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Mutat enim mundi naturam totius aetas, 

Ex alioque alius status excipere omnia debet, 

Nec manet ulla sui similis res: omnia migrant, 

Omnia commutat natura et vertere cogit. 

 

For time changes the nature of the whole world, 

and one state of things must pass into another, 

and nothing remains as it was: all things move, 

all are changed by nature and compelled to alter. 

 

De Rerum Natura, Tito Lucrezio Caro 
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ABSTRACT EN FRANÇAIS 

 

 

Cette thèse vise à étudier l'évolution des propriétés physico-chimiques et électriques des 

câbles basse tension pour une application nucléaire, lorsqu'ils sont soumis à des 

environnements typiques de centrale nucléaire (NPP), c'est-à-dire au rayonnement gamma et à 

haute température. 

Cette recherche fait partie du projet européen Horizon 2020 TeaM Cables, qui vise à fournir 

aux exploitants de centrales nucléaires une nouvelle méthodologie pour une gestion efficace 

et fiable du vieillissement des câbles des centrales nucléaires. 

Les échantillons analysés sont constitués de câbles coaxiaux et à paires torsadées avec 

différents composés polymériques utilisés comme isolant primaire. Les matériaux isolants sont 

à base de la même matrice de polyéthylène réticulé au silane avec différents additifs et charges. 

En particulier, deux types d'antioxydants (antioxydants primaires et secondaires) et charges 

ignifugeantes (tri-hydroxyde d'aluminium) ont été ajoutés en différentes quantités au polymère 

de base. 

Afin de caractériser la réponse du matériau aux contraintes environnementales, diverses 

techniques expérimentales ont été utilisées. Ces caractérisations vont de la réponse chimique 

à l'échelle microscopique, par ex. FTIR, OIT et DSC, au comportement électrique et mécanique 

macroscopique. 

Une partie importante de cette thèse est consacrée à la corrélation entre la réponse au 

vieillissement et les différentes propriétés mesurées. Il a été montré qu'il était possible de relier 

à la fois les propriétés chimiques et mécaniques des câbles XLPE étudiés avec les propriétés 

électriques. En particulier, la réponse diélectrique à haute fréquence permet un suivi efficace à 

la fois des toutes premières étapes du vieillissement, contrôlées par la cinétique de 

consommation des antioxydants, et ensuite de l’oxydation de la matrice polymère. Par 

conséquent, la spectroscopie diélectrique s'est avérée être capable d'évaluer l'état de 

vieillissement des câbles BT et, par conséquent, pourrait être utilisée comme marqueur de 

vieillissement pour le diagnostic des câbles. 

La dernière partie du manuscrit se concentre sur la construction d'une approche de 

modélisation prédictive des conditions des câbles BT soumis au vieillissement radio-chimique. 

Il en résulte l'obtention d'une courbe de durée de vie qui relie le facteur de vieillissement 
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auquel le câble est soumis, à savoir le débit de dose, à la valeur limite de la propriété électrique 

considérée (tanδ). 

Cela pourrait être considéré comme une étape importante dans l’évaluation du vieillissement 

des câbles, car elle ne permet d'évaluer l'état de vieillissement des câbles que par des 

techniques non destructives. En particulier, si le câble est en bonne santé et peut remplir son 

rôle, la valeur tanδ mesurée est inférieure à la valeur limite donnée par la courbe de durée de 

vie. 
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ABSTRACT 

 

 

This thesis aims at investigating the evolution of physico-chemical and electrical properties 

relevant to low-voltage power cables for nuclear application when subjected to typical nuclear 

power plant (NPP) environments i.e., to gamma radiation and high temperature.  

This research is part of the European Project Horizon 2020 TeaM Cables, which aims at 

providing a novel methodology for efficient and reliable NPP cable aging management to NPP 

operators. 

The analyzed samples consist of both coaxial and twisted pair cables with different polymeric 

compounds used as primary insulation. Insulating materials are based on the same silane cross-

linked polyethylene matrix with different additives and fillers. In particular, two kinds of 

antioxidants (primary and secondary antioxidants) and flame retardants (alumina try-hydroxide) 

with different amounts have been added to the base polymer. 

In order to characterize the material response to the environmental stresses, various 

experimental techniques have been used. These characterizations range from the microscale 

chemical response e.g. by FTIR, OIT and DSC, to the macroscale electrical and mechanical 

behavior. 

A significant part of this Thesis is given to the correlation of the response to aging among the 

different measured properties. It has been shown that it could be possible to connect both the 

chemical and mechanical properties of the investigated XLPE cables with the electrical ones. 

In particular, the high-frequency dielectric response allows an effective monitoring of both the 

early periods of aging, controlled by the antioxidant consumption kinetics, and then the 

subsequent oxidation of the polymer matrix. Therefore, dielectric spectroscopy showed to be 

capable of assessing the LV cable aging state and, consequently it might be used as an aging 

marker for cable diagnostic.  

The last part of the manuscript focuses on the building of a predictive modelling approach of 

LV cable conditions subjected to radio-chemical aging. It resulted into obtaining a lifetime 

curve which relates the aging factor to which the cable is subjected to, namely the dose rate, 

with the limit value of the considered electrical property (tanδ).  

This could be considered a significant step forward for cable aging assessment as it permits 

an evaluation of the cable aging state not only through non-destructive techniques. In 
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particular, if the cable is in good health and can fulfill its role, the measured tanδ value is 

lower than the limit value given by the lifetime curve. 
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CHAPTER 1 

STATE OF THE ART ON NUCLEAR POWER PLANTS CABLES 

 

 

INTRODUCTION EN FRANÇAIS 

Aujourd’hui, les câbles de basse tension sont largement utilisés dans les centrales nucléaires 

pour la transmission d'énergie, le contrôle des équipements et la communication de signaux 

et de données. On estime que chaque centrale nucléaire peut posséder jusqu'à 1 600 km de 

câbles basse tension. 

Les câbles basse tension jouent un rôle très important pour garantir une durée de vie sûre et 

efficace des centrales nucléaires. Une défaillance prématurée d'un câble basse tension peut 

entraîner des coupures de courant inattendues, un manque de communication et, dans le pire 

des cas, un accident nucléaire. Pour cette raison, les câbles nucléaires sont conçus et qualifiés 

pour résister à d'éventuels accidents nucléaires, par ex. un accident de perte de liquide de 

refroidissement (LOCA). 

En fonction de leur emplacement à l'intérieur de la centrale nucléaire, ces câbles sont soumis 

à nombreuses conditions environnementales telles que des températures élevées, des 

radiations, de l'humidité et des contraintes mécaniques. Tous ces facteurs de vieillissement 

contribuent à une dégradation précoce des câbles. En particulier, les conditions 

environnementales peuvent être particulièrement dures dans la zone de confinement du 

réacteur, provoquant un vieillissement accéléré des composants du câble. 

Étant donné que la plupart des centrales nucléaires construites dans les années 70 et 80 

atteignent maintenant leur fin de vie et que les coûts de démantèlement sont très élevés, les 

sociétés de services publics d’électricité tentent de prolonger la durée de vie des centrales 

nucléaires de 20 ans, voire de 40 ans supplémentaire. Cela ne peut être réalisé s’il n’est pas 

vérifié que les câbles installés peuvent garantir leur fonctionnalité pendant cette durée 

d'utilisation supplémentaire. 

En raison de la quantité importante de câbles, il est difficile d'évaluer la santé des câbles 

installés à l'aide des techniques conventionnelles comme, par exemple, des tests mécaniques 

ou chimiques. Pour faire face à ces besoins, de nouvelles techniques de surveillance de la santé 

des câbles doivent être correctement développées. Celles-ci doivent être idéalement 

reproductibles, non destructives et représentatives de tous les câbles testés. 
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De plus, les dernières avancées dans la recherche sur le vieillissement des polymères ont révélé 

des limites importantes dans les méthodes actuelles d'estimation de la durée de vie des câbles 

de centrales nucléaires. Ces limitations sont liées au manque de représentativité des tests de 

vieillissement accéléré et au manque de prise en compte de la composition du polymère (par 

exemple, charges et antioxydants) dans les modèles de vieillissement des câbles. En effet, la 

composition chimique des polymères peut profondément influencer le vieillissement du câble, 

retardant généralement les phénomènes de dégradation, par ex. l'oxydation. 

Dans ce chapitre, un large éventail des types de câbles basse tension les plus couramment 

utilisés à l'intérieur des centrales nucléaires, leur composition chimique et leurs propriétés sont 

rapportés et discutés. De plus, les effets des facteurs de vieillissement des câbles sont décrits. 

1.1 INTRODUCTION 

Nowadays, low voltage cables are extensively used inside nuclear power plants (NPPs) for 

power transmission, control of equipment and communication of signals and data. It has been 

estimated that each NPP may own up to 1600 km of low voltage cables. 

Low voltage cables play a very important role in guaranteeing a safe and effective operating 

life of the NPPs. Early failure of a low voltage cable could lead to unexpected power stops, 

lack of communication and, in the worst case, to a nuclear accident. For this reason, nuclear 

cables are designed and qualified to withstand possible nuclear accidents e.g. loss of coolant 

accidents (LOCAs). 

Depending on their location inside the NPP, these cables are subjected to a wide range of 

environmental conditions and stresses such as high temperature, radiations, moisture and 

mechanical stresses. All these stressors contribute to an early degradation of cables. In 

particular, environmental conditions can be particularly harsh in the reactor containment area, 

leading to accelerated aging of cable components. 

Since most of the NPPs built during the ‘70s and ‘80s are now reaching their end-of-life, 

electric utility companies are trying to extend the NPPs operating life up to other 20, possibly 

40, years. This can be achieved only if the installed cables can guarantee their functionality 

during this further application time.  

Due to the significant number of those cables, it is difficult to assess the health of the installed 

cables through commonly used techniques like, e.g., mechanical or chemical tests. To face 

these needs, new condition monitoring techniques have to be properly developed. These ones 

need to be ideally reproducible, non-destructive and representative of the all cable under test.  

Moreover, latest advances in polymer aging research have revealed important limits in current 

methods for estimating the lifetime of NPP cables. These are related to the lack of 
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representativeness of accelerated aging tests and the lack of consideration of the polymer 

composition (e.g. fillers, additives, antioxidants) in cable aging models. Chemical composition 

of polymers can deeply influence the cable aging development usually delaying the 

degradation phenomena e.g. oxidation to occur. 

In this Chapter a wide range of the most commonly low voltage cable types used inside NPPs, 

their chemical composition and properties are reported and discussed. Moreover, the effects 

of the degradation stressors on the aging of cables are described. 

1.2 EXTRUDED LOW-VOLTAGE (LV) CABLES INSIDE NPPS 

Any electrical cable consists of one or several conductors, insulation and jacket systems [1]–

[5]. Electric conductors, usually made of metals, deliver electric current to the considered device 

or instrument. Cable insulation protects one inner conductor from another one and/or from 

the ground in order to avoid any discharge among them. Finally, jacket systems are usually 

made of elastomeric compounds and protect the cable from mechanical damage during 

installation and keep the initial cable configuration. They can also provide protection against 

ultraviolet (UV) rays by using specific additives. 

Cables used inside nuclear power plants (NPPs) may be classified in various groups: 

1. Instrumentation cables 

2. Control cables 

3. Power cables. 

It has been estimated by [6] that a typical boiling water reactor (BWR) owns about 100 km of 

power cables, 80 km of control cables and 400 km of instrumentation cables. About 1600 km 

of cables are present inside a pressurized water reactor (PWR) power plant.  

The three abovementioned groups of cables own different designs, materials, and application, 

which deeply influence the way they behave and age during their application time. Power 

cables, in particular, are further divided depending on the voltage they can deliver. Hence, it 

is possible to distinguish: 

1. Low-voltage (LV) cables (rated voltage <2kV and operating voltage <1kV) 

2. Medium-voltage (MV) cables (rated voltage <5kV and operating voltage <4kV) 

3. High-voltage (HV) cable (rated and operating voltage higher than MV ones). 

This Thesis focuses on low-voltage cables used in NPPs, therefore not all the technical 

discussion and conclusions can be applicable to other kinds of cable because the designs of 

NPPs cables may differ from others, e.g. the ones used in distribution systems. 
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1.2.1 Instrumentation cables 

Instrumentation signals may be subjected to electromagnetic interference and noise inside 

NPPs. For this reason, instrumentation cables are usually shielded allowing the draining of 

electrical distortions to ground. The most common instrumentation cables designs are twisted 

pair and coaxial ones. 

 

Figure 1 Structure of typical instrumentation cables used in NPPs. (a) Coaxial cable, (b) Multiconductor cable. 
Courtesy of Nexans. 

1.2.2 Control cables 

Control cables have simple designs in which an insulated conductor is grouped with one or 

more additional cables under an outer jacket. In some cases, an additional rubber jacket layer 

is added over the single cable wires in order to assembly the multiconductor setup before 

jacketing. The insulation thickness is usually less than 1 mm thick (around 0.8mm) and it is 

made commonly by the mean of crosslinked polyethylene (XLPE), ethylene-propylene rubber 

(EPR), ethylene vinyl acetate (EVA) or polyvinyl chloride (PVC). These insulation systems can 

easily bare up to 90°C for continuous periods of time. However, the entire cable is not suitable 

to work at this high rated temperature. This because jackets usually can withstand 75°C or 

less without any damage.  

One of the main causes of control cable degradation is thermal stress. Due to the very low 

voltages of these cables, ohmic heating is not a concern. However, other thermal stressor can 

come from the adjacent environment such as high temperature valves and piping or hot 

lighting fixture. 

 

Figure 2 Structure of a typical multiconductor control cable used in NPPs. Courtesy of Nexans. 

a b 
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1.2.3 Low-voltage power cables 

LV power cables are characterized by basically the same design of control cables. One 

difference can be found in the necessity to delivery higher power so that the conductor size 

can be bigger thus requiring thicker insulation. 

1.3 MATERIALS USED INSIDE LV CABLES 

1.3.1Conductor 

Copper is the most used conductor thanks to its high electrical and thermal conductivity, good 

ductility and reasonable price. Copper conductors can easily bear rated temperature at 150°C. 

It is usually coated with tin, tin-lead alloy, pure lead, nickel or silver to minimize oxidation, 

enhance solderability and allow operation at higher temperature. Inside NPPs, the most 

common one is the tinned copper.  

Aluminum is also used as a conductor, even if its electrical conductivity is lower than the copper 

one (by a factor of 40%). Aluminum is used mainly in large-size conductors since its ductility 

and flux flow characteristics may cause morphological damages to the conductor if this latter 

has little dimensions. 

1.3.2 Insulating material 

Polymers are the most common materials used as primary insulation inside cables. They 

guarantee a high resistivity and breakdown voltage together with enough protection against 

environmental stressors, such as chemicals, moisture, heat and radiation. In order to ensure 

these requirements, pure polymers are not suitable for a long-term application, for this reason 

different kinds and amounts of additives are put inside the main polymer matrix to improve 

their electrical and physical properties.  

