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Abstract

The low voltage cables in the nuclear power plant have the same importance as veins have in the human body. Since, the cables 

inside the containment are under a number of environmental stress, out which the thermal and radiation stresses are important and 

become more effective with the presence of oxygen. These stresses cause the degradation of the insulation and hence may lead to 

insulation failure. To study the behavior of the cables under the nuclear power plant environmental stress, the cables are subjected 

to accelerated aging tests in laboratories which helps in determining their withstand capacity and degradation behavior in the harsh 

thermal-radiation environment. In this paper, the accelerated aging tests conditions are discussed with the focus on the role of 

certain uncertainty factors which effect the aging markers during the condition monitoring of the insulation material of cable after the 

accelerated aging tests. This review has been put into a framework to better understand the aging process in the low voltage nuclear 

power plant cables. In the conclusion part, some future directions in the field of the thermal-radiation multi-stress accelerated aging 

tests and condition monitoring techniques are also identified.
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1 Introduction
The aging of electrical insulations has been renowned 
for many years as a key source of early failure of a wide 
variety of power plants. Consequently, it is a topic that has 
received significant consideration. To understand the pro-
cess of aging and the degradation, a lot of effort has been 
expended in an attempt to understand the phenomena, 
such as the types of test and short term accelerated tests 
to be undertaken to predict the condition of the insula-
tion [1-4]. Prior to the arrival of nuclear technology, the pri-
mary factors for the aging of insulation were that of elec-
trical, mechanical, thermal, and medium/environmental 
stress, Fig. 1. The electrical, mechanical and thermal being 
the dominant one of these stresses. But as the nuclear tech-
nology widely spread, the effects of the environmental 
stress upon the aging of the insulation had to be given due 
consideration in addition to the other types of stresses. In the 
Nuclear Power Plant (NPP) environment, the temperature, 

radiation and oxygen stressors are the ones which occur 
in normal everyday operation. While the rest of the envi-
ronmental stresses are not stimulated during normal 

Fig. 1 Aging and types of stresses
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operation. Since, aging is a multif-factor phenomeon, 
the temperature and oxygen in addition to radiation play 
a vitol role in the degradation of the insulating materials. 
As with the presence of radiation, structural changes hap-
pen in all those materials which are exposed to it resulting 
in change in properties, hence radiation adds a particular 
dimension to the problem of aging [5].

The possible cause of the temperature and radiation 
stresses in NPP is shown Fig. 2. As shown in the figure, the 
thermal stress can be due to number of causes. The Ohmic 
heating and ambient room temperature are the common 
causes of thermal stress. While the hotspot, which occur 
at certain points such as cable teminations, and radia-
tion heating have a very low effect [6]. Also the radiation 
stress can be of low dose gamma (γ) irradiation, occurring 
during normal operation of NPP and high dose gamma (γ) 
and beta (β) irradiations, which occur due to accidents.

Since the Low Voltage (LV) cables in NPP have high 
importance as they not only provide power to the equipments 
but are also used to control many electrical machines and 
circuits, so under the multistress environment of NPP it is 
important to monitor the performance of cables. At present, 
there is not a single monitoring method that can be applied to 
acquire data for predicting the long term aging performance 
of the cable insulation material. Even though a substantial 
amount of research effort having been devoted to studying 
the aging of cable insulation material [7-16]. It has also been 
a challenge for the researchers to determine the key indica-
tors of cable aging that correlate with measurable changes 
in the insulation material properties, as different materials 
have a different composition, geometry and pass through 
different design and fabrication procedures.

To study the effect of aging on the insulation material, 
accelerated aging tests are carried out in the laboratories. 
Keeping in view the importance of accelerated aging tests 
regarding multistress (radiation and thermal) aging in the 
cables used in NPP, the aim of this work is to find how 

a combination of radiation and thermal stress, effect of envi-
ronment and inverse temperature can affect the insulation 
materials of cables, especially LV cables, which have been 
reported by different researchers. In addition to the causes 
which have been purposed for such changes by them have 
also been discussed. The focus has been placed on the deter-
mination of changes in the key aging markers (mechanical 
and electrical properties of insulation materials) during radi-
ation-thermal multi-stress aging conditions.

