHz. There was no change in the imaginary 

permittivity after the fifth aging cycle between 200 kHz and 500 kHz, while it decreased 

between 2kHz and 100 kHz. Reaching the sixth and seventh aging cycles, the imaginary 

permittivity increased and decreased, respectively, over the entire frequency range. After 

the last aging cycle, the change in the imaginary permittivity was not significant as it 

decreased between 2 kHz and 20 kHz and increased between 50 kHz and 500 kHz.  

 The real and imaginary parts of permittivity are clearly discussed at selected three 

reference frequency ranges as follow: 

i. Low-frequency range: 0.1 Hz and 1 Hz; 

ii. Middle-frequency range: 100 Hz, 500 Hz, and 1 kHz;  

iii. High-frequency range: 10 kHz, 100 kHz, and 500 kHz. 

The behavior of the real permittivity at the selected reference frequencies against the 

aging period is illustrated in Figure 5.3. For the first four aging cycles, the real permittivity 

presented the same behavior over the low, middle, and high-frequency ranges as it 

 

Figure 5.3: Real part of permittivity (𝜀′) versus the aging period at the selected reference frequencies. 
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decreased after the first aging cycle while it increased after the second, third, and fourth 

cycles. For the fifth cycle, the real permittivity decreased over the low and middle-

frequency ranges while it increased at the high-frequency range. The sixth cycle showed a 

decrease in the real permittivity at the low-frequency range while it increased at the middle 

and high-frequency ranges. After the seventh cycle, the real permittivity trend was contrary 

to the sixth cycle. The real permittivity increased over the low-frequency range and 

decreased at the middle and high-frequency ranges. After the last aging cycle, the real 

permittivity decreased over the low, middle, and high-frequency ranges. As shown in 

Figure 5.3, the real permittivity is scarcely dependent on the middle and high-frequency 

ranges.  

Figure 5.4 shows the imaginary permittivity versus the aging period at the selected 

frequencies. For the low-frequency range, a non-monotonic behavior was observed at 0.1 

Hz. While at 1 Hz, the imaginary permittivity increased after the first four aging cycles and 

decreased after the subsequent cycles, from fifth to eighth. The imaginary permittivity over 

the middle-frequency range has decreased after the first aging cycle; then, it went up due 

to the second, third, and fourth cycles. The imaginary permittivity behavior at 1 Hz has 

been obtained at the middle-frequency range for the last four aging cycles. At 500 kHz, 

slight changes were observed, while at 10 kHz and 100 kHz, the imaginary permittivity 

declined after the first cycle and increased after the second, third, and fourth aging cycles. 

The trend after the subsequent cycles was decreasing at 10 kHz except for the sixth cycle.   

 

 

Figure 5.4: Imaginary part of permittivity (𝜀′′) versus the aging period at the selected reference 

frequencies. 
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The tanδ behavior over the 0.1 Hz-1 kHz and 2 kHz-500 kHz frequency ranges is 

plotted in Figure 5.5 (a) and Figure 5.5 (b), respectively. For the 0.1 Hz-1 kHz frequency 

range, the tanδ initially increased between 200 mHz and 20 Hz while it decreased at other 

frequencies. After the second and third cycles, the tanδ increased through the whole 

frequency band except at 100 mHz and 200 mHz in case of the second cycle, where there 

was a slight decrease. The effect of the fourth cycle on the tanδ behavior was very small. 

Moving to the fifth cycle, the tanδ decreased between 1 Hz and 1 kHz, while a slight 

increase was obtained at other frequencies. The sixth cycle resulted in tanδ reduction over 

the whole frequency band except at 100 mHz and 200 mHz. The tanδ values after the 

seventh cycle were steady, while they decreased after the eighth cycle between 500 mHz 

and 1 kHz. 

For the 2 kHz-500 kHz frequency range, Figure 5.5 (b), the tanδ decreased between 2 

kHz and 300 kHz after the first aging cycle. While it slightly increased due to the second 

cycle over the 2 kHz-200 kHz frequency band. After the third and fourth cycles, the tanδ 

increased and decreased over the whole frequency range, respectively. Due to the fifth 

cycle, the tanδ declined between 2 kHz and 100 kHz while the values were steady at other 

frequencies. The tanδ has increased after the sixth and seventh cycles over the entire 

frequency range. The increase was more prominent after the seventh cycle. The last aging 

cycle contributed to decreasing the tanδ through the whole frequency band. 

 

 

Figure 5.5: tanδ behavior at different aging periods versus frequency ranges: (a) 0.1 Hz-1 kHz, (b) 2 

kHz-500 kHz. 
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5.2.2 Extended Voltage Response 

As a function of the discharging time, the return voltage slope (Sr) is presented in Figure 

5.6. While the decay voltage slope (Sd) against the aging period is illustrated in Figure 5.7. 

The return voltage slope significantly declined (approx. 58.7%) after the first aging cycle. 

With the aging period increased, the Sr values have increased after the second, third, fifth, 

sixth, and eighth aging cycles while they decreased after the fourth and seventh cycles. 

After each aging cycle, very slight changes in the return voltage slope values have been 

observed. The maximum increase in the Sr values occurred after the eighth aging cycle; the 

return voltage slope increased from 27.5 V/sec after the seventh cycle to 31.1 V/sec. After 

the fourth aging cycle, the minimum dropping was since the return voltage slope decreased 

from 30.92 V/sec after the third aging cycle to 27.753 V/sec. 

 

As shown in Figure 5.7, the decay voltage slope dramatically declined after the first 

aging cycle (from 0.763 V/sec to 0.074 V/sec). The decay voltage has increased after the 

second and third cycles. Whereas, after the subsequent cycles, the decay voltage slope 

monotonically decreased with aging.    

 

Figure 5.6: Return voltage slope (Sr) at different aging periods versus the discharging time. 
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5.2.3 Polarization/Depolarization Current 

The results of the polarization and depolarization current measurements are shown in 

Figure 5.8 (a) and (b), respectively.  It is noteworthy that after 200 sec of the depolarization 

time, the values of the depolarization current were very low in the range of femtoampere; 

therefore, the depolarization current has been plotted for a time span of 200 sec. After the 

first aging cycle, the polarization current slightly increased at the very low charging times, 

while it decreased with the increase of the charging time. A slight increase in the 

depolarization current has been observed after the first cycle. After the second and third 

cycles, both currents decreased. The fourth cycle contributed to increasing the polarization 

and depolarization currents, while after the fifth cycle, both currents decreased. There was 

no significant change in the currents values after the sixth and seventh cycles. In contrast, 

a slight increase was obtained after the last cycle. 

The real permittivity behavior over the frequency range of 200 µHz to 50 mHz is shown 

in Figure 5.9. The real permittivity increased after the first aging cycle. The increase was 

more prominent while moving to lower frequencies. As a result of the second aging cycle, 

the real permittivity slightly changed as it decreased between 4 mHz and 50 mHz, while it 

increased between 400 µHz and 2 mHz. A noticeable change in the real permittivity has 

been observed after the third cycle, with an increase between 4 mHz and 50 mHz, while it 

decreased between 200 µHz and 2 mHz. After the fourth aging cycle, the real permittivity 

 

Figure 5.7: Decay voltage slope (Sd) versus the aging period. 
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has increased over the 200 µHz-50 mHz frequency range. In contrast, the real permittivity 

decreased over the entire frequency range after the fifth, sixth, and seventh aging cycles. 

 

Figure 5.8: PDC measurement results: (a) polarization current (ipol), (b) depolarization current (idepol). 

 

 

Figure 5.9: Real part of permittivity (𝜀′) at different aging periods over the 200 µHz-50 mHz frequency 

range. 
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The same decreasing trend was observed after the eighth cycle but only between 4 mHz 

and 50 mHz, while the real permittivity increased between 200 µHz and 2 mHz. 

Figure 5.10 represents the imaginary permittivity behavior over the 200 µHz-50 mHz 

frequency range. After the first aging cycle, a small increase has been observed between 10 

mHz and 50 mHz, while at frequencies below 10 mHz, the imaginary permittivity 

decreased. The reduction was more prominent while shifting to lower frequencies. As a 

result of the second aging cycle, the imaginary permittivity increased between 2 mHz and 

10 mHz, while it decreased at other frequencies. The imaginary permittivity declined after 

the third aging cycle. The reduction was more evident at very low frequencies. The fourth 

aging cycle resulted in increasing the imaginary permittivity. After the fifth cycle, the 

imaginary permittivity decreased between 400 µHz and 20 mHz, while there was no 

significant change at other frequencies. The imaginary permittivity has decreased after the 

sixth cycle. Similarly, it declined after the seventh cycle but over frequencies from 1 mHz 

to 50 mHz. Reaching the last aging cycle, the imaginary permittivity increased at 500 µHz-

50 mHz frequency range. In comparison, it decreased between 200 µHz and 400 µHz. 

 

Figure 5.11 and Figure 5.12 present the tendency of the real and imaginary parts of 

permittivity against the aging period at 200 µHz, 1 mHz, and 50 mHz (denoted as very-low 

reference frequencies). As shown in Figure 5.11, the real permittivity at the three reference 

frequencies has increased after the first cycle. After the second cycle, the real permittivity 

 

Figure 5.10: Imaginary part of permittivity (𝜀′′) at different aging periods versus the 200 µHz-50 mHz 

frequency range. 
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decreased at 200 µHz, while it increased at 1 mHz. At 200 µHz and 1 mHz, the real 

permittivity decreased after the third cycle. After the fourth cycle, the real permittivity went 

up at the three reference frequencies. After the fifth, sixth, and seventh cycles, the real 

permittivity declined at the selected frequencies. Finally, it went up at 200 µHz and 1 mHz, 

while it decreased at 50 mHz. 

  

As illustrated in Figure 5.12, it is evident that the imaginary permittivity decreased after 

the first cycle, particularly at 200 µHz and 1 mHz. After the second cycle, the imaginary 

permittivity decreased at 1 mHz and 50 mHz, while it increased at 200 µHz. At the three 

reference frequencies, the imaginary permittivity decreased after the third cycle, while it 

went up at 200 µHz and 1 mHz due to the fourth cycle. After the fifth and sixth cycles, an 

increasing trend was observed at 200 µHz and 50 mHz. In contrast, the imaginary 

permittivity decreased at 1 mHz and 50 mHz after the seventh cycle, and it increased at 200 

µHz. On the contrary, it dropped at 200 µHz and increased at 1 mHz and 50 mHz due to 

the last aging cycle. 

The tanδ plot versus the 200 µHz-50 mHz frequency range for different aging periods 

is shown in Figure 5.13. As shown, as a result of the first aging cycle, the tanδ sharply 

 

Figure 5.11: Real part of permittivity (𝜀′) versus the aging period at the selected reference frequencies. 
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decreased at the frequency range of 200 µHz to 1 mHz. Besides, with shifting to higher 

frequencies, 10 mHz to 50 mHz, no significant change occurred in the tanδ values. As a 

result of the second aging cycle, a small increase was obtained between 2 mHz and 5 mHz, 

while a slight change has been obtained at other frequencies. After the third cycle, the tanδ 

decreased over the 200 µHz-50 mHz frequency range. 