As already presented, the most common polymeric materials used are XLPE, EVA, EPDM and 

PVC. The percentage distribution of these materials inside NPPs cables is reported in Figure 3 

[6]. 
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Figure 3 Percentage distribution of polymeric materials used as electric insulation inside NPPs cables 

Among the most common additives used there are: antioxidants, plasticizers, vulcanizers and 

flame retardants. It has been estimated that LV cables may own up to 60% of fillers, reducing 

the effective insulating material. 

It is evident that the high presence of additives can have an impact on both the physical-

chemical and on the electrical properties. 

Plasticizers 

Plasticizers aim at improving the flexibility and mechanical endurance of the polymer. These 

low-weight molecular compounds are used as spaces between polymer chains, enhancing the 

flexibility and other physical and mechanical properties of the polymer. 

Lubricants 

Lubricants are additives which aim at reducing the friction and the viscosity of the polymer 

making it more processable. External lubricants are placed between the polymer and the 

mechanical parts of the e.g. extruder, to reduce the friction, while the internal lubricants ensure 

an easier filling of additives inside the polymer matrix. 

Flame retardants 

Inflammable polymers require particular fillers which inhibit combustion and smoke in order to 

guarantee the safety of these materials [7]–[11]. These fillers are known as flame retardants or 

smoke suppressants. They can reach up to 50% of the polymer total mass. 

These fillers are divided into non-halogen and halogen-containing flame retardants. 

• Flame retardants phosphorus-based and hydrate compounds, e.g. Alumina trihydrate 

(ATH) and Magnesium hydroxide ( Mg(OH)2 ). These molecules can stop the pyrolysis 

of the material since they pyrolyze, through endothermic reactions, faster than the 
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polymer, turning themselves into inert matter and reducing the inflammable gas 

coming from the polymer and preventing the rapid increase of temperature [12].  

• Halogen flame retardants. These molecules interfere with the ignition phase of the 

combustion. They showed to be more effective than the previous ones [7], but they 

release complex radical compounds which can worsen base polymer properties. 

Antioxidants 

Antioxidants (AOs) are chemical additives which prevent or delay the polymer degradation by 

oxidation [13]–[19]. Depending on the kind of antioxidants, they can act in different phases of 

the oxidation process [20]. Antioxidants can be divided into primary and secondary 

antioxidants. 

Primary antioxidants, such as phenolic antioxidants and secondary aromatic amines, are radical 

scavengers. They interrupt the oxidative degradation reaction chain by scavenging the radicals. 

The most common radical scavengers in polymer science are the phenolic antioxidants. These 

molecules convert peroxy radicals into hydroperoxides and convert themselves into phenoxy 

radicals. These latter are suspected to participate in a second act of stabilization. A simplified 

reaction scheme is reported in Figure 4. It is worth commenting that phenoxy radicals could 

abstract a hydrogen atom from the main polymer chain giving the possibility to start over the 

oxidative process. In order to minimize and prevent this phenomenon, phenolic antioxidants 

usually own two tertiary butyl groups. As a result, phenoxy radicals are stabilized by resonance. 

 

Figure 4 Phenol antioxidant reaction scheme 

Secondary antioxidants turn hydroperoxides (ROOH) into non-reactive products before they 

decompose into alkoxy and hydroxy radicals. These stabilizers are often used in combination 

with the primary antioxidants in order to achieve a synergistic inhibition effect. Important 

classes of secondary antioxidants are organic phosphides and thioethers. The thioethers are 

effective stabilizers because their oxidation products act as long-term heat stabilizers [18], 

[20]. A simplified reaction scheme of thioethers is reported in Figure 5. 
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Figure 5 Thioether antioxidant reaction scheme 

1.3.3 Shielding 

Inside instrumentation cables, the shielding permits the reduction of electromagnetic 

interference, in order to ensure the correct transmission of signals. Mechanically, the shield can 

stop the formation of cracks from the sheath to the primary insulation, physically dividing the 

two materials, hence the cable mechanical properties (e.g. ductility) are enhanced. The most 

common material used as a shielding system is copper in forms of wire braid or foil. 

1.3.4 Sheath 

The sheath is the outermost layer of the LV cable systems. It protects the cable from mechanical 

and chemical stresses, and it has an active protection against fire. Due to this wide protection 

aims, the sheath materials are usually polymers with a high amount of fillers and additives (e.g. 

smoke suppressants). 

The most common materials used as cable sheaths are Neoprene, Hypalon and polyvinyl 

chloride (PVC). However, this latter is not used inside the reactor containment area since it can 

release halogens (chloric acid) in case of fire [21]. 

Among all the components of the LV cables, the primary insulation and sheath are the most 

degradable materials since they are prone to degradation by the environmental stressors. 

Aging can deeply affect the physical-chemical and electrical properties of the material which 

can lead to the breakdown and the failure of the analyzed cable. 

1.4 DEGRADATION MECHANISMS OF POLYMERIC INSULATION INSIDE NPPS 

As presented, NPPs cables are exposed to a wide range of environmental conditions and 

stresses, depending on their location and application inside the power plant. As an example, 

these stresses can be particularly harsh inside the containment area. 

Material aging or degradation is defined as the irreversible change of at least one of the 

properties of a material submitted to its environment during its operational life. Aging always 

results from a change of physico-chemical properties of the material.  

The stresses leading to the degradation of the cable may be divided into three groups [2], 

[20], [22]: 
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• Environmental: radiation, heat, chemicals, moisture, etc. 

• Operational: high voltages, electrical transients, ohmic heating, mechanical stresses. 

• Design: related to non-efficient design phase. 

Among these stressors, the most significant ones for LV cables inside NPPs are heat and 

radiation. In the case of BWR plants also moisture content has to be taken into account [6].  

In particular, it has been showed by [6] that LV cables application life inside NPPs can be 

summarized into three scenarios: 

1. Service conditions. 0.2-1 MGy and 60°C. Usually the service temperatures are between 

35 and 60°C and between 0.2 and 1 MGy as absorbed dose. 

2. High temperature conditions. 0.2-1 MGy and 75-100°C. These conditions are typical 

of PWR power plants next to the pressurized heaters. 

3. High radiation and temperature conditions. 2000 MGy and 75-125°C. These 

conditions can take place nearby the reactor or on cables related to the safety of the 

reactor. The cables used in such conditions are not discussed in this Dissertation. 

All these stressors may lead to various degradation mechanisms. Focusing on the polymeric 

insulating materials, the main chemical aging mechanisms are: 

• Scission of macromolecular chains: two new shorter polymer chains are created from 

an initial bigger one. The chain scission causes the reduction of the average molecular 

weight of the polymer and a worsening of the mechanical properties of the material. 

• Cross-linking of macromolecular chains: it is the formation of a covalent bond between 

two adjacent polymer chains. The higher the number of cross-linking bonds, the stiffer 

the resulting material. Unfortunately, if the crosslinking extent exceeds a given 

threshold value, the polymer can also become brittle and not suitable for some 

applications. 

• Oxidation: it is the main cause of degradation of polymeric materials. This can be 

catalyzed by the effect of high temperatures and radiations and create free radicals 

which lead to the degradation of the material. 

These degradation mechanisms are usually correlated each other. A lot of research works 

focused on the understanding the structure/property relationships of polymeric materials and 

how these relationships vary during aging. As a result, it has been demonstrated that the 

changes in microscopical physical-chemical properties cause the modification of the macroscale 

properties e.g. the mechanical ones. As an example, the following causal chain was established 

for linear polyethylene [23] (Figure 6): 
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Figure 6 Proposed degradation chain for PE 

1.4.1 Thermo-oxidative degradation 

Many thermooxidative degradation mechanisms have been widely reported in literature for 

many kinds of plastics [14], [17], [24]. An example of thermooxidative degradation mechanism 

often reported for polyolefins is shown in Figure 7. As a chain reaction scheme, the thermo-

oxidation can be divided into different steps: 

1. Initiation reaction. Free radicals are created by the effect of heat. In this step, a 

covalent bond in the polymer chain (RH) is dissociated and creates a radical and 

one hydrogen. 

Polymer (RH) → 2R° (polymer radicals) 

2. Propagation reaction. The polymer radical R° reacts with oxygen and generates a 

peroxy radical (ROO°). 

R° + O2
 → R-O-O° (peroxy radical) 

This radical is extremely unstable, and it extract an hydrogen from the polymer 

generating an hydroperoxide (ROOH) and another radical R°. 

R-O-O° + R-H → R-O-OH (hydro-peroxide) + R° 

3. Chain branching. Hydroperoxide radicals decompose and generate alkoxy and 

hydroxy radicals: alkoxy radical decomposes resulting into chain scission and 

oxidation products (carbonyl groups, alcohols). 

ROOH → RO° + HO° 

RO° → Chain scission (carbonyl, alcohol) 

4. Termination. Radicals deactivate in ROOR inside the material. 

2R°→R-R 

ROO° + R°→ROOR 

2 ROO° ↔ROOR + O2 

If inside the polymer antioxidants molecules are present, then the termination 
reactions are replaced by stabilization reactions: 

ROO° + AO↔R-O-O-X + AY 

Consumption 
and physical 

loss of 
antioxidants

Oxidation
Chain scissions

Chemi-
crystallization

Loss of ability 
in plastic 

deformation
Embrittlement
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    where AY designates antioxidant products 

 

Figure 7 Thermo-oxidation mechanism for polyolefins. 

1.4.2 Radio-oxidation 

Ionizing radiations generate a huge amount of energy inside the irradiated polymer, which is 

orders of magnitude higher than the mean chemical bond strength [25]–[27].  

The processes given by the interactions between the radiation and the material may be divided 

into three stages: 

1. Absorption of the radiation energy in the material (physical stage) 

2. Energy transfer among intermediates (physicochemical stage) 

3. Restoration of the chemical equilibrium (chemical stage). 

A schematic of the processes occurring during the interaction is reported in Figure 8. 

 

Figure 8 Succession of radiation-chemical processes [26]. 

During the physical stage, the radiation energy is distributed among atoms and molecules 

inside the polymer. This phenomenon brings to the generation of high-energy electrons which 

can excite and ionize the polymer molecule. However, the interaction time is very short and 

does not permit chemical reactions to take place. As a result, a big number of activated 

molecules are formed inside the polymeric matrix. The distribution of these radicals depends 

on the property of the material and on the irradiation characteristics. The secondary electrons, 
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given by the previously activated molecules, may ionize and collide with the neighboring atoms 

which can give birth to reactive volumes made up of ions, radicals and excited atoms and 

molecules [26].  

In the physical-chemical stage, the excited molecules transfer energy through molecular 

collisions and chemical reactions. As a result, new ions, radicals and excited atoms are created. 

Finally, the chemical equilibrium is reached once these radicals chemically react with the 

environmental oxygen or by each other (chemical stage). This latter stage behaves similarly to 

the thermo-oxidative chain reactions. 

Hence, the molecular modifications induced by the ionizing radiation can be summarized as 

[28]: 

• Crosslinking. This forms new C-C covalent bonds between adjacent polymer chains 

• Chain-scission. The breaking of a long chain into two smaller ones 

• Changes in the nature and number of double bonds 

• Oxidation. 

In a semi-crystalline polymer, radiations create free radicals in both the crystalline and 

amorphous phases. It is evident that the oxidation occurs mainly in the amorphous area due 

to an easier mobility of oxygen molecules and radicals. Indeed, the diffusion coefficient in the 

amorphous region are several orders of magnitude higher than the in crystalline phase ones, 

resulting into an easier movement of chemical compounds in the amorphous phase.  

For this reason, radicals in the amorphous region are able to bond each other or with oxygen. 

On the contrary, radicals formed in the crystalline region remain trapped for a certain period 

of time after irradiation. These trapped radicals can cause some reactions inside the crystalline 

area, yielding to a significant variation of both physical and chemical properties of the material. 

Moreover, due to diffusion phenomena, these radicals slowly migrate to the interface of the 

crystalline part where they are free to bond with the environmental oxygen leading to further 

oxidative degradation even when no irradiation source is on. This phenomenon is known in 

literature as post-irradiation effect, and can significantly change the physical-chemical 

properties of the material even after radiation is no longer applied to the polymeric matrix 

[28]–[30].  

This phenomenon is particularly significant inside NPPs. Indeed, due to this, it is important to 

evaluate the health of the insulation, not only immediately after the shutting down of the 

environmental stressors but even after several time since polymer degradation can evolve even 

years after the removal of external stressors. 
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1.4.3 Combined effect of thermal and radiative stressors 

Very often the two abovementioned environmental stressors act at the same time inside typical 

NPP environments. In particular, temperature and radiation may have a synergistic effect on 

the aging of the cable insulations. Depending on the external conditions, there will be a more 

predominant degradation process over the other, which would be the main cause of the 

material degradation. 

Figure 9 reports the predominance diagram of the mechanisms of degradation during radiation 

and thermal aging in radiation environment.  

 

Figure 9 Predominance diagram of the mechanisms of degradation during radiation and thermal aging in 
radiation environment 

This graph depicts four zones: 

I. Oxygen diffusion controlled thermo-oxidation 

II. Thermo-oxidation not controlled by oxygen diffusion 

III. Radio-oxidation not controlled by oxygen diffusion 

IV. Radio-oxidation controlled by oxygen diffusion 

The A curve in the graph represents the separation between thermal-oxidation and radio-

oxidation, while the B curve depicts the separation between the area led by the oxygen 

diffusion and the area not led by the oxygen diffusion in the radio-oxidation area. 

Oxygen diffusion can become determinant if the oxygen present in the material bulk is 

consumed by reaction with free radicals (generated by the irradiation) faster than the oxygen 

that is replaced by diffusion from the atmosphere. When this happens, material degradation 

results to be more significant on the outer layer of the insulation (inhomogeneous 

degradation), since oxygen cannot successfully penetrate inside the bulk of the material. This 

phenomenon is known in literature as Diffusion Limited Oxidation (DLO) [21], [31]–[37] and it 

is significant when high dose rates are applied to the polymeric insulation. Indeed, these yield 

to a non-homogenous oxidation of the polymer. As presented, radiation catalyzes the oxidative 
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reactions which require oxygen from the surrounding environment. If the amount of oxygen is 

not enough to bond with radicals made by high radiation dose rates, oxygen molecules cannot 

migrate to the inner part of the insulation and remain trapped in the outermost layers (Figure 

10.a). Simultaneously, given the same concentration of oxygen molecules, thicker insulation 

can face DLO effects since available oxygen bonds to the polymer outer layer, leading to 

inhomogeneous aging throughout the thickness. Macroscopically, this behavior results in a 

brittle external layer of the cable and formation of cracks which can yield to an abrupt reduction 

of the mechanical properties and, consequently, to the failure of the cable according to the 

available condition monitoring technique, as it will be discussed in the following. A sketch of 

the effect of DLO phenomenon is reported in Figure 10.  

 

Figure 10 Sketch of diffusion limited oxidation (DLO) phenomenon 
a. Change in oxygen concentration. b. Change in polymer thickness. 

Identifying the predominance of one environmental stressor over the other (Figure 9) is of 

utmost importance in order to better understand the evolution of some material properties 

and to overcome actual limitations of available testing procedures e.g. mechanical ones, which 

are not directly referred to the actual cable applicability. For this reason, a wide range of 

testing techniques have to be evaluated in order to better assess the cable health condition.  