The paper has been organized as first the thermal and 
radiation effects in the insulation material are discussed 
followed by the contribution of dose rate and thermal stress 
to the radiation stress during accelerated aging tests has 
been reviewed. In next section, the role of uncertainties 
such as the sequence of stress, the presence of oxygen and 
antioxidants and inverse temperature stress on the aging 
markers of the insulation material during accelerated tests 
have been discussed with the correlation between the aging 
markers followed the section. At the end of the paper, 
a conclusion is drawn by having a debate on the sugges-
tions for the possible future work in the field of the ther-
mal-radiation multi-stress accelerated aging tests.

2 Thermal-radiation stress effect in insulation materials
The radiation in NPP can be of four types: alpha (α), 
beta (β), gamma (γ) and neutron. The α-radiation parti-
cles have a short range in the environment due to large 
mass and hence are attenuated within first few mils of 
the material. The β-radiation as mentioned earlier are pro-
duced during the accident but their penetration into the 
material is more and is dependent on the absorbing mate-
rial. The neutrons vary in mass and penetration capability. 
Those neutrons having high energy will penetrate into the 
materials. But due to the presence of neutron reflectors, 
moderators and radial shielding installed around the reac-
tor core and vessel ensures that the neutrons do not escape 
the vessel shielding. Hence, no cable within primary con-
tainment is exposed to significant neutron dose, with the 
exception of any cables located inside the neutron shield-
ing or directly adjacent to the reactor vessel. For these 
cables, they contain inorganic or metallic materials with a 
high damage threshold for neutron radiation [6].

The γ-radiations are electromagnetic in nature and 
have high penetration strength as compared to other radi-
ation types. The dose rate of γ-radiations is dependent on 
the reactor power level and varies with its frequency and 
wavelength. Those γ-radiations having high frequency will 
have high energies. Since the cables are located in multiple Fig. 2 Cause of temperature and radiation stresses
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places in the nuclear reactor plant, so they are exposed to 
γ–radiations and hence are considered as the primary cause 
of radiation stress as compared to other radiation types.

Since the insulation materials used in the cables are 
polymeric in nature, the effect of thermal and radiation 
stress produce a physio-chemical change in at least one of 
the properties of the material, as a result, the polymer is 
degraded and hence the service performance of the mate-
rial. Many researchers have widely studied the degradation 
of insulation materials for cable insulation [17-19]. Ethylene-
Vinyl Acetate (EVA), Ethylene Propylene Rubber (EPR), 
Ethylene Propylene Diene Monomer (EPDM), Low Density 
Polyethylene (LDPE), Cross-Linked Polyethylene (XLPE), 
Silicon Rubber (SiR) and Poly Vinyl Chloride (PVC) are 
some of the relevant polymeric materials used as insula-
tion in the NPP cables among others [20]. There are two 
types of degradation in the polymer: chemical and physi-
cal. The structural change, disruption of old bonds and for-
mation of new ones, in the polymer results in the chemical 
degradation, while the diffusion of water or plasticizer, low 
molecular weight components results in physical degrada-
tion [21-24]. In order to study the aging of insulation mate-
rial, it is important to study the effect of the thermal and 
radiation stress on the chemical structure and reactions 
inside the material. Fig. 3 shows a simplified schematic of 
the polymer molecule. The polymer may contain some side 
branches as shown in the Fig. 3, in addition to backbone 
of chain of atoms. The polymer molecule is initially ion-
ized due to nuclear radiation, which then combines with an 
electron and becomes an excited molecule. This excitation 

results in breakage of covalent bonds, resulting in following 
chemical changes in the material [5, 18, 19]:

Cross-linking, two adjacent macromolecules are cova-
lently bonded. The increase in the cross-linking density 
results in the increase of the material stiffness. If the pro-
cess is prolonged, embrittlement of the material is observed.

Chain scission, in which the breakage of one molecular 
chain two shorter chains is created.