 

Figure 5.12: Imaginary part of permittivity (𝜀′′) versus the aging period at the selected reference 

frequencies. 

 

 

Figure 5.13: tanδ behavior at different aging periods versus the 200 µHz-50 mHz frequency range. 
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The fourth cycle increased the tanδ between 200 µHz and 10 mHz, while it decreased 

at other frequencies. After the fifth and sixth cycles, no significant change has been 

observed. Due to the seventh cycle, a noticeable decrease in the tanδ values occurred 

between 1 mHz and 10 mHz. After the eighth cycle, the tanδ increased over the frequency 

range of 500 µHz-50 mHz. At the same time, it declined between 200 µHz and 400 µHz. 

5.2.4 Shore D Hardness 

Figure 5.14 shows the average of 10 replicates after each aging cycle. As shown in 

Figure 5.14, the Shore D hardness has slightly increased after the first aging cycle. In 

contrast, it decreased due to the second cycle. After the third, fourth, and fifth cycles, the 

Shore D hardness has increased. Whereas it declined after the sixth, seventh, and eighth 

cycles. 

   

     

 

 

Figure 5.14: Shore D hardness versus the aging period. 
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Chapter 6: Discussion 

6.1 NPP Cables and Thermal-Mechanical Aging 

The combined thermal-mechanical (T-M) accelerated aging tests' effect on the 

insulation of NPP cables is remarkable as noteworthy changes occurred in the electrical 

and mechanical properties. Such changes are evident in the behavior of the real and 

imaginary parts of permittivity, tanδ, return and decay voltage slopes and the 

polarization/depolarization current-moreover, the hardness as a mechanical property. 

For the dielectric spectroscopy measurements, the alteration in the real and imaginary 

parts of permittivity has been explored via studying the change of both parts of permittivity 

due to aging with respect to the pristine case (ratio of aged to pristine). The assessment has 

been conducted at the same reference frequency ranges selected in chapter four; very low 

(200 µHz, 1 mHz, 5 mHz, and 50 mHz), low (0.1 Hz, 1 Hz, and 10 Hz), middle (100 Hz, 

500 Hz, and 1 kHz), and high-frequency range (2 kHz, 100 kHz, and 500 kHz). 

Figure 6.1 shows the change of the real permittivity (𝜀𝑛
′ /𝜀𝑜

′ ) at the reference frequencies 

versus the aging period. 𝜀𝑛
′  refers to the permittivity at different aging cycles and 𝜀𝑜

′  is the 

real permittivity of the unaged case. The change of the real permittivity was prominent at 

the very-low-frequency range compared with the low, middle, and high-frequency ranges. 

After the initial increase at 200 µHz and 1 mHz, the real permittivity declined until the sixth 

cycle, while from the seventh cycle, it increased again. Interestingly, the real permittivity 

after 1459 aging hours was less than the unaged case.   

  

 
Figure 6.1: Change of real part of permittivity against the aging period for the T-M aged NPP cables. 
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Similarly, the change of the imaginary permittivity (𝜀𝑛
′′/𝜀𝑜

′′)  is described in Figure 6.2. 

The change of the imaginary permittivity at the low and middle-frequency ranges was more 

evident than the very low and high-frequency ranges. However, the maximum change was 

obtained at 200 µ Hz after the first aging cycle. A non-monotonic behavior was observed 

at the very low-frequency range. A sharp increase after the first cycle was observed at the 

very low frequencies, particularly at 200 µHz, 1 mHz. The change of the imaginary 

permittivity was constant after the second and third cycles, while it decreased due to the 

fourth cycle. The fifth and sixth cycles increased the imaginary permittivity, then decreased 

after the seventh cycle. Finally, it increased after the last cycle. Both low and middle-

frequency ranges showed a monotonic increasing trend of the imaginary permittivity with 

aging.  

 

As mentioned, during the normal operation of NPPs, cables polymeric insulation may 

endure single or multi-factor aging. Thermal oxidation is a consequence of long-term 

thermal aging. As a result, two opposite reactions may occur simultaneously, i.e., the 

crystalline region destruction and chain scission, or double bonds generation and cross-

linking [107]. It is believed that the cross-linking results in a reduction of the permittivity 

while the chain-scission contributes to increasing the permittivity [23]. Also, mechanical 

bending involves two opposite reactions; compression stress, where more attraction bonds 

are generated, and tension stresses, where destruction of the molecular chain structure can 

occur [32]. Therefore, the NPP cable samples endured multiple reactions during the 

 

Figure 6.2: Change of imaginary part of permittivity against the aging period for T-M aged NPP cables. 
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accelerated aging tests, as shown in Figure 6.3. The degradation process of the polymeric 

insulations depends on the dominant reaction. 

 

The entire cable insulation was based on XLPE and CSPE as semi-crystalline polymers, 

where the amorphous region gets along with the crystalline phase. The CSPE is a chlorine-

containing polymer, and it is acquired by the simultaneous chlorination and chloro-

sulfonation (sulfur dioxide) of polyethylene in the presence of radical initiators [108], 

[109]. The chlorin atom in the C-Cl bonds is electronegative relative to the carbon atom, 

making the CSPE dipolar [110]. In addition to the cross-linking, chain scission, and the 

coincide tension-compression effect of the mechanical stress, the CSPE undergoes 

dehydrochlorination when exposed to thermal aging. As a result, the number and mobility 

of C-Cl dipoles decreases, which contributes to decreasing the dielectric relaxation 

phenomena. Besides, the loss of chlorine enhances thermo-oxidation and cross-linking, 

which is well known in this type of polymers [111]. The double bonds generation enhances 

the formation of deep levels that inhabit the dipole directional movement under the electric 

field. Moreover, the cross-linking results in a three-dimensional network within the 

molecule, which contributes to resisting the mobility of the charge carriers under the 

electric field [112]. 

The changes in the real and imaginary parts of permittivity at the very-low, low, and 

middle-frequency ranges reveal the interaction of different polarization processes related 

to these frequency ranges, i.e., space charge, interfacial “Maxwell-Wagner-Sillars”, and 

dipolar polarization [113]. The return voltage slope (Sr) is obtained due to the slow 

polarization processes having high time constants or occurs at very low frequencies. The 

decrease in the real and imaginary parts of permittivity and the reduction of the return 

voltage slope after 1 sec, Figure 6.4 for the first six aging cycles, suggests a decrease in the 

 

Figure 6.3: Combined thermal-mechanical aging stresses. 
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space charge, interfacial, and dipolar polarization, where the electrode charge accumulation 

is observed [114]. It was suggested that the formulated deep levels due to the 

dehydrochlorination of the CSPE and the recross-linking of the XLPE and CSPE result in 

eliminating the interfacial polarization due to hindering the mobility of the dipoles. Thus, 

they don't respond to the electric field changes and confines their diffusion to the interface 

between the cable inner insulation and jacket, XLPE and CSPE, respectively [115]. 

  

Surprisingly, after the seventh cycle, the real and imaginary parts of permittivity, tanδ, 

and the return voltage slope have increased over the middle, low, and very-low-frequency 

ranges, suggesting an increase in the polarization processes, particularly the space charge 

and interfacial polarization. This hypothesis was confirmed after the eighth cycle since 

mechanical damage occurred to all samples except one sample, which has been used to 

conduct the investigations, Figure 6.5. 

  

Figure 6.5: Mechanical damage of NPP cable samples due to T-M aging.   

 

Figure 6.4: Return voltage slope (Sr) after 1 sec discharging against the aging period for T-M aged NPP 

cables. 
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Figure 6.6 and Figure 6.7 show a combined spectrum of the real and imaginary 

permittivity at very-low, low, and middle-frequency ranges. 

 

For the unaged case, the polarization peak was obtained at 20 mHz, while with aging, 

the polarization peak has been shifted to the lowest frequency, 200 µHz. The shifting of the 

polarization peak to 200 µHz suggests the damage of the polymer backbone. As polymeric 

 

Figure 6.6: Real part of permittivity (𝜀′) behavior against frequency range 200 µHz-1 kHz for T-M aged 

NPP cables. 

 

 

Figure 6.7: Imaginary part of permittivity (𝜀′′) behavior against frequency range 200 µHz-1 kHz for T-

M aged NPP cables. 
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materials degrade, chemical and physical changes occur, such as the formation of carbonyl 

groups (C=O), density variations of carbon clusters, or the formation of double or tiple 

carbon bonds [7], [116]. Such carbonyl groups act as shallow traps which enhance the 

charge transportation; thus, the decay voltage slope (Sd) increased with aging, which agrees 

with the dielectric loss trend at low frequencies. In addition, free radicals are generated 

when polymers are subjected to elevated temperatures and mechanical stresses, and they 

contribute to the conductivity of the material [117]. 

In the high-frequency range, 2 kHz to 500 kHz, the dielectric constant has decreased 

with aging. In this frequency range, dipole polarization is the dominant polarization process 

in polymers. However, the thermo-oxidative degradation process produces molecular 

dipole groups in polymers such as peroxide, hydroxyl, and carbonyl. The dielectric constant 

reduction over this frequency range is attributed to the cross-linking dominant reaction. 

Interestingly, the minimum dielectric constant values were observed at 500 kHz for the 

unaged case and the first three cycles as well. After which, the minimum values were 

shifted to 1 kHz after the subsequent fourth, fifth, and sixth cycles. Finally, it went back to 

500 kHz after the last two aging cycles, Figure 6.8. Also, for the unaged case and all the 

aging cycles, the minimum dielectric loss values were observed at 5 kHz, Figure 6.8. From 

the point of view of the dielectric measurements, the XLPE insulation and the CSPE jacket 

can be considered as layered insulation. Therefore, the resultant of the dielectric properties 

can be measured only as they were kept intact during the aging and evaluation processes. 

 

 

Figure 6.8: Shifting of 𝜀′ and 𝜀′′ minimum values versus the aging period for T-M aged NPP cables. 
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The stiffness of semi-crystalline polymers such as XLPE and CSPE is associated with 

the hardness of both the amorphous and crystalline regions. It was observed that the tensile 

elongation of both XLPE and CSPE tends to decrease with thermal aging [108]. The tensile 

elongation and the hardness are two different techniques. However, the tensile elongation 

of polymeric materials can be examined with the Shore D hardness measurement since the 

harder the material, the less elongation strength it has. While the polymer material is 

stretched, cracks are initiated at the hardened surface, which is usually followed by 

immediate propagation through the sample cross-section. As presented in Figure 3.15, the 

insulation hardness increased with aging, implying the domination of the cross-linking 

compared to scission [111]. Also, in the case of the CSPE, the chlorine loss due to the 

dehydrochlorination generates C-C double bonds in the main polymer chain. Thus, local 

stiffening of the macromolecules is produced, allowing cross-linking and thermo-oxidation 

to occur easily [108], [111]. The changing of the mechanical properties reflects the 

intensive degradation of the insulation and jacket materials. 