1.5 THE TEAM CABLES PROJECT 

This P.h.D. thesis has been carried out in the framework of a Euratom H2020 Project called 

TeaM Cables (www.team-cables.eu). 

TeaM Cables aims at providing NPP operators with a novel methodology for efficient and 

reliable NPP cable ageing management by developing: 

• cable aging models and algorithms, which are based on multi-scale studies and can be 

tailored to cover variations in fillers, additives and degrees of crosslinking, 

• methodologies for non-destructive testing techniques and their associated criteria 

identified from multiscale relations, 

• a novel “open access” tool which aims at integrating all the models developed and 

providing the residual lifetime of cables by crossing non-destructive measurements 
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with predictive models and knowledge of cable exposure conditions (wiring network in 

the NPP). Cable lifetime estimation accuracy will be greatly improved as current models 

only distinguish the type of polymer (e.g. EPR or XLPE) and therefore can describe only 

one parameter of the polymer. 

 

Figure 11 The H2020 TeaM Cables Project logo. 

In the project, the study of polymers with growing formulation complexity allows the 

identification of the role of each component during the polymer aging. Cable materials are 

subjected to both normal conditions, i.e. soft accelerated aging, representative of normal 

conditions inside a reactor building, and abnormal conditions, i.e. exposure to design basis 

event and/or severe accidents. On the one hand, experimental characterizations are carried 

out at different scales to collect and analyze aging mechanisms and effects. On the other hand, 

new models are developed trying to correlate the different scale experimental responses with 

aging.  

The capability of a cable system to fulfill its application is strictly related to the degradation of 

the polymeric insulation. Hence, in order to define a cable end-of-life criterion, it is mandatory 

to know the evolution of its physical-chemical properties with aging. This is achievable through 

the development of multiscale kinetic models which take into account the causes of polymer 

aging e.g. thermal and radiation stressors and their consequences on the polymeric matter. 

The validation of these models is obtained through the experimental results coming from the 

accelerated aging on the project cable samples. A schematic representation of this approach 

is reported in Figure 12. 
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Figure 12 Schematic of the multiscale approach applied in the TeaM Cables Project. 

Once known the end-of-life criterion, it would be possible to develop testing procedures for 

cable diagnostics (e.g. based on electrical measurements) which are needed to be non-

destructive, in order to verify the health of the cable and schedule its replacement or extend 

its operating life. 

1.6 AIM OF THIS THESIS 

The main aim of this Thesis is to analyze and investigate how the typical aging stressors inside 

NPPs, i.e. radiation and high temperatures, can modify the physical-chemical and electrical 

properties of the extruded instrumentation and control low-voltage cables used in this type of 

power plants. 

The main objectives can be summarized as follows: 

• Investigate the evolution of the physical-chemical and electrical properties of LV cables 

for nuclear application subjected to radio-chemical and thermal aging 

• Find possible aging markers based on the electrical properties which can be used for 

the definition of an end-of-life criterion based on electrical measurements 

• Correlate and model the changing of the polymeric material properties from the 

microscale (e.g. chemical) to the macroscale (e.g. electrical and mechanical) 

• Develop a non-destructive condition monitoring technique which can be suitable to be 

used onsite. 

In this Thesis, great attention will be paid on the multiscale modelling, focusing mainly on the 

electrical response of the aged materials. A schematic of the experimental and modelling 

process is reported in Figure 13. 
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Figure 13 Schematic of the multiscale modelling for electrical measurements 

Finally, the verification of the applicability of the end-of-life criterion through available 

nondestructive on-site testing technique is performed. 
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CHAPTER 2 

CONDITION MONITORING TECHNIQUES FOR LV CABLES 

 

 

INTRODUCTION EN FRANÇAIS 

Les câbles sont des composants essentiels d'une centrale électrique car ils connectent les 

composants des systèmes et fournissent des données utilisées pour assurer un fonctionnement 

efficace de la centrale. Tous ces équipements doivent donc être qualifiés pour garantir de 

bonnes performances à la fois dans des conditions de fonctionnement normales et dans des 

conditions accidentelles, par exemple la perte de liquide de refroidissement qui pourrait se 

produire pendant leur durée de vie opérationnelle dans les centrales nucléaires. 

Aujourd’hui, la qualification des câbles I&C pour garantir la sécurité est basée sur des normes 

internationales : CEI-780, IEEE-323, IEEE 383 [38] ou des normes nationales codées RCC-E et 

RCC-M en France, et KTA 3501 -3503 et 3505 en Allemagne. Toutes ces normes ont en 

commun la démonstration de la capacité du câble à résister à un Evènement Basé sur la 

Conception (EBC) après une exposition à des conditions normales de fonctionnement pendant 

leur durée de vie opérationnelle prévue, qui est généralement d'environ 40 ans. Les techniques 

de qualification les plus courantes sont présentées dans ce chapitre. 

Actuellement, la possibilité d'étendre la durée de vie opérationnelle de la centrale nucléaire de 

20 années supplémentaires impose comme défi de garantir que les câbles I&C réels peuvent 

fonctionner en toute sécurité sans aucune défaillance. Dans ce contexte, la nécessité d'une 

technique non destructive (TND) pour « la surveillance santé » (SS) qui peut être effectuée in 

situ sur site est un problème clé à résoudre. 

La « surveillance santé » est définie comme la procédure de mesure des grandeurs liées à l'état 

d'isolation des câbles, visant à évaluer le niveau de dégradation sous l’effet du vieillissement 

des câbles électriques [39]. 

Jusqu'à présent, plusieurs techniques de « surveillance santé » ont été développées et elles 

sont décrites dans ce chapitre. Cependant, aucune d'entre elles n'a réussi à établir un critère 

de fin de vie unique au-delà duquel le câble doit être remplacé. En effet, de nombreuses 

recherches s'orientent vers une combinaison de différentes TND afin de tenir compte des forces 

et des faiblesses de chaque technique [40], [41]. 

Afin d'utiliser efficacement une technique SS, il est important d'obtenir au départ un indicateur 

de dégradation (ID), qui représente la valeur maximale (ou minimale) de la propriété mesurée 



23 
 

à la fin de la durée de vie qualifiée du câble avant un test EBC réussi. L’objectif du CM est de 

vérifier que la condition qualifiée n'a pas été dépassée. En d'autres termes, si la propriété 

mesurée par la technique SS est inférieure (ou supérieure) à la valeur ID, le câble peut résister 

à un EBC, par conséquent il n’a toujours pas atteint sa durée de vie qualifiée. 

2.1 INTRODUCTION 

Cables are essential components of a power plant because they connect system components 

and deliver data used to ensure efficient work of the plant. All these equipments, hence, need 

to be qualified to ensure good performance both under normal operating conditions and under 

accidental conditions e.g. loss of coolant which could occur during their operational life inside 

NPPs. 

Nowadays, qualification of I&C cables important to safety are based on international standards 

such as IEC-780, IEEE-323, IEEE 383 [38] or national standards such as French National Codes 

RCC-E and RCC-M and German Safety Standards KTA 3501-3503 and 3505. All these 

standards have in common the demonstration of the cable ability to withstand a design-based 

event (DBE) after exposure to normal operating conditions during their planned service life, 

which is usually about 40 years. As an example, one of the most used technique for cable 

qualification is reported in the following paragraph. 

Currently, the possibility to extend the actual NPP operational life to other 20 years raises the 

challenge to guarantee that the actual I&C cables can perform safely without any failure. In this 

background the necessity of nondestructive technique (NDT) for condition monitoring (CM) 

which can be performed in situ is a key issue to be addressed.  

Condition monitoring is defined as the procedure of measuring quantities related to cable 

insulation status, aiming at evaluating the level of aging degradation of electric cables [39].  

Up to now, several condition monitoring techniques have been developed, which are described 

inside this Chapter. However, none of them succeeded in the establishment of a unique end-

of-life criterion beyond which the cable needs the replacement. Indeed, copious research 

studies are moving towards a combination of different NDTs in order to keep into account the 

strengths and weaknesses of each technique [40], [41]. 

In order to efficiently utilize a CM technique, it is important to initially obtain a condition 

indicator (CI), which represents the maximum (or minimum) value of the measured property at 

the end of the cable qualified life before a successful DBE test. The aim of the CM is to verify 

that the qualified condition has not been exceeded. In other words, if the property measured 

through the CM technique is lower (or higher) than the CI value, the cable may be able to 

withstand a DBE, hence, it is still under its qualified life. 
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2.2 CABLE QUALIFICATION PROCEDURE 

The initial qualification is a mandatory step prior to the setup of the cable inside the power 

plant. According to IEEE-383 [38], the qualification can be achieved through different methods: 

type testing, operating experience or analysis. The most common one is the type testing 

technique whose goal is to verify the capability of the cable to fulfill its functions throughout 

its operating life and after a possible LOCA.  

As stated in the introduction, there are several standard procedures depending on the type of 

cable to be qualified (safety or non-safety cables), on the country, and on the place of the cable 

application inside the NPP. However, a common procedure for cable qualification can be 

summarized as follows [42], [43]: 

1. Visual inspection 

2. Measurement of initial functional properties 

3. Simulation of ageing in normal operation (pre-ageing) 

4. Testing of functional properties 

5. Simulation of the accident and post-accident period 

6. Measurement of final properties 

7. Final visual inspection 

These testing procedures have to be performed in the specific order. In the end, the detailed 

procedure and the followed testing techniques have to be reported in the Test specification 

document which has to be approved by the Technical Safety Organization (TSO), NPP owner 

and Country authority. 

Specimens to be tested are obtained from the splitting of the entire cable into its components, 

namely: insulated wire, insulation and sheath. On the contrary, coaxial cables are tested as a 

whole.  

The length of each sample must be higher than 3.05 m, according to IEEE-383 [38].  

Sample materials are then subjected to accelerated aging in order to simulate the normal 

operating life of those cables. Being in an NPP environment, aging is performed both under 

radiation and high temperatures. Radiation aging is usually achieved through a 60Co irradiation 

source, keeping into account that the dose rate could impact the final property change. 

Therefore, common dose rates used for accelerated aging usually do not exceed 110 Gy/h per 

1 mm insulation thickness. 

Accelerated thermal aging is performed using the Arrhenius approach, according to which 

short-term simulation of aging at high temperatures causes the same long-term reduction of 

cable lifetime at operating temperature. However, the aging temperature has to be chosen 

according to the chemical limitation of the polymeric compound used. Generally, for common 
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polyethylene plastics, temperatures higher than the PE melting temperature (around 120°C) 

are not allowed due to the change in the morphology inside the material. 

Accelerated aged specimens are then subjected to a Design-basis Accident (DBA) which 

consists of further irradiation with accident dose and simulation of thermodynamic profile of 

DBA and post-DBA (Figure 14). The accident dose rate can be up to 10 kGy/h, common values 

are around 2.5 kGy/h at room temperature. The thermodynamic profile is made up of various 

temperature ramps in a steam environment at different pressures. In addition, a chemical spray 

can be inserted, if required. During DBA, cables can be energized in the case of power cables 

(both voltage and current) or communication cables (only voltage usually equal to 50 Vrms). 

 

Figure 14 Example of thermodynamic profile of DBA simulation [42]. 

After DBA simulation, specimens are tested in order to verify that their properties show 

acceptable values. The properties usually tested are electrical and mechanical ones. Among 

the electrical ones, common testing techniques are insulation resistance and breakdown 

voltage. Tensile stress technique is the one used for assessing the mechanical properties. In 

addition to that, samples have to be coiled around a mandrel in order to verify the mechanical 

resistance of the analyzed cables to bending. 

Acceptance criteria are the main issues related to the qualification of nuclear cables. Indeed, 

there is no absolute a priori criterion available for cable qualification but some common 

measurable functional properties are available, e.g., elongation-at-break or insulation 

resistance measurements. Criteria are usually the limit values of properties beyond which the 

degree of deterioration is considered to reduce the ability of the cable to withstand stresses 

encountered in normal service, and during accidents. 

A typically recommended threshold value for the mechanical properties is 50% of the absolute 

elongation-at-break. This value showed to guarantee sufficient safety margins to the qualified 

cable, and it is widely used as an acceptance criterion. 
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Referring to electrical measurements, the insulation resistance is usually the quantity to be 

measured. This must be sufficiently high to exclude the possibility of activation of the current 

protection systems at the NPP for the specific installation. This means that there is a maximum 

leakage current a cable can deliver. As an example, for a 100 m cable, the leakage current 

shall not exceed 25 mA for cables with a conductor size of 1.5 mm2. 

In conclusion, if the analyzed cable passes all the above required conditions and tests, it is 

considered qualified for 40 years, and no condition monitoring is required during its qualified 

life. However, as a better understanding of the aging behavior of polymeric materials has been 

achieved during the last years, new concerns about the original approach to qualification 

raised. For this reason, the development of new effective condition monitoring techniques is 

becoming more and more a key issue for the management of nuclear cables. In the following, 

various available condition monitoring techniques are presented and discussed, focusing on 

their applicability on site and their industrial availability. 

2.3 AVAILABLE CONDITION MONITORING TECHNIQUES 

2.3.1 Visual inspection 

The first condition monitoring technique is clearly the visual inspection. It has been shown that 

a change in color of the cable jacket can be considered as an indicator of aging. The change 

of color in polymers are usually related to the formation of double bonds (due to e.g. 

antioxidant degradation products or unsaturated irradiation products) which, in the case of 

polyethylene, give the polymer a yellowish texture [44]. In the case of black rubbers, on the 

contrary, the polymer color changes into a grey-white form. Anyway, no evidence is reported 

claiming that the intensity of the color change can be correlated to the amount of degradation. 

For this reason, the changing in color can be used only as a warning alarm on the actual 

degradation of the cable but no information about the degradation stage can be extracted. 

2.3.2 Tensile stress 

Among the mechanical tests, the tensile test is, with no doubt, the most common and widely 

accepted condition monitoring technique for NPPs cables. 

A typically accepted rule among NPP regulators is that if the elongation-at-break (EaB) of the 

cable primary insulation and jacket is higher than 50% absolute elongation, the cable may still 

fulfil its required function under normal operation and it could withstand a DBE without 

damage (§ 2.2). This criterion was proposed in a report issued by EPRI [45] in 2005. In this 

report, dozens of extruded LV cable specimens have been aged and mechanically tested before 

and after a DBE simulation. It has been demonstrated that all the cables which withstood a 

DBE simulation owned an EaB equal or higher than 50% absolute value. 
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It is established that this criterion is not representative of the entire cable degradation due to 

the fact that it is made on a small portion of the insulation (usually around 5 cm) and it can be 

affected by huge error displacements. Moreover, different polymeric materials can show very 

different initial EaB values, e.g. for polyethylene initial EaB can be around 400% or 200%, 

depending on its additives content, while rubbers can have much higher EaB initial values 

(more than 1000%). 

Nevertheless, the use of this method over many years and its very good correlation with 

polymer degradation level brought to the general acceptance of this method as a good 

condition monitoring technique for cables [46]–[54]. 