Oxidation, if the material is in the oxygen environment, 
radiation-induced oxidation is observed. The temperature 
effect, thermal excitation, helps in this type of degradation. 
This results in quasi-homogeneous oxidation throughout 
the bulk of the material [5]. Without the radiation or other 
means of producing free radicals, at ambient temperature, 
the rate of oxidation is small [5]. The chemical reactions can 
occur at the same time, while one of them may be dominant. 
Table 1 shows the structural change in the polymer mole-
cule as well as the effects due to the chemical reactions on 
the physical properties of the material while Fig. 4 shows 
the cyclic process of chemical reaction due to the radia-
tion effect [25], where the process has started due to ther-
mal-radiation initiation by the creation of polymer radical. 

Table 1 Structural changes due to the chemical reactions and their effect

Chemical 
Reactions Structural Changes Effects

Cross-Linking

• Stiffening of material
• Increase in Tensile Strength and 

hardness
• The decrease in Elongation at Break

Chain Scission • Mechanically the material is 
weakened

Oxidation • The decrease in mechanical strength
• Increase in dielectric loss

Fig. 3 Simplified structure of polymer molecule
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This radical can react in any of the chemical reactions dis-
cussed above, while in some cases production of gas may 
also occur. The process can not only occur during radiation 
but also during post-irradiation with the oxidation [5].

3 Thermal-radiation multistress accelerated aging tests
The importance of the study of the degradation of the NPP 
cables arose from the investigations of the failure of poly-
vinyl chloride (PVC) and low-density polyethylene (LDPE) 
cables at the nuclear reactor of the Savannah Nuclear 
Power Plant [26]. Since then a lot of research has been car-
ried on the aging of the NPP cables, in which single and 
synergistic effects of temperature and radiation have been 
studied. The researchers have faced the challenge of simu-
lating the environmental and operational conditions of LV 
cables located inside and outside the containment of NPP 
and predicting the degradation processes caused by the 
radiation and thermal stresses. The challenge is even more 
difficult considering that each cable manufacturer uses 
proprietary formulations, including many additives (anti-
oxidants, flame retardants, dyes, fillers, curing agents, 
plasticizers and other chemicals for thermal and radiation 
stability) to the base of the polymer, which strongly affect 
the aging characteristics of insulation compounds.

Furthermore, geometry and design of the cables, 
as well as the fabrication procedures, can affect the over-
all aging characteristics. Since the accelerated tests are 
conducted for the thermal-radiation multi-stress aging, 
so it is very important to understand how the dose rate 

and temperature stresses behave in common but not in the 
universal situation.

3.1 Dose rate effect
During the accelerated aging tests the effect of the dose rate 
on the physical and chemical properties of a certain material 
is very much dependent on the test environmental conditions; 
vacuum/ inert gas environment and air / oxygen environ-
ment (Line I and Line II in Fig. 5) apart from their molec-
ular structure and formulation. The Fig. 5 shows the dose 
equivalent damage (DED) for a specific property, for exam-
ple, elongation at break (EaB) plotted against the dose rate 
for different environmental conditions at a constant tem-
perature and radiation [27]. According to the figure: 

In a Vacuum or Inert gas environment, the dose rate has 
no effect on the insulation material until the rate of energy 
absorbed is less than or equal to the rate of dissipation. But if 
the rate of energy absorbed becomes greater than the rate 
of dissipation then there will be an increase of temperature 
within the material and will result in the chemical reactions 
and increase the physical mechanisms such as diffusion.

In Air or oxygen environment, for certain materi-
als, the low dose rate degrades the insulation materials 
while for some materials high dose rate effects. In a case 
the dose rate is adequately high such that in the material 
because of the oxidation reactions, the dissolved oxygen is 
used up at the faster rate than it can be replenished from 
the air surrounding because of diffusion, the equilibrium 
value of the steady-state oxygen concentration between 
the material surface and interior will be disturbed. As a 
result heterogeneity in the oxidation across the insulation 
material results. While at a lower dose rate, oxidation pro-
ceeds further into the sample as the time for oxygen to 

Fig. 5 Dose equivalent damage plotted against dose rate at different 
environmental conditions [27]

Fig. 4 Cyclic process of chemical reactions due to 
thermal-radiation stress
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diffuse is more in this case. Hence insulation materials 
become more oxidized at lower dose rates [28].