To illuminate the behavior of the dielectric parameters, relationships were established 

between the dielectric response (𝜀′, 𝜀′′), the decay and return voltage slopes (Sd, Sr), and 

the mechanical properties (Shore D hardness). The correlation between the imaginary part 

of permittivity (𝜀′′) at 10 Hz and the decay voltage slope (Sd) is demonstrated in Figure 6.9 

(a) while the real part of permittivity (𝜀′) at 10 Hz was correlated with the return voltage 

slope, Sr after a shortening time of 1 sec, Figure 6.9  (b). Based on the high R2 values, 𝜀′, 

𝜀′′ showed a strong correlation with Sr and Sd, respectively. 

The decay voltage slope and the dielectric loss increased over the whole aging period. 

In contrast, the return voltage slope and the dielectric constant decreased monotonously 

after the first six aging cycles, after which they increased due to the last two aging cycles. 

In addition, the correlation between the decay voltage slope, the imaginary part of 

permittivity at 10 Hz, and the Shore D hardness is given in Figure 6.10. Similarly, a good 

agreement between the electrical and mechanical parameters was observed. This reveals 

the applicability of the presented techniques to assess the degradation intensity of the 

unshielded LV nuclear power cables. 
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(a) (b) 

Figure 6.9: Correlation between frequency and time domain parameters versus the aging period for T-M 

aged NPP cables: (a) Sd and 𝜀′′ at 10 Hz, (b) Sr and 𝜀′ at 10 Hz. 

 

 

While implementing the dielectric spectroscopy over a wide frequency band and the 

EVR method for the assessment of LV unshielded single-conductor NPP cables under T-

M aging. A variation in the behavior of the 𝜀′ at 10 Hz and the Sr was noticed. A good 

agreement between the 𝜀′′ at 10 Hz and the Sd. Also, a strong correlation between the Sd 

and 𝜀′′ at 10 Hz with the Shore D hardness. These observations are summarized as: 

 

Figure 6.10: Correlation between Sd, 𝜀′′ at 10 Hz, and the Shore D hardness for T-M aged NPP cables. 
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“I have implemented the dielectric spectroscopy over a wide frequency band, and the 

extended voltage response techniques on thermo-mechanically aged XLPE insulated, 

CSPE jacketed, unshielded low-voltage, single-conductor nuclear power plant power cable 

samples. I have revealed that: 

- The real part of permittivity at 10 Hz and the initial slope of return voltage declined 

in the initial stages of thermo-mechanical aging, then both parameters increased, 

indicating the severe damage of the insulation;  

- The imaginary part of permittivity at 10 Hz and the initial slope of decay voltage 

monotonically increased with aging; 

- The behavior of the initial slope of decay voltage and the imaginary part of 

permittivity at 10 Hz strongly correlates with the Shore D hardness data. 

The obtained results elaborate the applicability of these parameters as non-destructive 

aging markers for thermo-mechanically aged XLPE insulated, CSPE jacketed, unshielded 

low-voltage nuclear power plant power cable samples.” 

6.2 NPP Cables and Radiation-Mechanical Aging 

The obtained results of the LV NPP power cable samples under simultaneous radiation-

mechanical (R-M) aging illustrate the effectiveness of the accelerated aging tests, as the 

insulation electrical and mechanical properties altered considerably. The real and imaginary 

parts of permittivity, decay and return voltage slopes, the polarization-Depolarization 

currents, and the Shore D hardness were firmly changed. 

The change of the real permittivity concerning the unaged case is shown in Figure 6.11. 

The same selected reference frequencies for the thermal-mechanical aging have been 

chosen for the radiation-mechanical aging. The real permittivity change was more 

prominent at frequencies 200 µHz, 1 mHz, 5 mHz, and 50 mHz (denoted as very-low-

frequency range) than other frequency ranges. 

Similarly, the change of the imaginary permittivity is presented in Figure 6.12. Unlike 

the real permittivity change, the change of the imaginary permittivity was more evident at 

all frequency spectrums, very-low, low, middle, and high frequencies. The change in both 

parts of permittivity shows variations in the polarization processes related to these 

frequencies, such as space charge polarization, interfacial polarization, and dipolar 

polarization. 
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Combining the very-low, low, and middle-frequency ranges, the real and imaginary 

parts of permittivity are plotted in Figure 6.13 and Figure 6.14. As illustrated in Figure 

6.14, the polarization peak was observed at 0.01 Hz for the unaged case. While with aging, 

the polarization peak was shifted to 200 µHz for all aging cycles. Besides, the imaginary 

part of permittivity behavior at the low-frequency spectrum agrees with the decay voltage 

slope presented in Figure 4.6. 

 

Figure 6.11: Change of real part of permittivity versus the absorbed irradiation dose. 

 

 

Figure 6.12: Change of imaginary part of permittivity versus the absorbed irradiation dose. 
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Due to irradiation and mechanical aging, the covalent bonds in the amorphous and 

crystalline regions are ruptured. Therefore, free radicals are generated, which tend to 

commence the cross-linking, chain-scission, and oxidation chemical reactions, Figure B.2 

[118]. The crystalline region limits the molecular chain movement; thus, the cross-linking 

and oxidation reactions are challenging compared to chain-scission. On the other hand, 

oxidation, cross-linking, and chain-scission-based chemical reactions occur easily in the 

amorphous phase. Under irradiation aging, the polymer carbon-hydrogen bonds are 

fractured due to chain-scission, which enhances the oxidation process in the presence of 

oxygen. The irradiation effects on polymers are either transitory or permanent [118], [119]. 

The generation of peroxide, hydro-peroxides, and electrons are consequences of the 

transitory effect, while the permanent effect results in structural changes [120]. By applying 

an electric field, the radicals respond to the frequency change according to their relaxation 

time. 

  

The generation of free radicals is associated with the degradation of polymers such as 

the entire materials, CSPE and XLPE. Radicals such as sulphonyl chloride groups and alkyl 

radicals are generated due to CSPE degradation [121]. At the same time, the degradation 

of XLPE results in the formation of hydroxyl and carbonyl groups [120], [122]. 

 

Figure 6.13: Real part of permittivity (𝜀′) versus frequency range 200 µHz-1 kHz for R-M aged NPP 

cables. 
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The increase in the interfacial polarization intensity is observable by the monotonic 

increase of permittivity between 0.1 Hz and 1 kHz, Figure 6.13, along with the Sr increase, 

Figure 6.15, suggesting that the generated free radicals have responded to the frequency of 

the applied electric field. These radicals are trapped at the interface between the XLPE and 

CSPE, known as a chemical interface. Also, they may settle between the crystalline and 

amorphous phases, called a physical interface [9], [107]. Thus, the interfacial polarization 

increased. At the same time, the increase of the real and imaginary parts of permittivity at 

the high-frequency range, 2 kHz-500 kHz, shows an increase in the dipolar polarization 

[9]. 

The shifting of the polarization peak from 0.01 Hz to 200 µHz, Figure 6.13 and Figure 

6.14, shows that the polymer backbone was damaged. Consequently, carbonyl groups 

(C=O) were generated due to the presence of oxygen during irradiation aging [123]. The 

generated C=O groups act as shallow traps with a low energy field. Thus, they exhibit as a 

charge transportation source allowing the accumulated charges on the electrodes to liberate 

and discharge into the polymeric insulation. As a result, the insulation conductivity shifts 

up, which agrees with the tendency of the decay voltage slope, Figure 4.6, and the increase 

of the conduction current, as illustrated in Figure 6.16. 

 

 

Figure 6.14: Imaginary part of permittivity (𝜀′′) versus frequency range 200 µHz-1 kHz for R-M aged 

NPP cables. 
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The radiation-mechanical aging caused the cable's insulation hardness to increase, as 

observed in Figure 4.13. As pointed out, the XLPE and CSPE materials were kept intact 

during the whole aging period and during the measurements as well. It is reported that the 

CSPE material becomes more brittle while being exposed to irradiation aging, particularly 

with the presence of oxygen [124], [125]. Therefore, it can be stated that the CSPE material 

has been exposed to more irradiation and mechanical stress than the inner XLPE material. 

Thus, the increase in the cable hardness may be attributed to the excessive degradation of 

 

Figure 6.15: Return voltage slope (Sr) after 1 sec discharging versus the absorbed irradiation dose. 

 

 

Figure 6.16: Conduction current profile at each absorbed dose. 
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the CSPE material due to the cross-linking reaction along with the chain-scission and the 

oxidation reactions. 

Since the cable electrical and mechanical properties introduced a substantial variation 

with aging, electrical aging markers were selected and correlated with the hardness data. 

The real permittivity at 1 Hz and the imaginary permittivity at 1 kHz were selected as 

dielectric spectroscopy aging markers. However, strong variations were obtained at other 

frequencies, but the real permittivity at 1 Hz and the imaginary permittivity at 1 kHz 

presented a strong correlation with the Shore D hardness results, as shown in Figure 6.17. 

Also, the return and decay voltage slopes showed a good agreement with the hardness, as 

depicted in Figure 6.18.  

 

The high R2 values show the applicability of the selected parameters to be used as non-

destructive aging markers as they can reveal the degradation level of the LV XLPE/CSPE 

NPP cables under combined radiation-mechanical stresses. 

While implementing the dielectric spectroscopy over a wide frequency band and the 

EVR method for the assessment of LV unshielded single-conductor NPP cables under R-

M aging. The dielectric parameters 𝜀′ at 1 Hz, 𝜀′′ at 1 kHz, Sr, and Sd have presented a 

linear increasing trend with aging. In addition, these parameters strongly correlates with 

the Shore D hardness data. These observations are summarized as: 

 

 

Figure 6.17: Correlation between the Shore D hardness of R-M aged NPP cables and: (a) 𝜀′ at 1 Hz, (b) 

𝜀′′ at 1 kHz. 
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“I have implemented the dielectric spectroscopy over a wide frequency band, and the 

extended voltage response techniques on irradiated-mechanically aged XLPE insulated, 

CSPE jacketed, unshielded low-voltage, single-conductor nuclear power plant power cable 

samples. I have revealed that: 

- The real part of permittivity at 1 Hz and the imaginary part of permittivity at 1 kHz 

have increased monotonically with the absorbed irradiation dose; 

- The initial decay and return voltage slopes have increased with the absorbed 

irradiation dose; 

- The monatomic increasing fashion of these parameters presented a strong 

correlation with the Shore D hardness measurements. 

These findings demonstrate the applicability of the implemented techniques as non-

destructive condition monitoring techniques for XLPE insulated, CSPE jacketed low-

voltage unshielded, single-conductor nuclear power plant cables exposed to simultaneous 

radiation-mechanical aging.” 