The tensile method is a destructive technique, standardized in the IEC 60811-501:2012 [55], 

which consists of applying a constant elongation force to the specimen until it breaks. The 

maximum elongation value at break is called Elongation-at-break (EaB).  

The specimen shape is a dumb-bell shape (Figure 15), with an initial section A0 and length lo, 

to which is applied a constant longitudinal force F that causes the elongation of the specimen 

itself (Δl0). 

 

Figure 15 Dumb-bell shape for tensile tests (from IEC 60811-501) 

Hence, the stress σ can be defined as: 

 
𝛔 =

𝐅

𝐀𝟎
 (𝐏𝐚) 

(1) 

While the elongation-at-break is defined by: 

 
𝐄𝐚𝐁(%) =

(𝐥 − 𝐥𝟎)

𝐥𝟎
∙ 𝟏𝟎𝟎 

(2) 

where l0 and l are the initial and breaking useful lengths of the specimen, respectively. 

The instrumentation acquires at the same time the stress and the strain to which the specimen 

is subjected, building the stress-strain curve, as seen in Figure 16.  
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Figure 16 Typical polymer stress-strain curve 

The curve can be divided into two zones corresponding to two different mechanical behaviors 

of the polymer: 

• Elastic behavior (linear trend). Deformations occurring in this phase are reversible. If 

the specimen is unloaded, it can recover its initial shape without any damage; 

• Plastic behavior (non-linear trend). Deformations occurring in this phase are only 

partially reversible. The specimens change their shape and they will not be back to 

their initial form. 

2.3.3 Indentation measurements 

Microindentation hardness testing (MHT) provides information about the compressive modulus 

of the material under controlled conditions. A diamond indenter of specific geometry is pushed 

towards the surface of the material under test using a known applied force (load). The most 

common indenters are the Knoop and Vickers one (Figure 17) and the applied force usually 

ranges from 9.8x10-3 to 9.8 N [56]–[58]. The testing procedure is standardized in the ASTM 

E384 Standard, published in 2017 [56]. 

 

Figure 17 Knoop (a) and Vickers (b) indenters morphologies 

During the test, the applied force produces a local displacement on the surface of the sample, 

this local displacement is characterized by a penetration depth caused by the applied load. All 

these quantities are acquired by the instrumentation so that the force-displacement curves are 
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obtained in both the loading and unloading phases (Figure 18). The slope of the unloading 

phase allows the evaluation of the local Young’s modulus of the material. 

 

Figure 18 Schematic of the loading and unloading phases of the indentation test 

The reduced modulus (Er) is given by the initial slope of the discharging curve, according to 

the following: 

 
𝐄𝐫 =

√𝛑𝐒

𝟐𝛃√𝐀𝐜

 
(3) 

where S is the initial slope of the discharge curve, β is a form factor dependent on the type of 

indenter (β = 1.012 in the case of a Vickers indenter) and Ac is the proposed contact area, 

which depends on the type and geometry of the indenter. 

Finally, the Young’s modulus is given by: 

 
𝐄 =

𝟏

𝟏 − 𝛝𝟐

𝐄𝐫
−

𝟏 − 𝛝𝐢
𝟐

𝐄𝐢

 
(4) 

𝜗 is the Poisson coefficient of the sample (ϑXLPE Silane = 0.42). 𝜗i and Ei are the Poisson coefficient 

and Young’s modulus of the diamond indenter, equal to 0.07 and 1147 GPa, respectively. 

It has been demonstrated that the more severe the degradation of the cable, the higher the 

Young’s modulus. Indeed, it is known that degradation causes the embrittlement of the 

polymer resulting into the increase of the Young’s modulus. The microindentation technique is 

quite commonly used inside NPPs since various portable devices have been commercially 

available for several years. This technique shows to be appropriate on EPR cable, well 

correlating with the aging and degradation of the material. On the contrary, very little changes 

of the modulus are appreciable on XLPE cables [59], [60]. Against its ease-of-use and 

commercial availability of this instrumentation, it must be taken into account that this measure 

is very sensitive to temperature changes and, since it is a local measurement, the testing spots 

can be non-representative of the entire cable system health. 
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2.3.4 Differential scanning calorimetry (DSC) measurements 

The Differential Scanning Calorimetry (DSC) analysis measures the difference in heat flow (in 

mW) between a sample and a reference, in an inert atmosphere, during a set temperature 

change [61], [62]. DSC analyses give both quantitative and qualitative information about the 

physical and chemical transformations which imply heat exchange and variation of heat 

capacity (Figure 19) occurring inside the material under test. Hence, through DSC is possible 

to investigate the nature and temperature of exothermic and endothermic reactions (e.g. 

polymer melting). 

From the DSC analysis thermograms, it is possible to determine the enthalpy of melting as the 

integral of the endothermic peak. Indeed, during melting, polymer acquires heat from the 

environment in order to melt the crystalline phase (endothermic reaction). 

In particular, it is possible to evaluate the ratio of crystallinity (χc) of the material under test by 

the following equation: 

 
𝛘𝐜 =  

𝚫𝐇𝐦

𝚫𝐇𝐦,∞
 

(5) 

where ΔHm is the enthalpy of melting of the sample (J.g-1), and 𝛥𝐻∞ is the enthalpy of melting 

of the PE crystal (commonly used value for 𝛥𝐻∞ is 290 J.g-1 for PE). 

 

Figure 19 Typical polymer thermogram obtained by DSC measurements 

Crystallinity ratio is not commonly used as an aging indicator but it has been demonstrated by 

several authors [23], [63], [64] that aging may cause the detachment of short macromolecular 

fragments from the amorphous phase, which might migrate up to the surface of the pre-existing 

crystals to thicken them. This phenomenon in known as chemicrystallization [23]. Anyway, the 

quantitative study of the chemicrystallization is often complicated by various phenomena e.g. 

the loss of small molecules by evaporation, the change of density of the polymer chain due to 

oxidation and the effect of radiation and thermal stressor which can influence in different ways 

the changes in the crystallinity ratio. 
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2.3.5 Oxidation induction time (OIT) measurements 

This technique, based on the DSC instrumentation setup, allows the evaluation of the time 

required to induce oxidation inside the material under a controlled flux of oxygen. In the case 

of stabilized polymers, OIT measurements could give a quantitative assessment of the degree 

of stabilization of the material since the OIT can be also defined as the time required for 

consuming all the stabilizers inside the specimen. 

The OIT procedure is standardized by the ASTM D3895-19 [59], [65], [66] and it is made up 

of three steps: 

• Rapid ramp under nitrogen from room temperature to testing temperature (around 

200°C) 

• Temperature equilibration (around 5 mins) 

• Switching of the furnace atmosphere from nitrogen to pure oxygen 

• Isotherm at testing temperature until an exothermic peak appear in the thermograph 

(Figure 20). 

The exothermic peak is related to the oxidation reactions in the polymer under test. 

The time at which the switch of gas flow occurs is defined as t1, while the time at which the 

exothermic peak appears is t2. This latter is graphically obtained by the tangent-method, 

namely it is the intersection of the baseline with the steepest tangent of the reaction peak. The 

difference between these two values of time is defined as oxidation induction time (OIT). 

 𝐎𝐈𝐓 = 𝐭𝟏 − 𝐭𝟐 (6) 

 

 

Figure 20 Graphical scheme of a typical OIT thermograph 

It is evident that the more severe the degradation state of the material the lower its resistance 

to oxidation, hence the OIT value. For this reason, OIT can be considered a suitable condition 

monitoring technique for certain kinds of insulating polymer. 
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Indeed, OIT measurements proved to be appropriate for materials based on PE, in particular 

XLPE. For other materials, very few examples are reported requiring special knowledge about 

the material composition and properties [46]–[48], [67], [68]. 

This method is, up to date, not so commonly used inside NPPs because the DSC 

instrumentation is a laboratory machine but sampling can be done on site and since very low 

amount of material is needed (usually around 5-10 mg) the test can be considered as non-

destructive. On the other side, this method is only suitable on materials filled with antioxidants 

or other types of stabilizers and it does not provide any information about the cable 

functionality itself. 

2.3.6 Thermo-gravimetrical analysis 

Thermo-gravimetrical analysis (TGA) is a chemical technique which records the weight of the 

material sample as a function of the increase of temperature in a controlled atmosphere. This 

technique is standardized by the ASTM D6370 reapproved in 2019 [69]. The thermograms 

(Figure 21) given by the instrumentation provide the mass loss over the specified temperature 

range from which it is possible to obtain a compositional analysis of the sample. In particular, 

it is possible to evaluate the concentration of fillers e.g. flame retardants and plasticizers.  

 

Figure 21 Typical thermogram for rubber-based polymers 

For this reason, this test is typically used for the analysis of degradation of polymers based on 

PVC, which can lose their plasticizers during aging, and on rubber polymers like, e.g., EVA and 

chlorosulfonated polyethylene (CSPE), whose degradation state is directly  proportional to the 

hydrogen atoms replacement in the polymer main chain with other functional groups [47], 

[49], [67]. 

2.3.7 Fourier Transform Infrared (FTIR) Spectroscopy  

FTIR (Fourier Transform Infrared) spectroscopy is a non-destructive technique based on the 

interaction of infrared radiation with the analyzed material. The reference standard for this 

technique is the ASTM E168 published in 2016 [70]. 
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It is known that, when a light beam impresses a material, some part of the beam passes 

through, the other part is reflected from or is absorbed by the material under test. Essentially, 

the amount of light absorbed by the sample is the difference between the incident radiation 

(I0) and the transmitted radiation (I). This amount of absorbed light can either be expressed in 

transmittance (T) or in absorbance (A). Transmittance and absorbance can be expressed as 

follows: 

 
𝐓 =

𝐈

𝐈𝟎
 

(7) 

 𝐀 = − 𝐥𝐨𝐠 (𝐓) (8) 

   

Absorption of light can cause a transition from an initial energetic state to a higher one. The 

nature of the transitions depends on the energy of the photon but also on the chemical nature 

of the interacting compound. As a result, a change of the molecular dipole moment occurs. 

The molecule vibrates or rotates to dissipate the excess of energy and restore the initial 

equilibrium. In doing so, the instrumentation records the peak related to the excited molecule, 

a number of those giving birth to the so called FTIR spectrum (Figure 22). 

The vibration frequency of chemical bonds is directly related to the chemical nature of the 

involved atoms, but also on their chemical environment. Characteristic wavenumbers for 

several chemical bonds are often available from literature [71]–[74]. 

Additionally, the intensities of the bands are proportional to the concentration of the chemical 

functional group involved. Hence, FTIR spectroscopy can also be used as a quantitative 

technique. In particular, the oxidation reactions give raise to new carbonyl groups (C=O) whose 

peaks appear at around 1720 cm-1. Since the oxidation is reported to be the main cause of 

degradation of the polymeric materials, the increase of the intensity of the carbonyl peak is 

often used as an aging marker for extruded cable systems [60], [73], [75]–[77]. 

Unfortunately, this measurement requires laboratory equipment which is usually a non-portable 

device. Moreover, the carbonyl band can be also overlapped by non-oxygen related molecules 

e.g. phenolic antioxidants or other additives, so that the suitability of this technique for cable 

diagnostics has to be evaluated once known the exact composition of the cable under test. 

 
Figure 22 Example of FTIR spectrum 
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2.3.8 Dielectric spectroscopy 

Dielectric spectroscopy (DS, sometimes called impedance spectroscopy) measures the 

dielectric response of a medium subjected to an external alternating electric field as a function 

of frequency [78]–[81]. 

 

Figure 23 Parallel-plate capacitor dimension scheme. 

This technique measures the impedance of a system over a range of frequencies, and therefore 

the frequency response of the system. Namely, the electrical properties of a dielectric placed 

in a parallel-plate capacitor, with surface S and thickness d (Figure 23), under the effect of an 

alternating voltage with frequency f, is described by measuring its capacitance (C) and 

conductance (G), defined as follows [80]: 

 
𝐂(𝛚) = 𝛆𝟎𝛆′(𝛚)

𝐒

𝐝
 

(9) 

 
𝐆(𝛚) = 𝛆𝟎𝛚𝛆′′(𝛚)

𝐒

𝐝
 

(10) 

where ε0, ε’, ε’’ are respectively the permittivity in vacuum, the real and imaginary parts of 

permittivity of the analyzed dielectric material. Therefore, the complex permittivity can be 

defined as follows: 

 �̇� = 𝛆′(𝛚) − 𝐣𝛆′′(𝛚) (11) 

The real part of permittivity is defined as the ability of the dielectric medium to store energy 

while the imaginary part of permittivity defines the energy losses of the material. 

The trend of the complex permittivity as a function of frequency gives birth to the so-called 

dielectric spectrum representing the various polarization phenomena occurring inside the 

material under test (Figure 24). The spectrum is given by a convolution of various peaks related 

to the various molecular species which are inside the material under test. Indeed, when the 

applied field owns a frequency similar to the opposite of the characteristic relaxation time of 

the considered molecule, the spectrum exhibits a peak related to the relaxation of the molecule 

[80]. 

 

Thickness (d) 

Surface (S) 
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Figure 24 Schematic presentation of the frequency dependences of complex permittivity with the different 
polarization processes 

There are four polarization phenomena depending on the analyzed frequency region. Namely: 

1. Electronic polarization. This polarization mechanism is occurring in all the solids and it 

consists of the displacement of the electronic cloud in the opposite direction of the 

electric field. Characteristic frequency is around 1015 Hz. 

2. Atomic polarization. According to this polarization mechanism, the applied electric field 

modify the atom displacement inside the molecule, modifying the length of the 

chemical bonds between atoms. Characteristic frequencies are 1012-1013 Hz. 

3. Dipolar polarization. This polarization occurs in materials made up of polar molecules. 

Molecular dipoles can modify their spatial orientation and tends to align themselves 

according to the applied electric field. This polarization mechanism is dependent on 

temperature due to the changing of the molecular kinetics with heating. Characteristic 

frequencies are 1012-103 Hz.  

4. Interfacial polarization. Also known as the Maxwell–Wagner–Sillars polarization, it 

occurs in heterogeneous systems and it is favored when the electrical characteristics 

(i.e. permittivity and conductivity) of the constituent phases significantly vary. An 

applied external field forces unbounded charges, which could be present from the 

stage of the composite manufacturing, to migrate at the interface of the phases, 

forming large dipoles. These induced dipoles exhibit enhanced inertia and require 

enough time (low field frequency) and thermal agitation (high temperatures) to follow 

the alternation of the applied field. Characteristic frequencies are < 102 Hz. 

In addition, the dielectric losses can also be reported in the form of tanδ, also called dissipation 

factor (DF) which is defined as follows: 

𝐭𝐚𝐧𝛅 =
𝛔

𝛚⁄ + 𝛆′′

𝛆′
~

𝛆′′

𝛆′
(at high frequencies) 

(12) 
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where σ is the conductivity of the material and ω is the angular frequency of the wave. At high 

frequencies, as reported in equation (12), the contribution given by the conductivity becomes 

negligible (𝜎
𝜔⁄ → 0). 