3.2 Temperature effect
The contribution of temperature stress during the irra-
diation period adds more to the degradation of the insu-
lation material, as the radiation-induced chemical reac-
tion would be changed as the temperature changes [29]. 
In the Fig. 5 the three circles show the change of tem-
perature, T2 (T2 > T1) with the dose rate at 50, 100 and 
200 Gy/h [27]. As mentioned earlier, there is a synergis-
tic effect between thermal aging and radiation, which is 
shown in by the shift of asymptotic isochronous to the 
right of the figure, which is due to the thermos-oxidative 
acceleration factor which is dependent on the difference 
of the two aging temperatures. In this synergistic effect, 
there is always a predominant degradation process which 
will predict the behavior of the insulation material with 
the dependence of the condition as shown in Fig. 5.

Since due to time restraints the accelerated aging tests 
are carried out for the qualification and life-to-service 
prediction in the shortest time, the use of large acceler-
ation factors (temperature and dose rates) may not ren-
der reliable results. In addition, care must be taken during 
setting the temperature conditions, such that the set tem-
perature may not bring changes in the material which 
might not occur during normal circumstances. The guide-
lines for the temperature and radiation range along with 
the test margins are given by the International Atomic 
Energy Agency (IAEA) [22].

During the accelerated aging tests, the thermal and 
radiation combined stress could be either simultaneous 
or sequential. In sequential, the sequence of stress could 
be the first temperature and then radiation (thermal-radi-
ation) or reverse sequence (radiation-thermal). The order 
of the sequence of the stress affects the aging of the insu-
lation which varies with the materials which have been 
studied by many researchers and has been discussed in the 
next section. In the sequential stress, one of the stress 
at the first stage perpetrate more damage which leads to 
higher damage by the other stress. According to IAEA 
guidelines, the combination of stress which produces most 
severe conditions must be adopted and has recommended 
the simultaneous aging as the preferred test sequence 
during accelerated aging tests, as it gives more severe 
conditions, until and unless due to some technical reason 
the sequential aging can be adopted [22].

4 Aging markers and uncertainties during condition 
monitoring
Conducting life tests for insulation materials of cables 
under normal operating conditions needs long testing time, 
so the most effective means is to carry accelerated aging 
tests at higher temperature and irradiation dose rates. 
The reliability of life estimation depends on the acceler-
ation methods and the degradation analysis which should 
be closely related to the degradation mechanism. After the 
aging of the samples, condition monitoring (CM) tech-
niques, have to be performed to evaluate the condition of 
the insulation material. The data acquired, aging markers, 
by the CM techniques, provide a strong basis on the ade-
quate performance of the insulation which helps in man-
aging effectively the aging and degradation in the cables 
before they reach the end of life. These CM techniques 
are focused on the measurements of electrical, mechanical 
properties, thermal analysis, and physiochemical proper-
ties, which are classified into destructive and non-destruc-
tive tests. To assess the degradation of the insulation mate-
rial or predict the remaining useful life, a combination of 
tests is required as the single CM technique is not suffi-
cient. The IAEA in its study has listed the desirable fea-
tures of the CM techniques [20], while the CM techniques 
used in recent times are discussed in [30-33]. After the 
accelerated tests and CM of the cable, the prediction of 
the cable condition at the operating conditions is utmost 
important. This is carried out by the extrapolation of the 
results. In the last two decades four basic methods of pre-
dicting radiation aging behavior of cable materials have 
been developed; power-law extrapolation method, super-
position of time-dependent data, superposition of dose to 
equivalent data and kinetic model [26].