6.3 PV Cables and Thermal-Mechanical Aging 

As mentioned, the XLPO-based PV cable samples were attached to simultaneous 

thermal-mechanical stress, as illustrated in Figure 2.6. As shown in Figure 6.3, the cable 

samples undergo different aging mechanisms where opposite reactions coincide. 

 

Figure 6.18: Correlation between the Shore D hardness of R-M aged NPP cables and: (a) Sr after 1 sec, 

(b) Sd. 
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The behavior of the dielectric electrical parameters: real and imaginary permittivity, the 

dissipation factor, the decay and return voltage slopes, and the polarization/depolarization 

currents, in addition to the Shore D hardness as a mechanical property, present physical and 

chemical changes inside the XLPO material. Semi-crystalline polymers such as XLPO have 

both amorphous and crystalline regions. With being subjected to combined thermal-

mechanical stresses, physical and chemical structural changes occur inside the polymer due 

to the parallel effect of chain scission, cross-linking, oxidation, and mechanical stress. 

Therefore, the degradation process of the XLPO relies on the dominant reaction.  

The electrical parameters, ε′ and 𝜀′′ are related to the polarization and the losses inside 

the dielectric material, respectively [126], [127]. The reduction in ε′ and 𝜀′′ after the first 

aging cycle is due to the evaporation of additives which were added to the dielectric 

material during the fabrication. After that, both ε′ and 𝜀′′ went up which implies the chain 

scission dominant reaction and the micro-cavities which may be created during the tensile 

mechanical stress that helps to increase the charge carriers within the bulk insulation. This 

introduces the formation of low-density regions having voids with nano to sub-micrometer 

size [128]. It is noteworthy that after 636 aging hours, both ε′ and 𝜀′′ decreased, which 

suggests an increase in the cross-linking reaction. With the aging period increased, i.e., the 

aging cycles 1000 and 1120 hours, ε′ and 𝜀′′ decreased as the cross-linking became more 

dominant and the compression stress helps in the generation of more attraction bonds and 

reducing the micro-cavities. Also, the cross-linking and compression stress reduces the 

mobility of charge transportation unlike chain scission and tensile stress [36]. This behavior 

agrees with the swelling ratio and gel fraction results in [129], [130].  

For the sake of clarity, the change of ε′ and 𝜀′′ (ratio of each aging cycle to the unaged 

case) is illustrated in Figure 6.19 and Figure 6.20, respectively. The change is presented at 

frequencies of 200 µHz, 1 mHz, 50 mHz, 100 mHz, 1 Hz, 100 Hz, 500 Hz, 1 kHz, 10 kHz, 

100 kHz, and 500 kHz. As shown in Figure 6.19, the change of the real permittivity was 

more prominent at the low-frequency range compared with the very-low, middle, and high-

frequency ranges. It is evident that the thermal-mechanical stress has a very slight effect on 

the changing behavior of the real permittivity at the middle and high-frequency ranges. 

Similarly, the change in the imaginary permittivity, Figure 6.20, was minor at the 

middle and high-frequency ranges. Whilst it was more prominent at the very low and low-

frequency ranges. With respect to the unaged case, the maximum change was observed at 

1 Hz, where the values were higher than the unaged case, while the minimum change was 
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obtained at 200 µHz, where the values were lower than the unaged case. 

 

As stated, the decay voltage slope (Sd) is associated with the insulation conductivity (γ), 

and it is measured when the electrode charges are discharged inside the dielectric material. 

As presented in Figure 5.7, the increase of Sd after the second and third cycles is attributed 

to the hopping of the charged particles due to the presence of low-density regions [127]. 

This contributes to weak electrode charges energy field to occupy these sites. Therefore, 

the insulation-specific conductivity increased. In contrast, the cross-linking reaction 

hinders chain mobility and thermal expansion [127], [129].    

Figure 6.21 presents the results of the return voltage slope, Sr, after 1 sec discharging. 

It is apparent that the return voltage sharply decreased after the first cycle, which agrees 

with the behavior of the dielectric constant, ε′. Also, the return voltage slope change along 

the whole aging period was not significant since the Sr increased from 29.984 V/sec after 

the first cycle to 31.1 V/sec after the last cycle. The slight increase in Sr after the second 

and third cycles refers to the structural changes inside the dielectric material. This also 

suggests an increase in the interfacial polarization between the cable jacket and core 

insulation as they were kept intact. After that, the Sr showed almost a constant value, which 

 

Figure 6.19: Change of real part of permittivity versus the aging period for T-M aged PV cables. 
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is attributed to the creation of cross-linking and the role of the mechanical compression 

stress [131]. The return voltage behavior strongly correlates with the real permittivity 

behavior shown in Figure 6.19.  

 

 

 

Figure 6.20: Change of imaginary part of permittivity versus the aging period for T-M aged PV cables. 

 

Figure 6.21: Return voltage slope (Sr) after 1 sec discharging versus the aging period for T-M aged PV 

cables. 
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Figure 6.22 and Figure 6.23 present a combined profile for real and imaginary 

permittivity over the very-low, low, and middle-frequency ranges. In the unaged case, two 

polarization peaks have been observed at 200 µHz and 20 mHz. While with aging, the 

polarization peak after the first cycle was obtained at 20 mHz, while after the second, third, 

fourth, and fifth cycles, the peak has been shifted to 40 mHz. For the last aging cycles, 

sixth, seventh, and eighth, the polarization peak shifted back to 20 mHz, Figure 6.24. 

 

 

 
Figure 6.22: Real part of permittivity (𝜀′) behavior versus frequency range 200 µHz-1 kHz for T-M 

aged PV cables. 

 

 
Figure 6.23: Imaginary part of permittivity (𝜀′′) behavior versus frequency range 200 µHz-1 kHz for T-

M aged PV cables. 
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The minimum value of the imaginary permittivity has been obtained at 1 kHz over the 

whole aging period and for the unaged case as well. The re-creation of cross-linking is a 

well-known phenomenon for the XLPO, where the main degradation cause is the cross-

linking dominant reaction.  

 

Due to the degradation of polymers, a breakage of molecular chains occurs, enhancing 

the mobility of ions and lowering the mechanical strength. However, with recross-linking, 

the polymer material becomes more rigid and brittle [132]. The XLPO material exhibited 

an anomalous hardness behavior, as presented in Figure 5.14. It was evident that after all 

aging cycles, the hardness values were less than the unaged case except after the first aging 

cycle as the value increased only by 0.31, which could be a measurement error. For semi-

crystalline polymers such as XLPO, the condition and number of tie molecules that connect 

the crystalline and amorphous regions have a pivotal role in the polymer tensile properties. 

Also, when the polyolefin is exposed to an elevated temperature, retrieving its mechanical 

properties is enhanced. The hardness of the XLPO as a semi-crystalline polymer relies on 

the hardness of both the amorphous and crystalline regions. The latter has a higher hardness 

than the former one. When the XLPO is subjected to elevated temperature for long periods, 

the recross-linking not only inherits the chain mobility, but it also presents an irregular 

structure within the chain. Both lead to a reduction of the crystallinity of the XLPO 

 

Figure 6.24: Shifting of the maximum value of the imaginary permittivity versus the aging period for T-

M aged PV cables. 
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material. As a result, the XLPO cable samples had the ability to recover their properties 

when exposed to long-term aging at an elevated temperature [129], [130]. 

Figure 6.25 describes the change of the CRP and RPCF with aging. As illustrated in 

Figure 6.25 (a), the CRP presented a non-monotonous trend with aging. However, the 

trendline suggests the increase of the CRP. Also, RPCF has increased with aging, at the last 

three aging cycles showing the shifting of the polarization peaks to higher frequencies, 

Figure 6.25 (b). 

   

The profile of the CIP and IPCF is depicted in Figure 6.26. However, the CIP declined 

after the first aging period, Figure 6.26 (a), it increased after the second, third, and fourth 

aging periods. Then, the CIP presented a linear decreasing fashion with aging. The trendline 

of the IPCF, Figure 6.26 (b), shows the shifting of the polarization peaks towards the lower 

frequencies. The behavior of the CIP strongly agrees with the conduct of the decay voltage 

slope, as presented in Figure 6.27. The solid agreement between the decay voltage slope 

and the CIP suggests the applicability of these parameters as aging markers. 

For more clarification and as a function of the aging period, Figure 6.28 shows the 

correlation between the Sd and the 𝜀′′ at 1 Hz. It is evident that there is a strong correlation 

between Sd and 𝜀′′ since both have increased after the second and third cycles due to the 

chain-scission. While with the cross-linking dominant reaction, they regularly declined 

with aging after the fourth aging cycle till the last aging cycle. 

 

Figure 6.25: (a) CRP, (b) RPCF for T-M aged PV cables. 
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Considering the correlation of the hardness with the 𝜀′ and 𝜀′′, relationships were 

established between the Shore D hardness, 𝜀′, and 𝜀′′. The correlation with the Shore D 

hardness,  Figure 6.29, was not high compared to the correlation with aging, Figure 6.28. 

Therefore, for the XLPO double insulated PV cable, 𝜀′ at 0.1 Hz and 𝜀′′ at 1 Hz have been 

chosen as dielectric spectroscopy aging markers as depicted in Figure 6.29. Similarly, the 

correlation of the EVR results (Sd and Sr after 1 sec discharging) and the Shore D hardness 

is presented in Figure 6.30. The low R2 values are due to the sharp decrease of the Sr and 

 

Figure 6.26: (a) CIP, (b) IPCF of T-M aged PV cables. 

 

 

Figure 6.27: Correlation between Sd and CIP of T-M aged PV cables. 
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Sd after the first aging cycle. While after the subsequent cycles, the hardness behavior 

strongly agrees with the Sr and Sd. This shows the applicability of the EVR method to be 

used as an aging indicator for the XLPO insulated PV cable samples. 

 

 

 
Figure 6.28: Correlation between Sd and 𝜀′′ at 1 Hz for T-M aged PV cables. 

 

 
Figure 6.29: Correlation between the Shore D hardness of T-M aged PV cables and: (a) 𝜀′ at 0.1 Hz, (b) 

𝜀′′ at 1 Hz. 

 



Chapter 6: Discussion 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

89 
 

 

With the implementation the dielectric spectroscopy over a wide frequency band and 

the EVR method for the assessment of LV unshielded single-conductor PV cables under T-

M aging. A variation in the 𝜀′ and 𝜀′′ was observed. The CIP correlates with the Sd 

behavior. These observations are summarized as: 

“I have implemented the dielectric spectroscopy over a wide frequency band, and the 

extended voltage response techniques on thermally-mechanically aged XLPO insulated, 

XLPO jacketed, unshielded low-voltage, single-conductor photovoltaic cable samples. I 

have revealed that: 

- The real part of permittivity at 0.1 Hz and the imaginary part of permittivity at 1 Hz 

initially increased, while they declined with the aging time increased; 

- The non-monotonic trend of the real part of permittivity at 0.1 Hz and the imaginary 

part of permittivity at 1 Hz agrees with the Shore D hardness measurements; 

- The initial decay voltage slope presented a strong correlation with the imaginary 

part of permittivity at 1 Hz;  

- The deducted central imaginary permittivity showed a solid agreement with the 

initial slope of decay voltage. 