Dielectric analysis of co-existent processes underlines correlations between molecular 

spectroscopy, which examines the properties of individual constituents, and the techniques 

characterizing the bulk properties of the material under investigation e.g. FITR and EaB. In 

particular, the DS technique is very sensitive to the change of polarity inside the polymer chain, 

since polar molecules e.g. C=O and C-OH are deeply influenced by the external field applied 

to the material under test [82], [83]. 

As presented, the abovementioned dipolar molecules are the main products of the thermo-

oxidative degradation, for this reason, DS showed to be suitable to follow the degradation 

grade of the analyzed cable. In particular, DS appears to be appropriate for apolar materials 

e.g. polyethylene, since its dielectric spectra is not influenced by the external applied field due 

to the absence of polar species. Hence, degradation mechanisms, which can give birth to 

oxidized products (e.g. C=O), results into the enhancement of the dipolar properties of the 

material causing the rise of a relaxation peak in the dielectric spectrum. The intensity of these 

peaks is directly dependent on the concentration of the considered molecule, so that dielectric 

spectroscopy can be considered as a quantitative technique.  

The correlation of relaxation signals with molecular movements is a result of enough 

knowledge about composition and morphology of the specimen under test and of further 

information from nondielectric investigations e.g. FTIR or OIT. 

In the last years, the dielectric spectroscopy technique has gained more and more importance 

in the field of condition monitoring technique thanks to its ability to follow the aging and 

degradation of the material under test, its ability to assess the actual electrical application of 

the cable, in addition to its non-destructiveness and possibility to be used on site. 

As a matter of fact, at the industrial scale, several setups are available for the evaluation of 

dissipation factor on site. However, through these devices only few frequencies can be 

investigated resulting into a non-significant description of the electrical relaxation phenomena 

of the molecules inside the material. 

2.3.9 Charging and Discharging current (CDC) measurements 

Insulating materials are used to isolate components of an electrical system from each other 

and from ground, as well as to provide mechanical support for the components. For this 

purpose, it is necessary to have the insulation resistance as high as possible, together with 

acceptable mechanical, chemical, and heat-resisting properties.  
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Insulation resistance and conductivity are characteristic electrical properties of the material. 

These quantities can be derived by charging and discharging (CDC) current measurements. It 

is widely known [84]–[89] that the degradation of the insulation matter causes a reduction of 

insulation resistance and, consequently, an increase of conductivity (or conduction current). 

For this reason, insulation resistance measurements can be used as a condition monitoring 

technique for cables. This method is a non-destructive technique and it is standardized in the 

ASTM D257 published in 2014 [90]. The setup used for this kind of measurements will be 

described in the following Chapter. 

The charging and discharging current (CDC) measurement procedure is made up of two phases 

(Figure 25): 

1. Polarization phase: the DC voltage is switched on and the polarization process begins. 

An electrometer acquires the measured current (usually nA) as a function of time 

2. Depolarization phase: the DC voltage is switched off and the specimen is short-

circuited. The depolarization current is registered until it reaches nearly 0 as a value of 

current. 

The polarization phase is characterized by a sum of different currents: 

• Capacitive currents, corresponding to the current that charges the insulation as a pure 

capacitor. It is the main responsible for the very high initial value of currents during 

CDC measurements. It rapidly reaches zero. 

• Polarization current, corresponding to the current generated by the alignment of polar 

molecules in the applied DC electric field orientation. Once all the molecules are 

oriented in the electric field direction, this value of current reaches zero. 

• Conduction current, corresponding to the current that continuously flow through the 

specimen. It raises with the increase of the degradation state of the polymer. 

From the conduction current value, it is possible to obtain the conductivity value of the material 

under test. It can be derived according to: 

 
𝛔 =

𝐉𝐜

𝐄
 (𝐒/𝐦) 

(13) 

where Jc is the conduction current density and E is the applied electric field. 

The depolarization phase allows the evaluation of the very low-frequency (LF) dielectric 

response (e.g. complex permittivity) through the Fourier Transform [80], [87]. The LF complex 

permittivity, in particular, is related to the interfaces inside the polymer matrix, e.g., the 

interface between the crystalline and the amorphous phases in semi-crystalline polymers.  



38 
 

 

Figure 25 Typical diagram of polarization and depolarization currents 

Using the Fourier Fast Transform (FFT), the complex electric susceptibility can be derived from 

this measurement. This indicates the degree of polarization of a dielectric material in response 

to an applied electric field. The higher the electric susceptibility, the greater the ability of a 

material to polarize in response to the field, and thereby reduce the total electric field inside 

the material (and store energy). 

The response of the dielectric system in the time domain is obtained directly from the 

depolarization current: 

 
𝐠(𝐭) = −

𝐉𝐝(𝐭)

𝛆𝟎𝐄
 

(14) 

where: Jd is the measured depolarization current caused by the polar species returning to the 

casual distribution, ε0 is the permittivity in vacuum; E is the electric field. 

Applying the FFT to g(t), the response in the frequency domain (complex susceptibility) χ(ω) 

can be derived through:  

𝝌(𝛚) = 𝛘′(𝛚) − 𝐣𝛘′′(𝛚)

= ∫ 𝐠(𝐭) 𝐞𝐱𝐩(−𝐣𝛚𝐭) 𝐝𝐭
+∞

𝟎

= ∫ 𝐠(𝐭) 𝐜𝐨𝐬(𝛚𝐭) 𝐝𝐭 − 𝐣 ∫ 𝐠(𝐭) 𝐬𝐢𝐧(𝛚𝐭) 𝐝𝐭
+∞

𝟎

+∞

𝟎

 

                      (15)         

  

This expression is related to the complex permittivity through the following formula: 

 
𝛘′ =

𝛆′ − 𝛆𝟎

𝛆𝟎
 

 

(16) 
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𝛘′′ =

𝛆′′

𝛆𝟎
 

(17) 

This allows the evaluation of the complex permittivity in the low frequency range (up to 1 Hz) 

[80]. 

It has been demonstrated in literature that this low-frequency response can be related to the 

aging of the material since the oxidized species could present huge interfaces whose dielectric 

response can be investigated through this technique [91]–[93]. Up to now, this technique is 

used for MV and HV cables but not in LV cables. It is worth noting that this kind of test can 

be done only on non-energized cables so that measurements have to be coordinated with the 

maintenance work scheduled for the system. 

2.3.10 Space charge measurements protocol using the Pulse Electro Acoustic (PEA) method 

The PEA method is a non-destructive technique for profiling space charge accumulation in 

polymeric materials. A sequence of high-voltage pulses of very short time length (5-30 ns) is 

applied to an insulation specimen interposed between two electrodes. Each pulse produces an 

electric force displacing internal charges and generating pulsed acoustic pressure waves in 

correspondence of each charge layer in excess with respect to neutrality. The resultant pressure 

pulse is detected by a piezoelectric transducer, so that the charge distribution in the specimen 

under test can be obtained from the output voltage of the transducer. The output signal is 

then amplified and registered by a digital oscilloscope. The analysis of space-charge profiles 

is restricted to one dimension: this assumption imposes to consider that space charge density, 

electric field distribution and acoustic wave propagation can vary only along the specimen 

thickness (z-coordinate) [2], [94]. 

A sketch of the PEA system is reported in Figure 26. 

  

Figure 26 PEA schematic representation 
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A quantity associated with the space charge accumulation in the insulation bulk is the absolute 

stored charge density qS which represents the absolute value of the charge accumulated in the 

bulk at a chosen depolarization time. It can be obtained from the space charge profiles after 

polarization at field E applying the following equation [95], [96]: 

𝐪𝐬(𝐄, 𝐭𝐝) =
𝟏

𝐥
∫ |𝐪(𝐱, 𝐄, 𝐭𝐝)|𝐝𝐱

𝐥

𝟎

 
(18) 

where l is insulation thickness and td is the depolarization time, q(x,E,td) is the space charge 

profile detected at time td. The maximum absolute stored charge density, qSM is evaluated at 

the beginning of depolarization (td = 2 s). 

In order to investigate the charge dynamic, the trap-controlled mobility μ can be estimated 

from depolarization characteristics qS(E,td) with td in the range 0-3600 s, according to the 

following simple, but approximate, expression [95], [96]: 

 
𝛍 =

𝟐 ∙ 𝛆

𝐪𝐬
𝟐

∙
𝐝𝐪𝐬

𝐝𝐭
 

(19) 

where ε is the electric permittivity of the insulating material. 

Space charge formation and accumulation is one of the main causes of faults in HV or MV cable 

systems, since it can cause the distortion of the electric field in the insulation bulk. On the 

contrary, space charge accumulation does not constitute a problem for the insulation of low 

voltage cables. A typical graph representing the charge distribution as a function of the cable 

thickness is reported in Figure 27 [97]. 

 

Figure 27 Space charge distribution as a function of the sample thickness and acquisition time [97]. 
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The change in the space charge distribution and accumulation is reported to be related to the 

degradation of the polymer insulating material since aging causes the modification of 

distribution of both chemical and physical traps.  

Chemical traps are characterized by chemical species inside the polymer matrix, e.g. 

antioxidants, contaminants, cross-linking by-products and fillers. Physical traps can be linked 

to morphological inhomogeneities of the polymeric chains, particularly at the interface between 

the crystalline and amorphous phase or between the polymer and the inorganic fillers. 

Oxidation together with other degradation phenomena e.g. chain scissions and free radical 

formation may alter trap density and depth, usually increasing the number or the depth of 

charge traps [89], [94], [98]–[100].  

For these reasons, the space charge measurements can be suitable for the evaluation of the 

cable health condition on-site. In particular, the test can be performed when the cable is in 

operation, if it operates in DC, since the application of an external DC electric field is needed 

in order to inject charges inside the material. The impulse voltage, in addition, together with 

the piezoelectric sensor can mobilize the space charges which can be finally recorded by the 

instrumentation [94]. Moreover, several portable devices are commercially available and used 

on HV and MV cables. 

2.3.11 Time domain reflectometry (TDR) 

The degradation of the polymeric insulation matter is reported to cause a variation of the 

characteristic impedance of the cable [22], [41]. Hence, it is possible to use this quantity as a 

condition monitoring technique for cable diagnostics. 

The time domain reflectometry (TDR) is a testing technique which measures reflections of an 

impulse signal along a single conductor to detect and locate any changes in the cable 

impedance. If the cable owns a homogenous impedance, there will be no reflection between 

the initial peak and the final peak (i.e. open circuit). On the contrary, if the cable shows any 

variation of impedance, part of the initial signal will be reflected back to the source, resulting 

in little peaks on the acquired spectrum. The reflected signal can be linked to distance along 

the cable and its peak amplitude allows the estimation of the impedance change [101]–[103]. 

Under these circumstances, TDR tests are capable to assess the condition of the entire cable, 

but very little information are referred to changes in the insulation. 

TDR is also used to analyze local aged spots since the spectrum can show variations as a 

function of the cable length (Figure 28). For this reason, recent works focused on the possibility 

to couple a portable dielectric spectroscopy measurement device together with a TDR-capable 

VNA. This setup can provide an in-depth assessment of the health of the cable system in a 

non-destructive way. In fact, an initial evaluation through dielectric spectroscopy allows the 
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definition of the global status of the cable insulation and its capability to fulfill its role without 

any damage to the system. An additional test through TDR setup permits the evaluation and 

identification of local aging defects and cable weak points. 

 

Figure 28 Typical TDR measurement spectrum as a function of cable length [40]. 

2.4 MODELLING 

In addition to the various condition monitoring technique, modelling of the different material 

properties with aging and application life of LV cables can provide useful tools for maintenance 

scheduling and, in case, the replacement of the considered cable. 

The aim of predictive modelling is to estimate either the residual life of in-service cables or the 

expected life of new cables as accurately as possible. Predictive modelling is based on the 

simulation of in-containment environmental conditions by accelerated tests, allowing 

extrapolation to much lower aging conditions, like the ones inside NPP. 

Numerous methods are available for the modelling of the behavior of cables undertaking 

radiation and thermal aging. In particular, the most common method used for thermal aging is 

the application of the Arrhenius law, which describes the relationship among the rate of 

degradation, the aging temperature and the exposure duration  [2], [35], [104]–[107]. 

The Arrhenius law assumes that the rate of the thermal aging mechanism decreases with the 

inverse of temperature (in a log scale). Namely, it claims that the short-term simulation of 

thermal aging at higher temperature causes the same degradation as the service long-term 

aging at lower temperature. In a first approach, degradation can be described by a single 

reaction of rate constant k, which is defined as: 

 
𝐥𝐧 𝐤 = 𝐥𝐧 𝐀 −

𝐄𝐚

𝐑𝐓
 

(20) 
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where A is pre-exponential factor, Ea is the activation energy for the process analyzed, R is the 

perfect gas constant and T is the absolute temperature.  

Therefore, if the reaction rate is plotted against the inverse of temperature in a log/log diagram, 

a straight line is obtained whose slope is the activation energy. This plot allows the 

extrapolation of test data to lower or higher temperature than the ones used to perform the 

accelerated aging. Unfortunately, it is sometimes possible to have a break point which 

determines a change in the kinetic regime. Hence, the activation energy is not the same over 

the whole temperature domain. As an example, XLPE polymers show, in DSC thermographs, a 

melting peak between 90 and 120 °C. If accelerated aging is performed in such conditions, 

when the polymer is entirely in the amorphous phase, it is not possible to extrapolate the 

behavior of the material at lower temperatures (semi-crystalline phase), like the ones used for 

the actual application for cable systems. This occurs due to the fact that the morphology of 

the material would deeply influence degradation mechanisms occurring during aging. For this 

reason, the use of the activation energy value related to complete amorphous polymer could 

lead to wrong estimation of the real service life of the insulation system. 

An example of an Arrhenius plot is reported in Figure 29. 

 

Figure 29 Arrhenius plot for a generic thermal degradation mechanism 

Focusing on the radio-chemical aging modeling, the most used approach is based on the 

power law extrapolation method [104], [108]. 

This method is based on the extrapolation of test data obtained under isothermal conditions 

in air over a range of dose rates. The test data obtained at different dose rates are used to 

determine end point criteria which are extrapolated graphically to the service dose rate. 

In order not to face diffusion limited oxidation and, consequently, the premature mechanical 

failure of the analyzed material, the maximum dose rate at which homogeneous oxidation 

occurs must be assessed. Once established, at least two (preferably 3) dose rates should be 
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selected, each dose rate preferably being one order of magnitude lower than the previous 

value. 

This modeling procedure, which showed to be feasible on elastomers and thermoplastics, is 

based on the evaluation of the elongation at break with aging. To establish the end-of-life 

dose value at each dose rate, the relative elongation EaB/EaB0 is plotted against absorbed 

dose (EaB0 is the initial value of the elongation at break).  

Usually, a commonly accepted end-of-life criterion, also proposed in the IEC 60216-2, is equal 

to the 50% of the initial value of the property. 

Obviously, the real on-site aging conditions must be initially assessed in order to enable the 

end point criterion at each dose rate to be established without extreme extrapolation. 