During the CM analysis of the cable, researchers have 
found the relationship between the mechanical and electri-
cal properties and a number of uncertainties, some are men-
tion in the IAEA report [22]. These uncertainties need to 
be considered as they are important for the better under-
standing of the aging behavior of the insulation material and 
also for the validation of the tests. The relationship between 
a number of uncertainties; combination of stress aging, pres-
ence of oxygen and antioxidant and inverse temperature, and 
the mechanical and electrical properties have been put into 
a framework by studying the effect of them on the mechan-
ical and electrical properties separately for different poly-
meric insulation materials during the accelerated aging tests 
conducted by recent authors in their work.
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4.1 Mechanical properties
The key mechanical aging markers are elongation 
at break (EaB), ultimate tensile strength (TS), Young's 
Modulus (E), etc. which are measured through destruc-
tive tests. Out of these properties, EaB is considered as the 
most reliable aging indicator with a threshold value of 50 % 
absolute. The function of a cable has no direct influence 
under the mechanical properties but they indicate the cable 
ability to withstand vibration and some movement during 
normal operation and postulated accidents [30]. As discus-
sed earlier cross-linking and chain scission, are responsible 
for the physiochemical changes of the polymeric material 
which results in the mechanical properties' degradation, 
which is dependent on the way the stresses are applied, 
the presence of oxygen and antioxidants as has been repor-
ted by the researchers and are discussed below.

4.1.1 Effect of simultaneous and sequential stress aging
The effect of simultaneous and sequential stress aging 
on the mechanical properties (EaB, TS, 100 % modu-
lus, 50 % modulus and hardness) of the different insu-
lation materials have been studied by different research-
ers [7-10, 29, 34] and are listed in Table 2. The EaB of all the 
materials decreases under both types of combined stresses. 
In the sequential stress, the Radiation-Thermal (R-T) has 
a more pronounced effect on the degradation of EaB 

as compared to the Thermal-Radiation (T-R) combina-
tion, this is because at first, the radiation stress produces 
the free radicals which are enhanced by the then tempera-
ture stress, which also results in strong thermal oxidation. 
The TS of all the materials decrease, but EPDM shows 
different behavior, as the TS first increases then decrease, 
which is due to the promotion of cross-linking at first stage 
which is converted to chain scission as the temperature is 
increased, which is known as a cross over [9]. The 100 % 
Modulus, Hardness and 50 % Modulus increase for SiR 
and EPR under all types of combination of stresses, while 
Young's Modulus (E) decreased for Polypropylene (PP). 
The effect of the simultaneous stress as compared to 
the sequential stresses are shown in Fig. 6 for SiR [8].

4.1.2 Effect of oxygen and antioxidants
For many of the polymers used in the cables under the ther-
mal-radiation stress, the presence of oxygen (oxidation 
reaction) adds to the degradation of the insulation material 
along with the chain scission. The oxidation in the insula-
tion material is the dominant aging mechanism which is ini-
tiated both thermally and by irradiation. This mechanism 
can result in the degradation of the mechanical and elec-
trical properties of the insulation material and may lead to 
the embrittlement, decrease of EaB; increasing the probabi-
lity of cracking of the insulation under mechanical stresses 

Table 2 Effect of simultaneous and sequential stress on the mechanical properties

Material Type of Stress 
Mechanical Properties

Elongation at Break (EaB) Tensile Strength 100 % Modulus 50 % Modulus Hardness E

XLPE [7]

Simultaneous ↓3 ↓ − − − −

T-R1 ↓ − − − − −

R-T2 ↓↓4 − − − − −

EPR [7, 10]

Simultaneous ↓ ↓↑6 − ↑5 − −

T-R ↓ ↓↑ − ↑ − −

R-T ↓↓ ↓↑ − ↑ − −

EPDM [9]

Simultaneous ↓ ↑↓7 − − − −

T-R − − − − − −

R-T − − − − − −

SiR [8] 

Simultaneous ↓ ↓↓ ↑ − ↑ −

T-R ↓ ↓ ↑ − ↑ −

R-T ↓↓ ↓ ↑ − ↑ −

PP [34]

Simultaneous ↓ ↓ − − − ↓

T-R − − − − − −

R-T − − − − − −
1T-R : Temperature and then Radiation Sequential Stress
2R-T : Radiation and then Temperature Sequential Stress
3↓     : Decrease                                                                               4↓↓ : Decrease with more effect                                          5↑ : Increase
6↓↑   : First decrease then increase                                                 7↑↓ : First increase then decrease
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and result in the loss of electrical integrity. The diffusion rate 
of oxygen, average oxidation degree, and thermal-oxidative 
stability are some of the terms used to relate the effect of 
oxidation and mechanical properties of insulation materials.