 

Figure 6.30: Correlation between the Shore D hardness of T-M aged PV cables and: (a) Sr after 1 sec, 

(b) Sd. 
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The results prove that the dielectric spectroscopy and the extended voltage response 

techniques can be used as non-destructive condition monitoring techniques for thermally-

mechanically aged XLPO insulated, XLPO jacketed, unshielded low-voltage, single-

conductor photovoltaic cable.”  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7: Summary and Future Work 
ــ ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ ـــــــــــــــــــــــــــــــــــــــــــــــ  

91 
 

Chapter 7: Summary and Future Work 

7.1 The Novelty of the Dissertation 

The degradation of LV cables' polymeric insulation is a critical issue that is likely to 

affect the ability of cables to operate safely and reliably over their stipulated life or beyond. 

Thus, studying the degradation mechanisms to clarify the real cause of insulation 

degradation is still out of reach and a topic at present. In this Ph.D. work, the effect of multi-

stress environments on the aging of LV single-core, unshielded power cables used in NPPs 

has been investigated. NPP cables' functionality and integrity are tested by qualification. 

However, the qualification standards of NPP cables can prescribe mechanical stress 

(coiling on a mandrel) to demonstrate adequate flexibility and lack of embrittlement after 

radiation and thermal aging; there are no recommendations for the bending or other 

mechanical loading during the accelerated aging tests procedures. The simultaneous action 

of mechanical stresses with ionizing irradiations and elevated temperatures is an essential 

factor that should be taken into consideration.  

Thus, combined thermo-mechanical and radio-mechanical accelerated aging tests have 

been carried out on XLPE/CSPE LV nuclear power cable samples. The accelerated aging 

tests were carried out for the whole cable to simulate the in-situ operation of cables, i.e., 

the core insulation and the jacket were kept intact during aging. Noteworthy, these aging 

scenarios have increased the complexity of the aging process. However, they provided a 

better understanding of the whole cable degradation. 

CM techniques are developed and widely implemented to explore the impact of aging 

on the insulation integrity of cables. A variety of electrical test techniques have been 

adopted to examine HV, MV, and LV cables. However, the application of such methods 

has been limited with the presence of shielding as a second measurement electrode. Thus, 

the assessment of the cables under this work is challenging since they are unshielded. Out 

of the CM techniques, dielectric spectroscopy, EVR, and PDC methods have been 

implemented. Besides, the effect of aging on the insulation mechanical properties was 

studied by conducting the Shore D hardness test.  

The aging of polymers results in structural changes, chemical and physical, that affect 

the functionality of cables. Accordingly, selecting non-destructive aging markers that 

present a good agreement with the degradation is essential. Furthermore, such aging 

markers must reveal and provide information about the state of the cable. Also, the 

determination of these aging markers would significantly improve the present CM 
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techniques. Therefore, in the current work, electrical aging markers were selected based on 

the obtained results. Besides, the applicability of the implemented techniques was explored 

by investigating a different material, XLPO, under thermo-mechanical stresses. 

The most important new scientific findings of the present dissertation can be 

summarized in three theses as follows: 

7.1.1 Thesis I 

“The qualification tests of nuclear power plant cables do not involve mechanical stress in 

the simulation of operation aging. To investigate the effect of mechanical stress, XLPE 

insulated, CSPE jacketed, unshielded, low-voltage, single-conductor nuclear power plant 

cable samples were exposed to thermal and thermo-mechanical accelerating aging. 

Analyzing the results of the low-frequency dielectric spectrum and Shore D hardness 

measurements of thermally and thermo-mechanically aged samples, I have revealed that: 

- The central frequency of the imaginary part of permittivity of thermo-mechanically 

aged samples was higher than that of thermally aged ones by 0.5 mHz; 

- On average, the Shore D hardness of thermo-mechanically aged samples was 

higher than that of thermally aged ones by 3.92%. 

These results show that mechanical stress substantially impacts the degradation of the 

polymeric materials of nuclear power plant cables in combination with the thermal stress. 

It is necessary for cables subjected to mechanical stress to include mechanical stress in the 

aging procedure of the qualification tests.” 

The main purpose of this thesis is to compare the dielectric behavior in the low-

frequency range, and the Shore D hardness of thermally and thermo-mechanically aged 

single-core XLPE/CSPE insulated LV NPP cables. For the purpose of investigation, one 

group of cables was straightened, and the other one was coiled on a mandrel. Both groups 

were aged at 120 oC for more than 1200 h. The dielectric spectrum in the 200 µHz-50 mHz 

frequency range and the Shore D hardness were measured on both groups. To clarify the 

changes in the dielectric spectrum due to aging, derived quantities, namely CRP, RPCF, 

CIP, and IPCF, were introduced. The deducted quantities showed that the real part of 

permittivity of the T-M aged samples was higher by nearly 0.1 than that of thermally aged 

ones during the whole aging period in the investigated frequency range. At the same time, 

the RPCF curves decreased by 1 mHz due to thermal aging. A similar change was not 

observed in the case of T-M aged samples. 
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However, no significant change was observed between the two groups in terms of the 

CIP, the IPCF of T-M aged samples was higher than the thermally aged ones by 0.5 mHz. 

Indicating a higher conductivity in the case of T-M aging, which can be the result of the 

annealing effect. The Shore D hardness was also higher on the T-M aged samples than the 

thermally aged ones during the aging. At the end of aging, the hardness of the T-M was 

34% higher than the initial value, while that of thermally aged samples was only 30% 

higher. 

Based on the results, it can be concluded that mechanical stress has a strong role in the 

degradation of NPP LV cables insulation. 

This thesis has been published in [J3, J6, J8, J9, J12, J13, J16, J17, J18, C4, C6, 

C9, C12, C13]. 

7.1.2 Thesis II 

“I have implemented the dielectric spectroscopy over a wide frequency band, and the 

extended voltage response techniques on thermo-mechanically aged XLPE insulated, 

CSPE jacketed, unshielded low-voltage, single-conductor nuclear power plant power cable 

samples. I have revealed that: 

- The real part of permittivity at 10 Hz and the initial slope of return voltage declined 

in the initial stages of thermal-mechanical aging, then both parameters increased, 

indicating the severe damage of the insulation;  

- The imaginary part of permittivity at 10 Hz and the initial slope of decay voltage 

monotonically increased with aging; 

- The behavior of the initial slope of decay voltage and the imaginary part of 

permittivity at 10 Hz strongly correlates with the Shore D hardness data. 

The obtained results elaborate the applicability of these parameters as non-destructive 

aging markers for thermally-mechanically aged XLPE insulated, CSPE jacketed, 

unshielded low-voltage nuclear power plant power cable samples.” 

LV cable systems in NPPs are vital components that have a crucial role in the safe 

operation of nuclear facilities. They must maintain their intended function during the 

stipulated operational time of NPPs, involving the regular operation and accident 

conditions such as LOCA, where the temperature may dramatically increase up to 200 oC. 

Thus, extensive research work has been devoted to the role of simple thermal stress on the 

insulation behavior of NPP cables. However, as reported, at some locations in NPPs, the 
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installation bending radius does not meet the manufacturer installation guidelines. As a 

result, excessive degradation of cables' insulation may occur essentially if the bending 

radius is sufficiently small.  

The thesis's main purpose is to seek such aging markers that could explore the 

interaction between the aging stressors and the polymeric insulation of NPP cables under 

combined thermo-mechanical stresses. With the cable samples being subjected to eight 

aging cycles at 120 oC, the applicability of two potential-based electrical non-destructive 

techniques for assessing the XLPE/CSPE cable samples was evaluated and confirmed. 

These techniques involve dielectric spectroscopy with frequency swapping from 200 µHz 

to 500 kHz and the extended voltage response. 

The real part of permittivity and the return voltage slope showed a downward trend 

after the first six aging cycles, which may be attributed to the cross-linking of the XLPE & 

CSPE and the dehydrochlorination of the CSPE. Moreover, the opposite effect of tensile-

compressive forces. After that, the real permittivity and the return voltage slope increased. 

That was due to the cracks and insulation damage as the insulation became more brittle. 

This indicates that the chemical and physical changes in the mechanical properties 

influenced the dielectric response of the cable insulation. 

The decay voltage slope, associated with insulation conductivity, has increased with 

aging. However, the imaginary part of permittivity presented a non-monotonic trend with 

aging due to the presence of several reactions; a good agreement was observed between the 

decay voltage slope and the imaginary permittivity at 10 Hz. 

The established correlations reflect the effectiveness of the conducted techniques and 

confirm their applicability to be used as non-destructive aging indicators for thermally-

mechanically aged XLPE/CSPE unshielded LV NPP power cable samples. 

This thesis has been published in [J3, J6, J9, J13, J16, J18, C2, C6, C9, C12, C13]. 

7.1.3 Thesis III 

“I have implemented the dielectric spectroscopy over a wide frequency band, and the 

extended voltage response techniques on irradiated-mechanically aged XLPE insulated, 

CSPE jacketed, unshielded low-voltage, single-conductor nuclear power plant power cable 

samples. I have revealed that: 

- The real part of permittivity at 1 Hz and the imaginary part of permittivity at 1 kHz 

have increased monotonically with the absorbed irradiation dose; 
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- The initial decay and return voltage slopes have increased with the absorbed 

irradiation dose; 

- The monatomic increasing fashion of these parameters presented a strong 

correlation with the Shore D hardness measurements. 

These findings demonstrate the applicability of the implemented techniques as non-

destructive condition monitoring techniques for XLPE insulated, CSPE jacketed low-

voltage unshielded, single-conductor nuclear power plant cables exposed to simultaneous 

radiation-mechanical aging.” 

LV NPP cables placed in the containment area are exposed to high levels of gamma 

irradiations during their normal operation and accident conditions. Thus, it is believed that 

radiation stress is one of the dominant stresses that the NPP LV cables encounter. At the 

same time, less attention has been paid to the role of mechanical stresses and their impact 

on the insulation integrity of NPP LV cables. This thesis targeted investigating the effect 

of parallel radiation-mechanical accelerated aging tests on XLPE/CSPE insulation-based 

single-conductor unshielded LV NPP cable samples.      

The cable samples underwent combined radiation-mechanical aging with a constant 

bending radius while exposed to five gamma irradiation doses with a total absorbed dose 

of 400 kGy at a 500 Gy/hr dose rate. Dielectric spectroscopy over a frequency band of 200 

µHz-500 kHz and the EVR have been implemented as non-destructive CM techniques to 

assess the insulation state. 