The dose at which the end point criterion is reached, namely the dose to equivalent damage 

(DED), is then plotted against the dose rate in a log/log plot (Figure 30). This plot is found to 

be linear in some materials e.g. some polyolefins, enabling extrapolation to lower dose rates. 

The end point dose is then given by: 

 𝐃𝐄𝐃 = 𝐊 ∙ 𝐃𝐑𝐧 (21) 

where DR is the dose rate; K and n are empirical constants specific to the material tested. The 

constant n is usually ranged between 0 and 0.3. 

log Dose Rate

0 1 2 3 4

lo
g
 D

E
D

4.0

4.5

5.0

5.5

6.0

6.5

log DR vs log DED 

 

Figure 30 Example of the application of the power law extrapolation method 

This method permits the evaluation of polymer behavior with aging at very low dose rates. 

However, the breakdown point, at which the radiation effects become dominant over the 

thermal aging effects, must be assessed. On a log/log plot (DED versus dose rate) obtained 

through the power law extrapolation method, the thermal-dominant area would be represented 

by a line with slope equal to 1 (Figure 31). However, the extrapolation of DED values within 

the thermal dominated region would be in certain cases too high. Hence, often two sets of 
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data are used (thermal and radiation aging data) depending on the dominant stressor in the 

investigated region. 

A more detailed description of this modelling approach is reported in Chapter 6 

Modelling of cable aging, where it is applied to the materials analyzed in this Thesis. 

 

Figure 31 Extrapolation of DED near the thermal aging limit 
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CHAPTER 3 

MATERIALS AND METHODS 

 

 

INTRODUCTION EN FRANÇAIS 

Dans cette section, les matériaux et les méthodes utilisés dans cette thèse sont décrits et 

commentés. En particulier, les propriétés et les géométries des câbles et le vieillissement 

accéléré effectué sont rapportés dans les sections 3.2 et 3.3, respectivement. De plus, le 

montage expérimental pour les essais électriques (3.4.1) et physico-chimiques (3.4.2-3.4.5) 

est décrit. 

3.1 INTRODUCTION 

In the following section the materials and methods used in this Thesis are described and 

commented. In particular, the cable properties and the accelerated aging performed are 

reported in sections 3.2 and 3.3, respectively. Moreover, the experimental setup for electrical 

(3.4.1) and physical-chemical (3.4.2-3.4.5) testing is described. 

3.2 CABLE SPECIMENS 

The cable specimens analyzed in this Thesis are those provided in the framework of the H2020 

TeaM Cables project. The project focuses its research on the insulating materials given that the 

insulation of the cable is the essential part for guaranteeing the cable electrical functionality. 

Indeed, the primary insulation is the part most affected by aging. In addition, the current end-

of-life criteria of nuclear cables are based on the assessing of the health of insulating materials.  

The project cable materials are limited to two types of insulating polymers: 

• Cross-linked Polyethylene (XLPE) is the most used low voltage cable in Gen III reactors 

• Ethylene propylene diene terpolymer (EVA-EPDM) is commonly used for systems 

important to safety. 

In this Thesis, only the results coming from the tests on cross-linked polyethylene are reported 

and discussed. 

3.2.1 Polymeric compound 

Nowadays, cross-linked polyethylene is the most common insulating material for cable 

applications. It is characterized by a three-dimensional network structure made through 

intermolecular chemical bonds. This polymer is produced from linear polyethylene (PE) through 

a cross-linking process during which the PE macromolecules bond each other, giving birth to 
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a 3D structure. This crosslinking process requires reactive groups along the PE 

macromolecules, allowing the formation of new chemical bonds between carbon atoms or 

between silanol groups. There are three main cross-linking process commercially available: 

• Crosslinking through peroxide (e.g. DCP) 

• Crosslinking through silanes 

• Crosslinking through radiation 

Inside this Thesis, the polymer matrix is obtained by the crosslinking through silanes which is 

the most common XLPE compound used for low-voltage cable because it is the fastest and 

cheapest technology for crosslinking. 

As a result, the polymer network takes the chemical structure reported in Figure 32. 

 

Figure 32 Silane cross-linked chemical structure 

In order to investigate the contribution of additives and fillers inside the polymer, the 

compounds used for cable manufacturing are based on the same silane XLPE matrix but with 

different kinds and amounts of additives. The additives types and concentrations used inside 

the TeaM Cables project are reported in Table 1. 

Table 1 Concentrations and amounts of additives used in the project materials. Phr: per hundred resin. 

Type of additive Commercial compound Concentration 

Primary antioxidants Irganox® 1076 [109] 1 phr 

Secondary antioxidants Irganox® PS802 [110] 1 phr 

Flame retardants ATH [111] 50 phr 

The analyzed compounds are: 

• Compound #1: Silane XLPE + Primary Antioxidants + Secondary Antioxidants 

• Compound #2: Silane XLPE + Both Antioxidants + Flame retardants 

3.2.2 Specimens geometries 

In order to investigate the contribution of the geometry on the aging of the primary insulation, 

the polymeric compounds have been prepared in three forms, characterized by an increasing 

complexity, from the simplest polymer-only tape to the most common twisted pair cable 

geometry (Figure 33). 
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Figure 33 TeaM Cables specimen geometries 

3.2.2.1 Coaxial cables 

The geometry of the coaxial cables investigated is reported in Figure 34. These cables are 

made up of five concentric parts: 

1. Conductor: copper, solid wire, diameter: 0.88 mm 

2. Primary insulation: Silane XLPE (compound #1), thickness 1.05 mm 

3. Shielding: Copper wire braid 

4. Sheath: Low smoke zero halogen rubber, thickness 0.7mm 

 

Figure 34 Multilayer structure of coaxial cables under investigation. (1) Conductor – Copper, (2) Primary insulation 
– XLPE, (3) Polymeric film – PET, (4) Shielding – Copper wire braid, (5) Sheath – Low smoke zero halogen rubber 

3.2.2.2 Twisted pair cables 

The geometry of the investigated twisted pair cables is reported in Figure 35. These cables 

are made up of three twisted pairs with three different insulation compounds in addition to 

the shielding and external sheath. In particular: 

1. Conductor: copper multiwire, 28x0.208mm 

2. Primary insulation 

a. Silane XLPE (compound #1), thickness 0.7 mm 

b. Silane XLPE (compound #2), thickness 0.7mm 

c. EVA/EPDM, thickness 0.7mm 

3. Shielding: Copper tape 

4. Inner sheath: Low smoke zero halogen rubber, thickness 1.6mm 

5. Collective screen: copper wire braid 

6. Outer sheath: Low smoke zero halogen rubber, thickness 1.6mm 

XLPE tapes 
(Compounds #1-2)

Coaxial cable 
geometry 

(Compound #1)

Twisted pair 
geometry 

(Compound #1)

Twisted pair 
geometry 

(Compound #2)
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Figure 35 Multilayer structure of twisted pair cables under investigation. (orange) Conductor – Copper, (grey) 
Primary insulation, (orange) Shielding – Copper wire braid, (black) Sheath – Low smoke zero halogen. 

3.3 ACCELERATED AGING CONDITIONS 

In order to investigate the evolution of the physical-chemical properties of the primary 

insulation of the analyzed material, accelerated aging has been performed on project samples. 

The aim of the accelerated aging is to simulate the typical aging conditions inside NPPs. In the 

Team Cables project, in particular, seven different aging conditions (4 radio-chemical and 3 

thermal-only) have been chosen. Aging conditions and withdrawal times are reported in Table 

2. 

Table 2 Aging conditions used in the project 

Aging condition Temperature (°C) Dose rate (Gy/h) Sampling time  Max. aging time  

Low dose rate 47°C 8 2880 h 14415 h 

Medium dose rate 47°C 60 860 h 4810 h 

High dose rate 21°C 400 167 h 835 h 

Combined aging 87°C 8 2880 h 14415 h 

Thermal aging 

(87) 

87°C - ~3 months ~2 years 

Thermal aging 

(110) 

110°C - ~3 months ~1.5 years 

Thermal aging 

(130) 

130°C - ~3 months ~1.3 years 

3.3.1 Radio-chemical aging 

The accelerated radiation aging has been performed by UJV Rez a.s. (www.ujv.cz/en), one of 

the project’s partners in Prague (Czech Republic). The irradiation facilities are two 60Co γ-

irradiation sources, with the cobalt placed in the center of a cylindrical irradiation chamber 

(Figure 36). 

In both cases, the cables to be aged have been placed around stainless-steel cylinders and 

placed around the irradiation source. A dose gradient is expected within the samples since the 

actual dose depends upon the distance from the cobalt source. 

http://www.ujv.cz/en
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To perform combined aging conditions, a thermobox has been incorporated inside the Panoza 

facility. In this way it has been possible to obtain a temperature around 87°C next to the 

irradiation facility. 

 

Figure 36 UJV Rez irradiation facilities (a) Panoza (b) Roza. Courtesy of UJV. 

3.3.2 Thermal aging 

Thermal aging has been performed by PIMM laboratory at ENSAM (pimm.ensam.eu), one of the 

project’s partners in Paris (France). The thermal aging facilities are several ovens (Figure 37) 

set at different temperature according to the project’s purposes (87, 110 and 130°C). 

 

Figure 37 Air-ventilated oven used for thermal aging conditions 

The different materials have been aged in separate ovens according to their formulation in 

order to avoid any exchange of additives (e.g. antioxidants) due to physical migration which 

could deeply influence the oxidation kinetics of the different materials. 

AO-filled 
tapes 

Twisted-
pairs 

cables 

Coaxial 
cables 

Teflon sheet 

a b 
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3.4 EXPERIMENTAL SETUP 

In the following sections, the experimental setup used for the investigation of the aging of the 

materials under test is presented. Electrical tests have been performed at LIMES laboratory in 

Bologna while Chemical tests have been performed at PIMM laboratory in Paris. 

3.4.1 Dielectric spectroscopy 

The dielectric spectroscopy measurements have been performed by the mean of the 

Novocontrol Alpha Dielectric Analyzer v2.2 (Figure 38). 

As presented in the previous Chapter, this experimental setup allows the evaluation of 

capacitance, dissipation factor (tanδ) and complex permittivity (ε’ and ε’’); in the frequency 

range between 10-2 -106 Hz. 

 

Figure 38 The Novocontrol Alpha dielectric analyzer v2.2 used for the tests 

This instrument consists of two major components: 

• a frequency response analyzer with a sine wave and DC-bias generator and two AC 

voltage input channels. Each input channel measures the AC voltage amplitude of an 

applied sine wave. In addition, the phase shift between the sine waves applied to both 

inputs are detected. In particular, each channel measures the amplitude and phase 

angle of the harmonic base wave component of a signal applied to the input. The 

harmonic base wave component is measured at the frequency of the AC sine wave 

generator. Most other signal components are suppressed. In addition, higher 

harmonics may be measured. 

• a dielectric (or impedance) converter with a wide dynamic range current-to-voltage 

converter and a set of precision reference capacitors. 
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A voltage V with fixed frequency ω/2π is applied to the sample capacitor. V causes a current I 

at the same frequency in the sample. In addition, there will generally be a phase shift between 

current and voltage describe by the phase angle ϕ (Figure 39). δ angle is defined as follows 

[80]: 

 𝜹 = 𝟗𝟎° −  𝛗 (22) 

 

Figure 39 Dissipation angle representation 

Under these circumstances, the δ angle is described as the dissipation angle since it is referred 

to the energy dissipated during the polarization process. The tangent of the δ angle (tanδ) is 

defined as the dissipation factor, as already presented in the previous Chapter (§ 2.3.8). 

A schematic representation of the dielectric spectroscopy measurements setup and its sample 

holder are reported in Figure 40. 

 

Figure 40 Schematic of the dielectric spectroscopy measurements system (a) and its sample holder (b) 

The equipment was set using the following test parameters: 

• Applied voltage: 3 Vrms 

• Frequency range: 10-2 – 106 Hz 

• Temperature: 50°C (in oven). 

For coaxial cables, input voltage was applied to the inner conductor through a BNC plug and 

output signal was obtained through the copper wire braid shielding. In the case of twisted pair 

cables, the input voltage was applied to one of the two conductors while the output signal 

a b 
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was obtained connecting the second conductor with the shielding and finally to the output 

BNC cable. Cables and BNC connections are shown in Figure 41. 

The presented setup is designed for testing flat specimens, hence the required reference 

capacitance in vacuum needs be evaluated by reducing the coaxial cable geometry to a plane 

capacitor. Equivalent capacitor diameter Deq was calculated through the following equation: 

 

𝑫𝒆𝒒 = √
𝟖 ∙ 𝒅 ∙ 𝑳

𝐥𝐧 (
𝑹𝟐

𝑹𝟏
⁄ )

 

(23) 

where: d is the thickness of the insulation, L the length of the metallic mesh, and R1 and R2 the 

inner and outer radius of the electrical insulation, respectively. 

Finally, the reference capacitance C0 was calculated through: 

 

𝑪𝒐 = 𝜺𝟎

𝝅 (
𝑫𝒆𝒒

𝟐 )
𝟐

𝒅
 

(24) 

where: ε0 is the permittivity in vacuum. 

The use of 50°C as a test temperature has been chosen since it has been observed that this 

temperature allowed easier test repeatability and a reduction of environmental noise. 

In the case of twisted pair cable, a finite element method (FEM) modeling is required in order 

to obtain a reference capacitance value. Modeling was performed through COMSOL® 

Multiphysics software. For the twisted pair cables analyzed, with length of about 50 cm, the 

reference capacitance obtained by the simulation resulted to be equal to around 25 pF. 

 

Figure 41 Photographs of cable connections. (a) coaxial cable, (b) twisted pair cable. 

 

a b 
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3.4.2 Differential Scanning Calorimetry (DSC) measurements 

DSC measurements was performed using a TA instruments Differential Scanning Calorimeter 

Q1000 (Figure 42). 

 

Figure 42 Photo of the TA DSC Q1000 (a) and its furnace (b) 

Before each measurement campaign the instrumentation was calibrated through an Indium 

reference. 

Samples with mass between 5 and 10 mg have been placed inside aluminum pans while as a 

reference an empty closed aluminum pan has been used. 

The procedure used is made up of an initial equilibrium at low temperatures and two runs 

under 50 mL/min flow of pure Nitrogen, in particular: 

1. Equilibrium at -80°C 

2. Isothermal for 2 mins at -80°C 

3. First run: heating rate up to 200°C at 10°C/min 

4. Second run: cooling rate down to -80°C at 10°C/min 

In order to keep into account measurement uncertainties, tests have been performed at least 

two times. Once obtained the thermograms, the value of crystallinity ratio is obtained from the 

first heating run through the method explained in § 2.3.4. 

3.4.3 Oxidation Induction Time (OIT) measurements 

The instrumentation used for OIT measurements is the same as DSC ones. The main difference 

lays on the possibility to switch the furnace atmosphere into pure oxygen in order to perform 

the tests in oxidative environment. For the same reason, the aluminum pans are placed without 

the lid, hence open, in order to facilitate the oxidative reactions. 