The diffusion rate depends on the structure of the mate-
rial, so different materials show different degradation 

characteristics because of having their own diffusion rate. 
The phenomenon has been studied in [7] by comparing 
the mechanical properties of XLPE and EPR. The EPR 
material showed higher values of the EaB than the XLPE 
at the same dose due to its high oxygen diffusion rate and 
low oxygen consumption, Fig. 7 [7]. The EaB with respect 
to thermo-oxidative stability for PVC has been stud-
ied in [11], showing the EaB of PVC decreased due to 
the decrease in the thermo-oxidative stability. The aver-
age oxidation degree has been used to study the effect of 
oxidation on EaB for XLPE. The EaB decreased as the 
average oxidation increased at each dose rate, because of 
the increase of the molecular scission at each dose rate [35].

Another important factor which affects the EaB and 
TS of the insulation material in cables is heterogeneous 
oxidation. This phenomenon occurs during the oxida-
tion when the surface of the material is more exposed 
to the oxygen as compared to the section of the insula-
tion near to the conductor [7, 29], as a consequence more 

Fig. 6 Simultaneous and sequential stress effect on (a) Elongation 
at break, (b) Tensile strength and (c) 100 % Modulus for SiR [8]

Fig. 7 Elongation at break of (a) XLPE and (b) EPR due to 
presence of oxygen [7]
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degradation is observed at the surface, affecting the 
mechanical properties of the material.

In the environment having no oxygen or vacuum, with the 
aging time the EaB and 100 % modulus change little for the 
insulation material as compared to degradation in oxygen 
environment but the degradation in the TS is significant [8], 
reported for the SiR. Initially, the cross-links are destructed, 
resulting in a low density of the cross-linking. But as the 
aging time increased new cross-links are formed due to 
pyrolysis of the SiR molecules, which increases the cross-
link density. It is important to know the type of chemical 
reaction taking place inside the insulation material during 
oxidation for the analysis of the degradation of mechani-
cal properties as they show different behavior at a different 
type of reaction. Such as the degradation in SiR is due to 
cross-linking by oxidation while for XLPE and EPR, degra-
dation is via chain scission following oxidation [8].

The type and concentration of antioxidant in the poly-
mer affect the mechanical properties of the insulation mate-
rial. Since the antioxidant inhibits the acceleration of oxi-
dation rather than stopping it, so the insulation material 
containing the higher content of the antioxidant was pro-
tected from the thermal oxidation up to a higher dose of 
radiation [36] as shown for XLPE samples with a different 
density of antioxidants. Those antioxidants having higher 
molecular weight have a lower evaporation rate as compared 
to the antioxidant having a lower molecular weight, which 
makes them good inhibitor to oxidation and hence degrada-
tion. It has been reported that for the XLPE, the reduction 
in the values of the TS and EaB was more for the sample 
containing less antioxidant than the one having more.

4.1.3 Inverse thermal effect
At low temperatures, due to radiation aging, radicals are 
generated evenly throughout the insulation material (crys-
talline and amorphous region). In the crystalline region 
these radicals are trapped and are unable to react to oxy-
gen because of low chain mobility and low oxygen dif-
fusion rate as compared to the amorphous region where 
the radicals have high chain mobility and diffusion rate 
and as a result degradation is proceeded in the amorphous 
region which affects the mechanical properties of the insu-
lation [37]. The degradation of polyethylene-based insula-
tion materials, XLPE and XLPO due to reverse temperature 
effect is more prominent as compared to other polymeric 
insulation materials due to semi-crystalline nature.