The regular increase of the real permittivity at 1 Hz revealed the intensity of the 

interfacial polarization process. This hypothesis has been confirmed by the rise of the return 

voltage slope, which is related to the polarization conductivity. Also, the monotonic 

increment of the imaginary permittivity at 1 kHz reflects the dipolar polarization's intensity 

and the insulation resistivity reduction. This is also agreed with the rise of the decay voltage 

slope, which is associated with the insulation conductivity. Furthermore, the cable 

insulation hardness has increased with aging.  

Based on the strong agreement (liner fitting) between the insulation electrical 

parameters and the Shore D hardness, it can be stated that the real permittivity at 1 Hz, the 

imaginary permittivity at 1 kHz, the decay and return voltage slopes are applicable as non-

destructive aging markers for XLPE/CSPE, unshielded LV, single-conductor NPP cables.  

This thesis has been published in [J1, J4, J16, C12, C13].  
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7.1.4 Thesis IV 

“I have implemented the dielectric spectroscopy over a wide frequency band, and the 

extended voltage response techniques on thermo-mechanically aged XLPO insulated, 

XLPO jacketed, unshielded low-voltage, single-conductor photovoltaic cable samples. I 

have revealed that: 

- The real part of permittivity at 0.1 Hz and the imaginary part of permittivity at 1 Hz 

initially increased, while they declined with the aging time increased; 

- The non-monotonic trend of the real part of permittivity at 0.1 Hz and the imaginary 

part of permittivity at 1 Hz agrees with the Shore D hardness measurements; 

- The initial decay voltage slope presented a strong correlation with the imaginary 

part of permittivity at 1 Hz;  

- The deducted central imaginary permittivity showed a solid agreement with the 

initial slope of decay voltage. 

The results prove that the dielectric spectroscopy and the extended voltage response 

techniques can be used as non-destructive condition monitoring techniques for thermo-

mechanically aged XLPO insulated, XLPO jacketed, unshielded low-voltage, single-

conductor photovoltaic cable.”  

In thesis IV, the behavior of LV PV cable samples under the effect of simultaneous 

thermal-mechanical stresses has been studied. The XLPO insulation-based PV cable 

samples have been subjected to eight aging cycles lasted to 1120 hours. Electrical and 

mechanical dielectric assessment techniques have been conducted to investigate the 

changes in the XLPO material. The evaluation involved a dielectric response with 

frequency swapping between 200 µHz and 500 kHz and extended voltage response. While, 

as a mechanical property, the Shore D hardness measurement has been applied. 

The change of the real permittivity at frequencies higher than 1 Hz was rarely where 

the values almost remained unchanged. At the same time, a slight change was observed at 

1 Hz and less, which was more evident at 50 mHz, 100 mHz, and 1 Hz. In contrast to the 

real permittivity, the change of the imaginary permittivity was more noticeable between 

200 µHz and 1 kHz. For instance, at 1 Hz, the imaginary permittivity change increased 

monotonically with aging till the fourth aging cycle, 396 aging hours. Afterward, it 

decreased until reaching the last aging cycle, 1120 hours. 
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The return voltage slope initially dropped, while after the subsequent cycles, the role of 

the thermal-mechanical stresses on the return voltage values was not significant as slight 

changes were observed. After the fourth aging cycle, the decay voltage slope decreased 

monotonically. With the aging period increased, the hardness of the XLPO material 

surprisingly decreased, showing that the XLPO became softer. 

At the initial aging periods, the increase in permittivity and the decay voltage slope 

were attributed to the chain-scission-based reaction where localized sites with low energy 

fields are generated. As a result, the XLPO backbone has degraded, which was evident with 

the increase of the permittivity, decay voltage slope, and hardness. With more aging, the 

electrical and mechanical parameters declined, suggesting cross-linking-based reaction 

domination. Moreover, with the chain-scission dominant reaction, the maximum value of 

the imaginary permittivity has been obtained at 40 mHz. While at higher aging periods 

where the cross-linking is more prevalent, the imaginary permittivity maximum value 

shifted back to 20 mHz, the same as the pristine case. It can be noticed that after 1120 aging 

hours, the XLPO material showed high durability against the combined thermal-mechanical 

stresses. The obtained results show the ability of the XLPO material to retain its electrical 

and mechanical properties while being exposed to long-term aging at a higher temperature. 

This thesis has been published in [J2, C1, C5, C12, C13].  

The results of thermal and thermomechanical aging studies have shown that the effect 

of combined aging can be significant on the dielectric and mechanical properties of cable 

insulation. An extension of cable qualification standards in this direction should certainly 

be considered.  

Another significant result is that, even though different insulations with different 

construction and composition under multi-factor aging have been investigated, the 

implemented electrical and mechanical techniques' effectiveness in assessing the insulation 

state in a multi-stress environment is evident. Thus, they can be adopted as non-destructive 

CM techniques for single-core, unshielded LV nuclear cables.   

7.2 Directions of Further Work 

The synergetic effect of multi-stress environments on the insulation behavior of single-

conductor, unshielded LV NPP cables is still a topic at present. Emerging research 

problems that come from this research include the following: 
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i. The results of the electrical measurements can be validated by mechanical tests 

such as EaB; 

ii. Also, involving chemical investigations such as FTIR, OIT, and density will provide 

a deep understanding of the aging effects and gives a good explanation of the 

chemical and physical changes in the dielectric materials; 

iii. Estimating the remaining useful life (RUL) is a topic that is receiving much interest. 

The obtained results and the selected aging markers can be used in the RUL 

estimation of single-conductor LV cables; 

iv.  Since the entire work was based on laboratory testing (ex-situ), conducting the 

implemented techniques in fields (in-situ) will help to improve the applicability of 

these techniques for the in-situ assessment of LV cables. 
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Appendix A: NPP LV Cables: Types, Construction, and 

Materials 

As per the IAEA report [55], cables in nuclear power plants are classified into: 

i. Instrumentation and control (I&C) cables (shielded, twisted, triaxial, and coaxial); 

ii. Low-voltage (≤ 1 kV) and medium-voltage (up to 35 kV) power cables; 

iii. Specialty cables (cables exposed to high radiation levels and articulating cables); 

iv. General service cables (telephone cables, ground cables). 

Cables are used to transmit control signals and data, communicate between different 

NPP systems, and power various apparatuses. The predominant cable types used in the 

NPPs are LV power cables and I&C cables. There is no considerable distinction between 

the design and materials of the LV power and control cables [6]. Plant auxiliaries such as 

motors, motor control centers, heaters, and small transformers are powered via LV power 

cables. Such cables involve single or multi-conductors, and they are generally unshielded. 

Control cables are used to interconnect the NPP control components like contactors, 

valves, relays, and switches. Mostly, these cables are multi-core cables and comprise 

shielding to increase the immunity against noise, electromagnetic, and radio frequency 

interferences, especially for applications near HV systems [29]. 

Instrumentation cables transmit LV and low current analogue/digital signals generated 

by transducers and sensors such as pressure transmitters, temperature and vibration 

detectors, and fluid analyzers. Generally, these cables include single or multiple pairs of 

thermocouples such as resistance temperature detectors, twisted shielded pairs, coaxial, 

triaxial, and multi-conductor with conductors arranged in the concentric layers  [29], [30]. 

The cables' design process involves selecting the conductor, primary insulation, shield, 

jacket, and armor material in addition to the conductor size for the anticipated service 

requirements. These cables are designed for a particular application; therefore, interchange 

different cable types for other applications is not usually permitted [30]. 

Among the various conductor materials, copper, particularly annealed copper, is vastly 

adopted as the nuclear cables' primary conductor material. In most cases, the copper 

conductor is coated with tin, tin-lead alloy, nickel, or silver to minimize oxidation, enhance 

solderability, and allow operation at a higher conductor temperature [133], [134].  

In the nuclear environment, the insulation of cable conductors and jackets is designed 

and qualified for particular application and service conditions [135], [136]. Virtually, 
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polymers are extensively used in the insulation of NPP cables. The selection of the 

jacketing material is related to the environment where the cable will be used. However, the 

same material may be used as core insulation and jacket [137]. As per the Electric Power 

Research Institute (EPRI) report [133], the XLPE and EPR/EPDM were the most prevalent 

insulation materials for in-containment LV cables in around 106 United States NPPs. They 

have been found within containment in 89 % and 76 %, respectively, of the surveyed NPPs. 

Other materials such as silicon rubber (SR) and CSPE counted less than 30%, to below 

20% for ethylene tetrafluoroethylene (ETFE), and less than 10% for other materials such 

as PVC, PE, neoprene, polyalkene, and ethylene chloro-trifluoroethylene (ECTFE). 

Currently, PVC is no longer used to jacket cables in NPPs to reduce the release of halogens 

during the fire [6]. Figure A.1 presents the percentages of United States NPPs cable 

polymeric insulations and jacket in-containments [133]. Besides, XLPO and polyether 

ether ketone (PEEK) are introduced for the insulation of NPP LV cables [137].  

 

Most of the polymers used in cables are heavily filled and contain several additives to 

the base resins to enhance the chemical, physical, and electrical polymers properties [138], 

[137]. These additives include antioxidants, flame retardants, coloring agents, fillers and 

curing agents, plasticizers, initiators, stabilizers, and other chemicals [64]. Additives have 

a pivotal role in the operation and degradation characteristics of cable materials [31], [71], 

 

Figure A.1: Prevalent conductor insulation and jacket polymeric materials inside the containments of 

United States NPPs [133].  
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[140]–[142]; therefore, it is crucial that the formulation of the cable material is traceable 

and documented [58]. For instance, the same insulation fabricated by the same 

manufacturer, same formulations, raw materials, additives, and curing process can show a 

significant difference in the deterioration characteristics due to changes in the raw material 

supplied by the chemical industry. Thus, providing the same cable which may have been 

supplied to a NPP is not guaranteed [64]. 

Fire retardants and antioxidants are the most superabundant additives. Fire retardants 

can reach 50/60 % of the insulation weight. Brominated flame retardants are widely applied 

by various brominated components to inhibit the materials' ignition and slow their 

combustion rate. Besides, fire retardants have a role in hindering the radicals generation 

and oxygen diffusion, thus slacking the oxidation process [6], [140]. 

Polymers vary in their inherent resistance to oxidation depending on their chemical 

structure and physical and morphological characteristics and would; therefore, they require 

varying degrees of protection by antioxidants [143]. Antioxidants are compounds that act 

to protect the polymer substrates primarily against the deleterious effects of oxidation. The 

antioxidants' effectiveness relies on their intrinsic chemical activity and physical retention 

in the polymer [144]. During aging, antioxidants are consumed through migration to the 

surrounding environment, leading to premature failure of polymers [143]. A combination 

of two antioxidants can improve the effectiveness of antioxidants and increase the 

polymers' operational lifetimes [6]. 
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Appendix B: Degradation Mechanisms of Polymers 

According to IEC 505-1 [145] and IEEE 1064-1991 [146], the aging of solid insulating 

materials is defined as "the occurrence of irreversible deleterious changes that critically 

affect performance and shorten useful life". Polymer chains degradation is the most 

significant mechanism since it directly influences the polymeric material's operational 

performance. The aging rate and degree of insulating materials rely on [20]: 

i. Manufacturing and treatment process; 

ii. Chemical and physical properties; 

iii. Nature and duration of the applied/induced stress(es); 

iv. Subsequent use in equipment. 