The steps used are the following: 

1. Heating from room temperature to 210°C (heating rate 10 °C/min) under pure nitrogen 

2. Isothermal for 5 mins at 210°C 

3. Switch of the gas from nitrogen to pure oxygen 

a b 
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4. Isothermal at 210°C until the end of the test 

The test was considered complete after the entire detection of an exothermal peak assigned 

to the oxidation reaction of the analyzed material. Once obtained the thermograms, the value 

of oxidation induction time (OIT) is obtained as described in § 2.3.5. 

3.4.4 Fourier Transform InfraRed (FTIR) spectroscopy measurements 

The infrared spectra have been recorded by the mean of a Perkin Elmer FTIR Frontier 

spectrometer in ATR mode (Figure 43). 

 

Figure 43 Photo of the Perkin Elmer FTIR Frontier spectrometer in ATR mode 

Due to the cable specimens under test, only ATR (superficial) mode was possible to be 

performed due to the concavity and reduced thickness of the samples. 

In ATR mode, the contact between the analyzed sample and the diamond/ZnSe of the ATR is 

ensured by screwing a clamp device. Before testing, the background spectrum is registered by 

the single beam spectrum of the clean and dry ATR element. Once obtained, the FTIR spectra 

have been imported in the Perkin Spectrum software in order to analyze the different peak 

heights. Since the FTIR technique can be considered as a quantitative technique, comparing 

the different peak heights with some reference peaks over different aging periods can be used 

to investigate the evolution of the concentration of some interesting molecules (e.g. oxidized 

species) with aging.  

In particular, the -CH2 peak related to the crystalline phase of the polyethylene (1472 cm-1) is 

kept as the reference peak. Among the various peak, as reported in Chapter 2, the peak related 

to the esters (around 1742 cm-1) is shown in literature to be a good aging marker since it may 

be related to the oxidation grade of the polymer. Moreover, in the cases here analyzed, ester 

peaks are also linked to the phenolic antioxidants and their degradation products which exhibit 

the same bond, making the distinguishing of one phenomenon from the other difficult. The 

ratio between the two abovementioned absorbance peaks heights is defined as Ester index. 

 
𝐄𝐬𝐭𝐞𝐫 𝐈𝐧𝐝𝐞𝐱 =

𝐀𝟏𝟕𝟒𝟐𝐜𝐦−𝟏

𝐀𝟏𝟒𝟕𝟐𝐜𝐦−𝟏
 

(25) 
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The trend of the ester index over aging time is quite often used as an aging marker due to its 

ability to evaluate the oxidation, hence degradation, grade of the material under test in a non-

destructive way. 

3.4.5 Tensile stress measurements 

The tensile stress measurements have been performed by UJV Rez in Prague (Czech Republic). 

As presented, this technique is the most commonly used for assessing the conditions of cables 

inside NPPs. For this reason, a number of standards and ease-of-use are present [38], [55], 

[112]–[114]. 

The sample used for these measurements should have been, as required by standards, in form 

of dumbbells. Unfortunately, due to the small diameter of cable jacket and insulation, there is 

no possibility to obtain the required dumbbells. For this reason, tubular specimens, obtained 

removing the inner conductor from the cable sample, were used to perform the tests. 

The tubular specimens of the minimal total length L of 60 mm have been prepared after 

transversal cutting the insulated wire samples to pieces with length of about 65 mm. Then, all 

the other layers were carefully removed paying attention at not damaging the insulation 

material.  

 

Figure 44 Instron 3366 used for tensile stress measurements 

For tensile test, the calibrated Instron 3366 machine (Figure 44) equipped with pneumatic 

grips with smooth steel surfaces were used. Tubular specimens have been placed between the 

two gauges and the following test parameters were applied: 

a) Testing (cross-head) speed: 50 mm/min 

b) Initial grip distance for tubular specimens: 30 mm 

c) Rate of tensile test data acquisition: 50 mm/min 

The test is considered as completed when the breaking of the sample occurs. 
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As a result, the stress/strain curve was registered and obtained, from this it is possible to 

obtain the ultimate elongation value (Elongation-at-break) through the equations presented in 

the previous Chapter (p.21). 
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CHAPTER 4 

RESULTS 

 

 

INTRODUCTION EN FRANÇAIS 

Dans ce chapitre, l'évolution des propriétés physico-chimiques et électriques des matériaux 

étudiés est rapportée. Les résultats proviennent de différentes techniques de mesure chimique 

à l'échelle microscopique (FTIR, DSC et TIO), ainsi que d'essais électriques et mécaniques à 

l'échelle macroscopique, c'est-à-dire la spectroscopie diélectrique et les essais de traction 

uniaxiale. 

En raison des longues durées de vieillissement considérées pour le vieillissement à faible débit 

de dose et le vieillissement combiné, des mesures chimiques et de traction sont effectuées sur 

un nombre limité d'échantillons. De même, les câbles vieillis thermiquement ne sont 

caractérisés que par des mesures électriques (spectroscopie diélectrique). 

4.1 INTRODUCTION 

In this Chapter the evolution of the physical-chemical and electrical properties of the 

investigated materials is reported. Results are obtained from different microscale chemical 

measurement techniques, i.e., FTIR, DSC analyses and OIT measurements as well as from 

macroscale electrical and mechanical tests, i.e., dielectric spectroscopy and tensile testing.  

Due to the long aging periods considered i.e., low dose rate and combined aging, chemical 

and tensile stress measurements are performed on a limited number of specimens. Similarly, 

thermally aged cables are characterized only through electrical measurements (dielectric 

spectroscopy). 

4.2 DIELECTRIC SPECTROSCOPY RESULTS 

In this section the results coming from the dielectric spectroscopy measurements are reported 

for the three cable specimens analyzed. 

4.2.1 Coaxial cable 

Figure 45-48 depict the behavior of the real and imaginary parts of permittivity vs. frequency, 

for the different radio-chemical aging conditions considered. 

The dielectric spectra show similar behavior among the different radio-chemical aging 

conditions. In general, both the real and imaginary parts of permittivity increase with aging, as 

expected. As it has been already presented in Chapter 1, aging causes the formation of polar 
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molecules which deeply influence the electrical behavior, resulting in the increase of the 

complex permittivity. In particular, the imaginary part of permittivity is the quantity to be 

analyzed since it is associated to the dielectric losses of the material and thus can be used as 

an aging marker [2], [59], [83], [115]. 

However, in all the conditions considered, one can observe, in the early period of exposure, an 

initial decrease of the imaginary part of permittivity. This peculiar behavior will be described 

in the discussion section since it could be related to a sudden change in the micro-chemical 

properties of the material under test. 

 

 

Figure 45 Real (a) and imaginary (b) parts of permittivity for low dose rate aging. Coaxial Cable. 

 

Figure 46 Real (a) and imaginary (b) parts of permittivity for medium dose rate aging. Coaxial Cable. 
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Figure 47 Real (a) and imaginary (b) parts of permittivity for high dose rate aging. Coaxial Cable. 

 

Figure 48 Real (a) and imaginary (b) parts of permittivity for combined aging. Coaxial Cable. 

On the contrary, further aging causes the increase of the complex permittivity except for the 

last aging period of the high dose rate aging. This result may be considered as an outlier given 

by inhomogeneities related to the specific specimen under test since no similar behavior can 

be evaluated in any other condition. 

The trend over frequency of the imaginary part of permittivity is characterized by one peak at 

very high frequencies (~106 Hz) followed by an almost linear increase of dielectric losses with 

frequency in the low frequency region (10 – 0.1 Hz). Due to its characteristic frequencies, the 

former peak may be linked to dipolar polarization phenomenon. The low-frequency increase 

of the imaginary part of permittivity might be associated with the Q-DC (quasi-DC) conduction 

phenomenon [116]. In brief, this is obtained by the presence of free ions and/or radicals 

created during e.g., aging which can move towards the material when it is subjected to a very 

low frequency AC field, similarly to what occurs during DC conduction. In the dielectric spectra, 

the Q-DC conduction is characterized by a constant value of the real part of permittivity to 

which it corresponds a slope equal to -1 in the imaginary part of permittivity trend over 

frequencies. Figure 45-48 depicts the possible presence of Q-DC conduction for the irradiated 

cables which show a -1 slope in their imaginary part of permittivity trends. In particular, since 
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the complex permittivity behavior is the same among aged and unaged samples, this could be 

also linked to free radicals coming from incomplete crosslinking process e.g., unbonded silanol 

groups. However, it must be highlighted that analogous frequencies may be related to 

interfacial polarization (§ 2.3.8). It can be noticed from Figure 45-48 that both the parts of 

complex permittivity raise lowering the frequencies, this suggests the presence of a possible 

interfacial polarization peak, whose higher frequency branch can be evaluated in the analyzed 

region. This could be imputed to both physical and chemical interfaces inside the material 

under tests, as it will be discussed in the following Chapter. Nevertheless, it is worth pointing 

out that the two phenomena just described can be overlapped, hence it is not possible to 

distinguish the effects of Q-DC conduction and of interfacial polarization in the dielectric 

spectra. In the analyzed case, contribution of Q-DC conduction appears to be significantly 

predominant over the interfacial polarization phenomena due to the very modest increase of 

the real part of permittivity. Hence, it is not simple to speculate on the kind and number of 

interfaces created during aging. Nonetheless, the combined aging causes a change of the low-

frequency imaginary part of permittivity slope, imputing cable dielectric response at low 

frequencies only to interfacial polarization mechanism.  

 

 

Figure 49 TanDelta as a function of frequency for the different aging conditions analyzed (a) Low dose rate (b) 
Medium dose rate (c) High dose rate (d) Combined aging. Coaxial Cable. 
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In the case of cables, it is usually a good practice to report the trend of the dissipation factor 

(tanδ) since it is not dependent on the geometry of the cable under analysis. Hence, the use of 

tanδ can avoid any error coming from empirical or FEM (finite element method) analyses for 

the calculation of the relative capacitance in vacuum. Given the almost negligible variation of 

ε’ through the investigated frequencies, the dissipation factor (tanδ) is function of the dielectric 

losses (ε’’). At high frequencies, it can be considered as directly proportional to the imaginary 

part of permittivity, hence it can be itself used as an aging marker (§ 2.3.8). 

The trend of dissipation factor for all the conditions considered is reported in Figure 49.  

Here, tanδ depicts the same trend over frequency as the imaginary part of permittivity just 

discussed. Despite the same tendency, the absolute values are different due to the ratio by the 

real part of permittivity value and the contribution of conductivity in tanδ equation (§ 2.3.8). 

In order to better understand the increase of the dielectric losses with aging, the tanδ values 

at fixed frequencies (100 kHz and 0.1 Hz) are plotted against the aging time for all the 

conditions analyzed. These frequencies have been chosen since it has been shown in literature 

[2], [48], [59], [83], [115], [117], [118] to well represent the highest and lowest frequency 

region analyzed through the dielectric analyzer (10-2-106 Hz), respectively.  

Focusing on the high frequencies, as it can be seen in Figure 50.a, different aging conditions 

lead to different electrical responses of the material under test.  In particular, one can observe 

that the increasing slope of the dielectric losses is directly related to the dose rate which is 

applied to the material. As a result, the high dose rate aging with time causes a steep increase 

of the dielectric losses while lower dose rates result into a slower variation of the losses, 

according to the higher dose rate the faster the degradation rate approach described in § 1.4. 

 

Figure 50 Tan(delta) at 100kHz for the different radio-chemical conditions considered as a function of (a) aging 
time and (b) total absorbed dose. Coaxial cable. 

Referring to the amplitude of the dielectric loss increase, it is shown that the high dose rate 

condition causes a lower (or negligible) increase of the dielectric losses with aging time. This 

 

 
 
 
 
 
  
 
  
  
 
 
 
  
 
 

 

     

     

     

     

     

     

              
               

             
                
              
              

 

 
 
 
 
 
  
 
  
  
 
 
 
  
 
 

 

     

     

     

     

     

     

          
                        

             
                
              
              

b a 

Coaxial cable Coaxial cable 



63 
 

behavior could be related to the diffusion limited oxidation (DLO) phenomenon [35], [119] and 

it will be discussed in the following section.  

Referring to the increase of losses with dose (Figure 50.b), it is possible to claim that 

substantially no differences can be appreciated among the different aging conditions before 

reaching 200 kGy. Further aging causes the divergence of the trends: medium dose rate values 

continue to increase, while high dose rate ones slightly decrease (DLO effect). 

Combined aging, which is realized by the superposition of the thermal stress to the low dose 

rate, replicates the slope of the low dose rate trend almost perfectly, but tanδ values are higher. 

This behavior suggests that, for the analyzed conditions, the slope of the growing of the 

dielectric losses is only related to the radiation stress, while the temperature results into an 

upward shift of the dielectric losses. 

 

Figure 51 Tan(delta) at 0.1 Hz for the different radio-chemical conditions considered as a function of (a) aging 
time and (b) total absorbed dose. Coaxial cable. 

Focusing on the low frequency domain (Figure 51.a), one can observe a non-homogenous 

increasing trend for dose rates higher than 70 Gy/h. Lower doses show a monotonous increase 

of the dielectric losses. 

With respect to the dissipation factor amplitude, different dose rates result into different tanδ 

values. In particular, medium dose rate conditions appear to own the highest dielectric losses 

in this frequency area. 

It is important to recall that this frequency region is related to the Q-DC conduction 

phenomenon and interface polarization. From the presented results, it is possible to claim that 

radicals and interfaces created during dose rates <70 Gy/h are significantly more copious than 

the ones created under high dose rate conditions. However, the non-monotonous increase of 

tanδ suggests that this frequency region is not feasible for the investigation of the aging 

evolution of the analyzed cable. Moreover, the considered frequency does not reproduce the 

rise of the dielectric losses with the increase of the aging conditions severity. 
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Figure 52 reports the coaxial cable tanδ trend as a function of frequency for the three analyzed 

aging temperatures. All the displayed spectra are characterized by the trend over frequency 

similar to the one already described for the combined aging condition. Indeed, the trend at 

low frequency does not exhibit any behavior imputable to Q-DC conduction. This could be 

linked to the effect of thermal stresses which rapidly recombine the radicals created during 

aging. The first aging period results into the reduction of the tanδ trend throughout all the 

frequency region investigated, as already presented in the case of the radio-chemical aging 

conditions. This was then imputed to microstructural modifications which weaken the dipolar 

response, as it will be discussed in the following Chapter. Further aging causes the raise of the 

dielectric loss values, whose increase is directly proportional to the aging time. However, very 

little increasing variations are appreciable for the two lower aging temperatures (87 °C and 

110 °C); while a peculiar decrease is revealed in the case of the 130 °C aging condition. 

  

 

Figure 52 Dielectric losses as a function of frequency for different aging period. (a) 87 °C, (b) 110 °C, (c) 130 °C. 
Coaxial Cable. 

In order to better describe the evolution with aging, the trend of the dissipation factor at 100 

kHz and 0.1 Hz is reported in Figure 53. 
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Figure 53 Tan(delta) at (a) 100 kHz and (b) 0.1 Hz for the different thermal aging conditions analyzed. Coaxial 
cable. 