4.2 Electrical properties
To have the knowledge of the state of the cable under the 
thermal-radiation multi-stress aging, the investigation of 
electrical aging markers such as dielectric loss, permit-
tivity, and susceptibility, are carried out by non-destruc-
tive test methods. The electrical properties are the most 
important functional properties, however, research results 
regarding the effect of the aging on electrical properties 
of LV cable insulation are still not sufficient to provide 
effective diagnostic tools, especially for the online testing. 
Till now, a few techniques have been investigated for LV 
cables such as Line Resonance Analysis (LIRA), Time 
Domain Reflectometer (TDR), Voltage Return, dielectric 
spectroscopy and loss factor [12-15, 38]. The techniques 
have been adopted to study the dissipation factor (tanδ), 
polarization, permittivity and susceptibility of the mate-
rial [16, 39-44]. The effect of the uncertainties during the 
thermal-radiation accelerated aging tests on the electrical 
properties have also been reported and are discussed here.

4.2.1 Effect of simultaneous and sequential stress aging
As the order of application of thermal and radiation stress 
affects the mechanical properties of the insulation mate-
rials, the electrical properties are also affected due to 
the order but the literature reported is very limited. If the 
radiation stress is applied prior to thermal stress, free rad-
icals are produced. Then due to the application of the ther-
mal stress, the process of chain scission is initiated, as a 
result, high values of the tanδ are reported as compared 
to the thermal-radiation stress, Fig. 8 [40]. The produc-
tion of free radicals due to the radiation stress lowers 

Fig. 8 Effect of order of stress on the tanδ with the variation of dose [40]
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the temperature at which the maximum of tanδ appears 
in radiation-thermal stress as compared to the thermal-ra-
diation stress [40]. With the application of the simultane-
ous stress effect, the DC breakdown strength decreases 
for PP, which has been reported due to the increase of 
the degree of crystallinity of the polymer [34].

4.2.2 Effect of oxygen and antioxidants
The presence of oxygen during the thermal-radiation 
stress affects the electrical properties of the insulation 
material as it does for the mechanical properties. Since the 
insulation material are polar in nature, so as the material is 
irradiated, free radicals are formed and the chemical reac-
tions are initiated. It is considered that the chain scission 
and oxidation reactions result in the formation of the small 
molecules or polar groups, as a result of which the dipole 
orientation can be encouraged and the permittivity is 
enhanced. While crosslinking reaction forms a three-di-
mensional network within the molecules hence the dipole 
orientation is restricted, which leads to the decrease of 
permittivity. Similar behavior has been found for the tanδ. 
During the chain scission or oxidation reaction, small 
molecules or unsaturated bands are formed, which help 
in the transportation of the charge (ionic or electronic), 
therefore the conductivity increases. While during the 
cross-linking, the transportation of charge is limited 
and hence, the conductivity decreases. So, the structural 
change in the amorphous region affects the permittivity 
of the material while the variation of the crystal region 
affects the conductivity [45-49].

As discussed, due to the formation of the polar groups, 
the polar orientation will have a great contribution to 

the permittivity of the material and hence tanδ. Since both 
of them are frequency dependent so their behavior is stud-
ied for a wide range of frequency. At a particular radi-
ation dose and thermal aging, with the increase of fre-
quency the tanδ decreases and after a certain frequency 
it starts increasing, Fig. 9 [16, 41, 42]. This behavior of 
tanδ with respect to frequency has been associated due to 
its dependence on the depolarization, temperature and 
the antioxidants [42]. As the temperature increases, depo-
larization time is increased due to the rotation orientation 
capacity which increases with the temperature as a result 
tanδ attains peak values at low frequency. The peak value 
of tanδ shifts to a higher frequency as the depolarization 
time increases with the temperature [42].

The real part of the permittivity (ε') increases with the 
decrease of frequency and decreases with the increase 
of frequency, Fig. 10 (a) [15] for the different types of 
cable insulation radiated under temperature and radiation 

Fig. 9 Behavior of tanδ due to frequency variation with different 
stress conditions [42]

Fig. 10 (a) Real and (b) Imaginary Part of Permittivity (ε') v/s 
Frequency at different stress conditions [15]
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simultaneously due to the dipole orientation inside the 
material which is dependent on the frequency [15, 16, 43].