Multifactor aging is a complex process since the aging factors may apply sequentially 

or simultaneously. Also, the interaction between these factors is synergistic in nature [20]. 

Regardless of the material type, all-natural and synthetic materials undergo transitive 

and/or intransitive aging, which results in various direct or indirect interactions, Figure B.1 

[20]. Thence, Physico-chemical structural changes occur, and the polymer chains degrade. 

Chemical and physical degradation are the leading polymer degradation causes. 

Chemical degradation is a consequence of a change in the polymer structure, bond 

disruption, and generation of new bonds, while physical degradation results from, e.g., the 

diffusion of low molecular weight components such as plasticizers or water [58], [147]–

[150]. When polymers are going through the degradation process, molecular changes take 

place, where the main aging mechanisms are chain scission, chain cross-linking, oxidation, 

and gas evolution [133], [18]. 

Chain scission, the creation of two shorter chains due to molecular chain breakage; 

Chain cross-linking, two adjacent macromolecules are covalently bonded; 

Oxidation, the disintegration of macromolecules by the action of oxygen.  

Both cross-linking and chain scission are basically opposite processes; however, both 

mechanisms and oxidation may occur simultaneously in the same material, while one of 

them may be dominant [9]. Besides, cross-linking and chain scission depend largely on 

oxygen presence [133]. The role of the oxidation process at higher temperatures and 

ionizing radiations is enhanced. In contrast, the oxidation role is limited at normal ambient 

conditions and without the means of free radicals generation [18]. Figure B.2 shows the 
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effect of the different chemical reactions, cross-linking, scission, and oxidation on the 

structure of a polymer molecule and the dielectric material properties [13]. 

 

In the case of thermal and radiation aging, the oxidation chemical reactions in polymers 

are divided into three steps, Figure B.3 [36], [133], [93], [151]: 

i. Initiation, free radical is formed in the polymer chain due to the thermal and 

radiation energy 

  (polymer) (    ) ( )RH R free radical in polymer H proton• •→ +  (B.1) 

ii. Propagation and branching, the free radical ( R• ) reacts with oxygen forming 

peroxy radical as in (B.2). Afterward, the peroxy radical abstracts hydrogen to form 

the same radical ( R• ) and hydro-peroxide (B.3).  

 
2

(  )R O R O O peroxy radical• •+ → − −  (B.2) 

 ( ) (  )R O O RH R O OH hydro peroxide R free radical• •− − + → − − − +  (B.3) 

As in (B.4), Poly-oxi and hydro-oxi radicals are formed due to the decomposition 

of hydro-peroxide. The poly-oxi radicals decompose to chain scission and oxidation 

products (carbonyl groups, alcohols) (B.5).  

 R O OH RO O H• •− − → +   (B.4) 

 

Figure B.1: Aging stresses and interactions. 
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 ( )  ,  Chain ScissionR carbonyl alcoholO• →  (B.5) 

iii. Effect of antioxidants (AX) "termination", AX reacts with radicals to stop the 

oxidation processes via recombination of radicals to form stable groups.  

 ( ) ( ) ( )R O O RO AX antioxidant R O OX R OX AY• •− − + → − − − +  (B.6) 

  

The degradation chemical reactions rely on the kinetics of each step in the oxidation 

chain reactions. The stress type and the additives in the polymer control this kinetics [152]. 

In addition to the dominant reactions, chain scission, cross-linking, and oxidation, it is well 

established that the irradiation degradation of polymers also involves gas evolution which 

causes swelling [13], [152]. The oxygen presence influences the nature of the evolved 

gases. The major evolved gases under irradiation stress and oxygen presences are H2O and 

CO2, respectively, and the polymer material undergoes chain-scission dominant 

degradation [153], [154]. While, without oxygen, i.e., inert atmosphere or vacuum, the 

produced gases are H2, CH4, and C3H8, and the cross-linking becomes the dominant 

degradation reaction [154], [155]. Besides, the oxygen diffusion in polymeric materials 

 

Figure B.2: Structural changes due to chemical reactions and their effect [13]. 
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during aging relies on the material structure; therefore, each material will present different 

degradation characteristics [156]–[158]. Diffusion-limited heterogeneous degradation in 

bulk polymers is a crucial factor associated with the oxygen diffusion processes. The 

heterogeneity of oxygen occurs when the polymeric material surface is more exposed to 

oxygen than the insulation section near the conductor [156], [159]. Consequently, 

significant oxidation occurs only near the material surface [154]. 

 

 

 

 

 

 

 

 

Figure B.3: Basic oxidation reactions in polymers [18]. 
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Appendix C: Description of Condition Monitoring Techniques 

C.1 Polarization/Depolarization Current  

The circuit illustration of the PDC measurement is shown in Figure C.1 (a). Initially, a 

charging DC step voltage of magnitude 𝑉𝑐ℎ is connected across the dielectric material via 

closing the switch S1 for a charging period of 𝑡𝑐ℎ. During this phase, the current measured 

by the electrometer is known as the polarization current (𝑖𝑝), Figure C.1 (b). The 

polarization current can be expressed as [94]: 

 0
0

( ) ( )p chi t C V f t




 
= + 

 
 (C.1) 

Where   is the DC conductivity, and 𝑓(𝑡) is the dielectric response function. 

  

(a) (b) 

Figure C.1: Illustration of the PDC technique: (a) circuit representation, (b) timing diagram. 

The charging “polarization” current involves three current components [160], [161]: 

the capacitive, absorption, and the conduction “leakage” current. The capacitive current has 

a high value at the beginning of the charging step, but it declines quickly. The absorption 

current is related to the activation of different polarization processes within the dielectric 

material. The absorption current has a slower decay than the capacitive current. While the 

conduction current continuously flows inside the dielectric material, and it is associated 

with the conductivity of the dielectric material. 

After the end of the charging phase, i.e., 𝑡 > 𝑡𝑐ℎ, the charging DC source is 

disconnected by opening switch S1. Simultaneously, the switch S2 is closed for the 

discharging “shortening” of the dielectric. Thus, the depolarization current (𝑖𝑑) will be built 
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up, Figure C.1 (b). The depolarization current is of opposite polarity, and it includes only 

the current due to the polarization processes. This current can be expressed as [94]: 

  0( ) ( ) (d ch chi t C V f t f t t= − +  (C.2) 

If the dielectric material was sufficiently charged to complete all the polarization 

processes, the term 𝑓(𝑡 + 𝑡𝑐ℎ) can be ignored, and the DC conductivity (σ) can be easily 

calculated from the difference between the polarization and depolarization currents. 

 ( )0

0

( ) ( )p d
ch

i t i t
C V


  −  (C.3) 

C.2 Extended Voltage Response  

The circuit representation of the EVR method is depicted in Figure C.2. With switch S1 

closed and S2 open, the dielectric material is charged by an external DC source of 1 kV for 

a charging period of 𝑡𝑐ℎ. This allows the accumulated charge on the electrodes to discharge 

into the dielectric; then, both switches remain open for the measurement of the decay 

voltage slope, Sd. For measuring the return voltage slope, Sr, switch S1 remains open while 

switch S2 is closed for multiple shortening periods, as illustrated in Figure C.3. This helps 

to investigate the polarization spectrum in a wide range [9]. 

 

 

 

Figure C.2: Circuit representation of EVR method. 

 

Figure C.3: Timing diagram of EVR method. 
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The return and decay voltage slopes are expressed in C.4 and C.5, respectively. 

 
ch

d

V
S 


=  (C.4) 

 
ch

r

V
S 


=  (C.5) 

The term “  “ is defined as the relative permittivity due to instantaneous polarization 

processes. The decay voltage slope is associated with the insulation conductivity (  ), 

while the return voltage slope is related to the polarization conductivity (  ). 

C.3 Insulation Resistance  

Insulation Resistance (IR) test is the resistance measurement between two conductive 

electrodes separated by electrical insulation (dielectric). The IR test is beneficial to examine 

how the dielectric material is able to resist the flow of current through it. This test is based 

on Ohm's law; by injecting a known DC voltage for a specific time and measuring the 

resulting current flowing, the resistance value can be easily calculated with respect to time. 

Generally, the injection “test” voltage value is lower than the dielectric testing voltage. The 

insulation resistance value provides a good indication about the quality of the insulation 

and the risks of the leakage current flowing. The insulation resistance data are analyzed as 

the ratio of the insulation resistance at two different times. These ratios are defined as the 

Dielectric Absorption Ratio (DAR), Polarization Ratio (PR), and Polarization Index (PI). 

These three ratios are expressed as [55]: 

 
IR @ 60 seconds

DAR=
IR @ 30 seconds

 (C.6) 

 
IR @ 3 minutes

PR=
IR @ 1 minute

 (C.7) 

 
IR @ 10 minutes

PI=
IR @ 1 minute

 (C.8) 

The temperature and humidity significantly affect the insulation resistance; thus, these 

factors should be kept under control or compensated with a correction factor. The 

measurement should be standardized at a reference temperature, and the humidity level 

should be noted for comparison with previous measurements. 
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The IR test is the most straightforward and widely used technique to evaluate cables' 

insulation's isolative quality. The IR test is conducted at specific test voltages to validate 

the characteristics of cables' insulations. Typically, the IR measurement is carried out by 

applying a voltage lower than the maximum nominal cable's voltage between the conductor 

or the cable shield (if existed) and a ground plane in contact with the cable. As an 

acceptance criterion, the cable IR should meet the cable's technical specifications or meet 

the respective design values. 

The authors in [162] investigated the moisture-related degradation of EPR/CSPE LV 

NPP cable under long-term submergence in high-temperature water, submergence in room 

temperature water after thermal and radiation aging, and during the loss of coolant accident. 

The IR and the dissipation factor approaches were adopted to monitor the cables' 

degradation. Besides, the IR measurement was selected to determine the cable aging 

acceptance criteria. However, it has been reported that the IR values greatly depend on the 

temperature and relative humidity. These factors must be kept under control or 

compensated with a correction factor [55]. 

Along with other techniques such as EVR, the IR test was applied to monitor the 

degradation of thermally and irradiated aged EPR I&C NPP cables [88]. Based on the 

measured IR values and according to the IEC 62465 standard, the authors calculated and 

evaluated the Polarization Index (PI) and Dielectric Absorption Ratio (DAR). The authors 

reported that the PI and DAR values are not reliable for the condition monitoring of this 

cable type. The IR-time function at a sampling rate of 1 sec is highly recommended as the 

IR-time curves provide more information about the insulation dielectric processes [55]. 