The imaginary part of the permittivity (ε") decreases 
with the increase of frequency but it shows more depen-
dency particularly at low frequency, Fig. 10 (b) [15]. 
This is due to the strong impact of the combined stress 
on the polymer matrix which results in the enhancement 
of the interfacial contribution of polarization occurring 
at low frequencies [43, 44]. The real and imaginary part 
of susceptibility (Δχ' and χ") increase with the decrease 
of frequency. The behavior has been associated with the 
interfacial polarization phenomenon as morphological 
changes occur during aging, as shown in Fig. 11 [43].

4.2.3 Inverse thermal effect
The inverse thermal effect on the ε" has been observed 
by the authors in [15, 50]. The experiments conducted 
on the specimen of EVA cable under the thermal-radiation 

effects, where the imaginary part of permittivity decreases 
more at low-temperature stress than at higher due to 
the phenomenon which is associated with the heating of 
the semi-crystalline polymer in the range of melting endo-
therm during the radiation treatment. Such aging proce-
dure promotes the radiation-induced crosslinking limiting 
polymer degradation and hindering oxidation determined 
by the oxidative induction temperature measurements [50].

4.3 Correlation between the properties
As the discussed uncertainties affect the CM of insu-
lation, so to better understand the aging process in the 
insulation materials correlation between the electrical, 
mechanical and physiochemical properties of the mate-
rials must be studied. A correlation between the electri-
cal property, ε" with the physiochemical property, den-
sity is shown in the Fig. 12 [48]. A direct relationship has 
been observed between them as both are dependent on 
oxygen diffusion. Since the mechanical property, EaB is 
being considered as the main aging marker for the insu-
lation material. Increase in the value of EaB is correlated 
by the decrease of "ε" [48], which shows the correlation 
among the properties.

5 Conclusion and possible future directions
Keeping in view the importance of the CM in the light of 
NPP LV cables, a review of thermal and radiation multi-
stress on the aging of cables used in NPP has been car-
ried in this work. Stating the real reason for the degra-
dation of the insulation material in LV cables varies 
with each manufacturer and type of insulation material 
which makes the aging of the insulation as a complex sys-
tem [51]. So, to state the actual reason for the degradation 
of the insulation material until now is a challengeable task.

Fig. 11 (a) Real and (b) Imaginary Part of Susceptibility v/s Frequency 
at different stress conditions [43]

Fig. 12 Correlation between Imaginary Part of Permittivity (ε") 
and Density [48]
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Based on the discussions and literature review, following 
steps towards a better understanding of thermal-radiation 
multi-stress aging in LV cables used in NPP are suggested:

1. Since there is a number of non-destructive testing 
procedures, which involve different electrical tests 
but still there is no universal testing procedure. 
Also, there is no single technique that covers all the 
requirements, hence the potentially new methods 
and a combination of different (chemical, mechani-
cal and electrical) test methods can be used to better 
understand the degradation of insulating materials 
because of thermal-radiation multi-stress.

2. Due to the chemical reactions, there is a formation 
of the polar groups which affect the permittivity and 
may result in the number of polarization processes, 
slow and fast polarization process. These processes 
need to be investigated with the help of electrical 
tests, which will help in the better understanding of 
the thermal-radiation multi-stress aging. 

3. The effect of aging on the frequency dependence of 
the tanδ and complex permittivity of the insulation 
materials although has been studied by the authors, 
but the relationship of this phenomenon to the chang-
ing of the material structure by aging still requires 
in-depth. As a number of polarization processes are 
happening inside the material especially at very low 
frequency, mHz and μHz level, so the study of these 
frequency dependent processes need more attention. 

4. In this very low-frequency range, the investigation of 
electrical properties such as conductivity and dielec-
tric polarization due to thermal-radiation stress 
aging could open new ways of developing non-de-
structive examination methods for LV NPP cables.
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