C.4 Reflectometry Methods 

Time Domain Reflectometry (TDR) technique is an electrical non-destructive 

technique based on the transmission theory. This technique involves sending a DC pulsed 

signal with fast rise time into the cable [163]. When the transmitted signal encounters an 

impedance mismatch, reflected voltage waves occur [55], [58], [64], [164], [165]. A 

resulting wave is recorded in the time domain. The technique greatly relies on a comparison 

with a reference TDR profile [58]. It is defined as the ratio of the incident signal and the 

reflected signal and expressed in terms of reflection coefficient (Rho) [55], [58]. Recently, 

two new methods have been introduced: Spread Spectrum Time Domain Reflectometry 

(SSTDR) and Sequence Time Domain Reflectometry (STDR). The STDR technique 

implements a pseudo-noise sequence, while the SSTDR technique applies a sinusoidal 
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pseudo-noise sequence. Both methods are applicable to detect intermittent faults in 

complex and high-noise systems [58], [166].  

The thermal degradation of coaxial XLPE cable has been investigated in [67]. In this 

research, the authors implemented the TDR technique and the dielectric spectroscopy, 

including capacitance and dissipation factor. The adopted techniques, TDR and dielectric 

spectroscopy, were consistent with each other. 

In [136], the authors detected the water tree degradation within a polymeric insulated 

MV cable using the TDR technique. It was found that the presence of water tree causes 

impedance mismatch. Also, analyzing the TDR pattern can locate the region where the 

water tree is significant. 

However, the TDR can identify the presence and location of faults within the cable 

length. In contrast, it cannot differentiate whether the defects are in the cable conductors or 

the polymeric insulation [60]. Therefore, the TDR is more applicable for the major local 

defects such as hotspots [55]. Another drawback with the TDR technique is the reflected 

signal is vulnerable to noise and distortion. Besides, the transition durations limit the TDR 

approach's accuracy and resolution [167], [168]. A typical TDR trace is shown in Figure 

C.4. 

 

Figure C.4: Typical TDR trace [55]. 

The Frequency Domain Reflectometry (FDR) is a non-destructive in situ CM technique 

based on transmission line theory, just like TDR. However, the FDR method uses a swept 

frequency signal to send through the cable circuit and analyses the reflected changes [58]. 

To locate the impedance changes and mismatches, an inverse fast Fourier transform is 

applied to convert the reflected signals from the frequency domain to the time domain [55], 
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[58]. FDR technique can detect and locate the faults within the cables' insulating materials 

and faults in conductors and connectors [169]. 

Recently, many researchers have applied the FDR technique to assess the degradation 

of cables. Also, the joint time-frequency domain reflectometry (JTFDR) method is widely 

used. The JTFDR technique captures the advantages of both TDR and FDR [169]. This 

technique employs an incident signal that can be customized according to the application. 

The incident signal is localized simultaneously in both time and frequency domains [170]. 

The JTFDR technique has been implemented to assess the I&C cables in NPPs [171]–[173]. 

Wang et al. applied the JTFDR technique to evaluate the integrity of three cable insulating 

materials, XLPE, SR, and EPR, under thermal accelerated aging tests [168]. The results 

showed the applicability of the JTFDR method to monitor the degradation of the three 

materials. Also, the JTFDR results have been compared with the EaB results. The JTFDR 

technique showed great potential as a non-destructive and non-intrusive CM technique. 

Between the years 2003-2006, and based on the principle of the FDR method, the 

Institute for Energy Technology (IFE), Halden Reactor Project, Halden, Norway, has 

developed a new cable CM technique. This technique is called Line Impedance Resonance 

Analysis (LIRA) [174]. The LIRA technique can be applied online to detect any local or 

global changes in the electrical parameters of cables due to insulation degradation or faults 

[175]. Experiments carried out by LIRA showed that the cable's insulation thermal 

degradation and the mechanical defects/damages in jacketing materials or/and polymeric 

insulation have a role on the insulation capacitance and, to a lesser degree, on the conductor 

inductance. The advent of LIRA has presented an accurate method to detect radiation and 

thermal aging of cables since it is applicable to detect small changes in the insulation 

materials' electrical properties in the range of 1 picofarad (pF) [174]. 

The degradation of LV, MV, and HV cables has been monitored using LIRA in [176]–

[179]. The authors in [178] have been used the LIRA technique to assess several samples 

of signal cables used in NPPs where two insulating materials have been investigated under 

thermal aging, EPR, and XLPE. The LIRA results showed that the technique is capable of 

identifying local aging. Besides, it has the ability to quantify the degree of aging due to 

thermal stresses. The same research group has correlated the LIRA results with TDR, 

chemical, and mechanical properties of cables [176], [177]. 

A typical FDR trace is shown in Figure C.5. 
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Figure C.5: Typical FDR trace [55]. 

C.5 Dielectric Spectroscopy 

As long as the dielectric material is exposed to an electric field generated by voltage 

application across two electrodes embedded in the insulation, different kinds of dipoles are 

formed due to the orientation of the positive and negative charges. The positive and 

negative charges are separated with a small distance d ; thus, a dipole moment P  is 

created, which is defined as P qd=  [160]. The dipole moment is related to the dielectric 

material polarizability and the electric field. Dielectric polarization is classified as 

electronic, ionic, dipolar, interfacial, and trapping and hopping of charge carriers. As 

mentioned by Maxwell, the electric field produces a current density j( t ) . The main part of 

this current is associated with the electric displacement D( ) , which is proportional to the 

complex permittivity ˆ( )   of the dielectric material. The relation between the electric 

displacement and the complex permittivity is:  

 0
ˆ( ) ( ) ( )D E    =  (C.9) 

While the complex permittivity is defined as: 

 ˆ( ) ( ) ( )j      = −  (C.10) 

The real part of permittivity ( )   is related to the energy storage inside the dielectric 

material, while the imaginary part ( )   shows how the dielectric material dissipates the 

energy. The complex permittivity is strongly dependent on the frequency. The study of the 

permittivity over a wide range of frequencies helps investigate the degradation mechanisms 

happening within the dielectric materials. Due to aging stresses, morphological changes 
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occur inside the insulation producing free radicals and chemical species. The free radicals 

and chemical species have a role in the different polarization processes and, as a result, on 

the permittivity. The permittivity-frequency dependence is shown in Figure C.6.  

It is noteworthy that the frequency at which the dielectric will be used affects the 

polarization processes, notably the relaxation or time-lag processes presented by the 

dielectric material in following field reversals. Significant relaxation times are related to 

the delayed polarization processes, while low relaxation times are associated with the 

instantaneous polarization processes. The dipole contribution is added to the overall 

polarization at a field frequency below the relaxation frequency. At a higher field 

frequency, the dipoles cannot follow the field reversals; hence their contribution is limited. 

The heat loss is maximized at a frequency where the applied field has the same period of 

the relaxation process. The α-relaxation is related to the polymer backbone movement, 

while the β-relaxation is associated with the motion of the molecular side-groups. Other 

relaxation processes such as γ and δ are related to the lower relaxation periods “ higher-

frequency” of the other side groups [133], [160], [180].    

Besides, the presence of permanent dipoles due to charge displacement has a role in the 

permittivity. Permanent dipoles are related to the separation of the charges that happen 

across the sub-groups of the polymer backbone and/or side groups. The dipole contribution 

to the polymer permittivity relies on the ability of the dipole to rotate and align itself with 

the applied electric field direction. In addition to the frequency, the temperature has a role 

in the polarization processes. Only at temperatures higher than the glass transition 

temperature, the dipoles associated with the polymer backbone contribute to the polymer 

permittivity [133]. 

 

Figure C.6: Frequency dependence of permittivity at different polarization processes [180]. 
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C.6 Dielectric Dissipation Factor (DDF) 

For DDF or tanδ measurement, an excitation ac voltage is applied, and the tanδ can be 

mainly measured by comparing the phase delay between the resulting current and the 

applied voltage [160], [180], [181]. The angle δ is defined as the phase shift between the 

resulting current (𝐼) and the capacitive current (𝐼𝐶) as shown in Figure C.7, and the tanδ is 

expressed as in (C.11). The tanδ test has been implemented to diagnose different insulation 

systems as the degradation process can be effectively monitored. The higher the angle δ, 

the more leakage current (𝐼𝑅) is passing through the dielectric material, i.e., the insulation 

is highly degraded. The circuit illustration of tanδ measurement is presented in Figure C.8. 
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Figure C.7: Dielectric equivalent circuit (left) and the I-V vectors (right). 

 

Figure C.8: Illustration of tanδ measurement. 

 C.7 Impedance Spectroscopy 

As stated, the degradation affects the dielectric properties such as capacitance (C) and 

resistance (R). Also, it affects the inductance (L) in the case of degraded electrical wiring. 

Therefore, impedance spectroscopy is used to investigate the integrity of the electrical 
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circuits involving the cables and end devices. By employing a basic LCR meter that injects 

current signals with a wide range of frequencies between conductors pairs, Figure C.9, the 

impedance response is obtained. This response includes the impedance magnitude and the 

phase shift between the injected current and the produced voltage due to this current [55]. 

Imbalances, mismatches, or unexpectedly low or high impedance values indicate problems 

due to cable degradation and aging, faulty connection, and splices or physical damage. For 

instance, changes in the dielectric or insulation of the cable cause abnormal capacitance 

measurements. Changes in the inductive properties of the cable conductors, connections, 

and end devices lead to abnormal inductance measurement [58].  

 
Figure C.9: Principle of impedance spectroscopy [182]. 

The investigation of the dielectric parameters of epoxy resin and PE flat specimens 

under γ-irradiation has been carried out using a precision LCR meter [118]. The dielectric 

electrical parameters, ac conductivity, relative permittivity, and tanδ were studied over a 

frequency range of 0.5 kHz to 2 MHz. The obtained results showed the variation of the 

dielectric properties with the total dose suggesting changes in the material structure due to 

chemical reactions. In [183], Bowler et al. investigated the effect of thermal and irradiation 

aging on the integrity of tubular flame retardant EPR samples. The capacitance and tanδ 

were measured using an LCR meter with a frequency range from 1 kHz to 1 MHz. The 

tendency of the capacitance and tanδ presented a good correlation with the indenter 

modulus. Likewise, the authors in [133], [184] measured the tanδ via LCR meter to 

investigate the effect of thermal and irradiation aging stresses on the integrity of XLPE and 

EPR insulation. The tanδ helped to monitor the polymeric materials' structure changes. 

HV XLPE cable has been assessed under thermal aging by measuring the capacitance 

and tanδ at frequencies from 20 Hz to 2 MHz using an LCR meter [185]. The tanδ and 

capacitance behavior with aging was related to the structural changes in the XLPE material. 

In addition to assessing the cable's insulation integrity, impedance spectroscopy can also 

be used to detect moisture or lose connections [182]. Circuit disconnection and limited 

frequency range are common problems related to impedance measurement. 