From Figure 53.a it is possible to notice that, at high frequencies, very little increase of the 

property is appreciable after the initial reduction, as already discussed. In particular, marginal 

variation can be noticed among different aging temperatures. Moreover, the tanδ values 

reported are still at very low value, suggesting that no significant concentration of dipolar 

species e.g. oxidized ones arose. It could be concluded that the presence of the two 

antioxidants result into a synergistic effect, which essentially makes the tanδ dependent 

particularly on aging time rather than on the aging temperature. 

The low-frequency dielectric response (Figure 53.b) is characterized by a significant decrease 

of the property during the first aging periods followed by an increase of tanδ. Even in this 

case, the variation of the values with aging is very reduced, suggesting that the arrangement 

of interfaces inside the polymer do not substantially vary after the first aging phase. 

4.2.2 Twisted pair non-filled cable 

For the twisted pair cables, no analytical equation is available for modelling the cable geometry 

with a simple plane-to-plane capacitor. Hence, in order to avoid any error coming from 

empirical or FEM (finite element method) analysis for the calculation of the relative capacitance 

in vacuum, only the trend of the dissipation factor (tanδ) is reported for the twisted pair cables. 

Figure 54 represents the behavior of dissipation factor as a function of frequency for all the 

radio-chemical aging conditions considered. 

Even in this case, as expected, the dielectric losses raise with the increase of aging period. The 

increase can reach up to one order of magnitude in the case of the high dose rate, due to the 

faster formation of degradation products, which brings to the increase of the dielectric losses. 

Unlike the previous case, referring to the twisted pair cables, the values of tanδ of the unaged 

material are lower than the ones related all the aging periods. This could be related to different 

dipolar properties of the material under test, as it will be discussed in the following Chapter. 

 
 
 
 
  
 
 
 
  
 
 
 

 

     

     

     

     

     

     

                 
                

     
      
      

 
 
 
 
  
 
  
  

 
 

 

     

     

     

     

     

     

                 
                

     
      
      

a b 

Coaxial cable Coaxial cable 



66 
 

The chemical composition of the twisted pair cable under analysis is the same as the previously 

described coaxial cable. Therefore, the dissipation factor trend with frequency is very similar, 

thus characterized by the presence of one peak at very high frequencies (~106 Hz) followed 

by, in most cases, a linear increase of the property lowering the frequencies (10 – 0.1 Hz).  

It is worth noting that the contribution of interfaces into the electric response over frequency 

can be significantly higher, in the case of twisted pair cables, due to the measurement protocol 

used (§ 3.4.1). This takes into account the entire physical interface placed between the two 

wires, enhancing the low frequency dielectric response related to interfaces. 

 

  
Figure 54 Tan(delta) trend as a function of frequency for (a) Low dose rate (b) Medium dose rate (c) High dose 

rate and (d) Combined aging conditions. Twisted pair non-filled cable. 

Nonetheless, the behavior between the irradiated-only and the combined aging conditions is 

slightly different at low frequencies. The combined aging condition (Figure 54.d) shows a 

smaller low-frequency peak, suggesting a lower amount of interfaces inside the polymeric 

material. On the contrary, in the absence of thermal stress, low dose rate causes a huge 

increase of the dielectric losses at low frequencies, which is shared among all the other radio-

only aged trends. This could be again imputed to possible Q-DC conduction phenomenon 

together with the creation of wider or copious interfaces, as reported in the case of coaxial 

cable. 
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In order to better describe the evolution with aging, the trend of the dissipation factor at 100 

kHz and 0.1 Hz is reported in Figure 55.  

As expected, the trend of the dissipation factor at 100 kHz follows the typical tanδ increase 

with aging time. Even in this case, the severity of the aging conditions plays a major role, 

setting the slope of the increase which is higher as we increase the severity of aging conditions.  

 

Figure 55 Tan(delta) at 100kHz for the different radio-chemical conditions considered.  
Twisted pair non-filled cable 

The dielectric losses appear to be larger, in terms of magnitude, than in the case of the coaxial 

cable. This is probably imputable to the different geometry of the cable or to little 

microstructural variations inside the polymer compound due to the industrial manufacturing 

process. However, the trend of the dielectric losses with aging is very similar to the one 

presented in the case of the coaxial cable. The increase of tanδ for the highest dose rate is 

very steep, while dose rate reduction results into the flattening of the increase over aging time. 

Focusing on the trend as a function of the absorbed dose (Figure 55.b), it is possible to point 

out that the contribution of the different dose rates seems negligible, suggesting that similar 

absorbed doses cause similar electric behavior, as already presented in the previous case. 

This different cable response with aging could be linked to the different layer structure of the 

twisted pair cable. On the one hand, each cable pair is in contact with air, hence oxygen can 

affect them. On the other hand, the effective dose rate acting on the primary insulation could 

be way lower than the one in the case of the coaxial cables. For these reasons, it appears that 

no oxygen deficit, hence limiting DLO effect, is present in the highest dose rate considered, so 

that variations of the electrical property could be more significant than in the coaxial cable 

case (see Figure 10). 

Finally, also for the twisted pair cable, the superposition of the thermal stress causes an upward 

shift of the dielectric losses from the radio-chemical-only aging conditions values both on the 

time and absorbed dose domains (Figure 55). The last aging period of combined aging shows 
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a significant increase of tanδ probably related to the arising of oxidized species after the 

running out of antioxidants. 

Focusing on the low frequency dielectric response (Figure 56), it is not possible to observe a 

monotonous increase with aging in all the conditions considered, due to the two concurrent 

phenomena (Q-DC conduction and interfacial polarization). High dose rate aging exhibits a 

linear increase of the property with time. Medium dose rate condition results into a negligible 

change with aging until the last withdrawal, where a significant increase is registered. Even in 

this case, combined aging shows a decrease of the dielectric losses in comparison to the 

radiation-only condition, and a negligible increase with aging time similarly to the low dose 

rate case. 

This behavior suggests that the interfaces created with aging are not directly related to the 

aging of the material, as other phenomena may be more predominant in this frequency region 

e.g. conduction, interfacial reorganization. 

 

Figure 56 Tan(delta) at 0.1 Hz for the different radio-chemical conditions considered as a function of (a) aging 
time and (b) total absorbed dose. Twisted non-filled cable. 

The frequency spectrum of tanδ as a function of aging time for thermally aged non-filled twisted 

pair samples is reported in Figure 57. As already presented, the twisted pair non-filled cable 

owns the same chemical compound as the coaxial cable. Consequently, the trend of the 

dielectric losses over frequency is very similar to the one described for thermally aged coaxial 

cables, where the low frequency response has been linked to interfacial polarization 

phenomena. 

Focusing on the electrical response of the 87 °C aging condition, it can be observed that, after 

an initial increase of the tanδ trend during the first aging period, the remaining curves are 

almost overlapped one each other. This suggests that the chosen aging temperature and 

period do not affect the electrical performance of the analyzed material. On the contrary, higher 

temperatures (110 °C and 130 °C) cause an appreciable variation of the dielectric losses with 

aging. 
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The 110 °C aging (Figure 57.b) brings to an increase of the dielectric property throughout all 

the aging period considered. As it will be discussed in the following, this behavior is more 

evident in the high frequency region, where one can single out a monotonous increase of tanδ.  

In contrast, at low frequencies, the curves are almost overlapped, claiming an inappreciable 

variation of the insulation interfacial arrangement. 

Finally, the harshest aging condition (130 °C) shows an abrupt increase of the dielectric losses 

during the first aging period, followed by a slower increase with aging. However, at this stage, 

very few withdrawals are available for this aging condition, hence it could be difficult to deliver 

a complete picture of the microstructural modification occurring in the polymer. 

 

 

Figure 57 Dielectric losses as a function of frequency for different aging period. (a) 87 °C, (b) 110 °C, (c) 130 °C. 
Twisted pair non-filled Cable. 

Figure 58 depicts the trend over time of tanδ at 100 kHz and 0.1 Hz for the three chosen 

aging temperatures. 

As partially presented above, the response of tanδ at high frequency (Figure 58.a) is 

characterized by an increasing trend over time for the three temperatures. In particular, the 

harsher the aging condition, i.e. high aging temperature, the more significant are the increase 

of the dielectric property over time. It is important to point out that, even if the difference in 
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tanδ values for the two lower temperatures (87 °C and 110 °C) are almost negligible for the 

first aging periods, sufficiently long aging time leads to the divergence of the two trends. 

Finally, the 130 °C aging exhibits a very significant increase during the first aging period 

followed by a slower raise of tanδ value, as reported above. 

 

Figure 58 Tan(delta) at (a) 100 kHz and (b) 0.1 Hz for the different thermal aging conditions analyzed. 
Twisted pair non-filled cable. 

Focusing on the low frequency response (Figure 58.b), one can notice an almost constant 

electrical property with aging, particularly for 87 °C and 110 °C conditions, suggesting a 

similar arrangement of  insulation interfaces with aging. The 130 °C aging, probably due to 

the very severe condition together with long aging time, brings to the increase of tanδ during 

the first aging period, which is followed by a slightly reduction of the property. 

Under these circumstances, it is evident that the low frequency domain response is not suitable 

for the evaluation of the aging conditions due to a non-monotonous variation of the property 

over time. 

4.2.3 Twisted pair filled cable 

Figure 59 shows the behavior of the dissipation factor as a function of frequency for all the 

radio-chemical aging conditions considered. 

The dissipation factor of the twisted pair cable with compound #2 as primary insulation shows 

quite different behavior in terms of trend over frequency in comparison to the other two cases 

described above. Indeed, at least for the irradiated cables, the trend depicts a situation in 

which the interfacial polarization peak (low frequencies) is enlarged towards higher 

frequencies. This could be imputed to two main causes: the previous described interfacial peak 

(as for Compound #1) is broader due to the increase of the size of interfaces or it is due to a 

convolution of a mid-frequency (around 101 Hz) peak which is usually associated with the 

presence of water molecule bonded to the polymer chain or additives [120], [121]. 

 
 
 
 
  
 
 
 
  
 
 
 

 

     

     

     

     

     

     

                 
                

     
      
      

 
 
 
 
  
 
  
  

 
 

 

     

     

     

     

     

     

                 
                

     
      
      

b a 

Twisted pair non filled cable Twisted pair non filled cable 

 



71 
 

This last hypothesis may be also confirmed by the fact that ATH molecules are strongly 

hydrophilic, so that it is possible for the water molecule to permeate inside the polymer bulk 

and chemically bond at the surface of these fillers. 

 

  

Figure 59 Tan(delta) trend as a function of frequency for (a) Low dose rate (b) Medium dose rate (c) High dose 
rate and (d) Combined aging conditions. Twisted pair filled cable. 

The ATH fillers in such high concentration can easily agglomerate creating wide interfaces 

whose electrical response is placed in the lowest frequency region among the ones here 

analyzed. Indeed, very little variations in the low-frequency peak are reported with aging. This 

might be considered as an indicator that the lowest interfacial peak is related only to the 

inorganic filler inside the polymer matrix which does not vary throughout aging. 

It is worth mentioning that combined aging (Figure 59.d) deeply changes the trend over 

frequency of the analyzed electrical property. Unlike the radiation-only aging, the addition of 

thermal stress broads the variation of tanδ both in the high and low frequency regions. In 

particular, the biggest changes lay in the low frequency domain suggesting that the cable initial 

interfacial arrangement is deeply modified by aging stresses. Specifically, the values of tanδ in 

this region varies up to three orders of magnitude indicating a huge increase of interfaces 

inside the considered compound. This might be possibly related to the action of high 

temperatures on the weak bonds which usually keep into clusters the ATH fillers. High 
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temperatures and other aging stresses can break these bonds, leading to free ATH molecules 

and aged polymeric species. Then, these species can differently arrange themselves causing 

creation of copious and bigger interfaces, electrically responding in the low frequency region. 

The dissipation factor of the twisted pair filled cable does not monotonously follow the increase 

of aging time. One can observe an initial decrease of tanδ values followed by a little rise in the 

case of the high and medium dose rates and a continuous increase in the case of the low dose 

rate and combined aging conditions. The first phase is similar to the case of the coaxial cable, 

and it could be related to the microstructural modifications occurring in the polymer in the 

early period of exposure, as it will be presented in the following.  

However, the increase of tanδ is not significant for the irradiation conditions here considered. 

The reason for this could be found again in the filler properties of the insulating material, as it 

will be discussed in detail in the discussion section. Briefly summarizing, the high dipolar 

property of ATH can significantly impact on the high frequency spectrum overwhelming the 

contribution of the other polar species arising with aging, e.g., antioxidants products and 

oxidized chains. As a result, it would be difficult to single out the contribution of these two 

dipolar species. Moreover, the non-monotonous increasing behavior could be imputable to the 

fact that the presence of fillers reduces the actual degradable polymeric matter. Therefore, the 

same aging stressors cause an enhanced degradation which can effectively cause DLO events 

also for lower dose rates, e.g., medium dose rate. Under these circumstances, the variation of 

the dissipation factor for high and medium dose rates is almost negligible at high frequencies. 

On the contrary, low dose rate condition causes an increase of the dielectric losses as 

previously discussed for the cases of the other analyzed cables (compound #1), likely 

imputable to the contribution of longer aging times. 

In order to better describe the evolution with aging, the trend of the dissipation factor at 100 

kHz and at 0.1 Hz is reported in Figure 60. 

Here, the dissipation factor at high frequencies follows the abovementioned behavior. In 

particular, high and medium dose rates exhibit an initial decrease of the property followed by 

an increase which is barely noticeable, probably due to not sufficiently enhanced aging inside 

the polymer. On the contrary, tanδ values for low dose rate and combined aging conditions 

show an initial decrease until lower values, followed by an almost linear increase with aging. 

In this case the presence of the thermal stressor causes a downward shift during the first three 

aging periods probably imputable to the filler response to thermal aging, as it will be discussed 
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in the following Chapter. Further aging causes an abrupt increase of the property which raise 

up to one order of magnitude, as seen from the insight in Figure 60. 

 

Figure 60 Tan(delta) at 100kHz for the different radio-chemical conditions considered as a function of (a) aging 
time and (b) total absorbed dose. Twisted pair filled cable.  

Referring to the low frequency dielectric response (Figure 61), no homogenous increase with 

aging can be appreciated. Like the high frequency region just described, it may be seen an 

initial stabilization followed by a slightly increase of the dielectric losses. As it will be discussed 

in the following Chapter, this was expected since the presence of fillers and their agglomeration 

into clusters also rule the lowest frequency region. Hence, it is not possible to consider this 

frequency region as an aging marker, at least at low doses. As a matter of fact, very high doses 

bring to the creation of enough aging species which can overcome the filler dielectric response, 

resulting into an appreciable increase of the dielectric property. 

Combined aging condition tanδ evolution behaves like the highest frequency region, increasing 

the property by almost one order of magnitude. This suggests that combined thermal and 

radiative stresses also impact on the interfacial arrangement inside the polymer. 

 

Figure 61 Tan(delta) at 0.1 Hz for the different radio-chemical conditions considered as a function of (a) aging 
time and (b) total absorbed dose. Twisted filled cable. 
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Figure 62 Dielectric losses as a function of frequency for different aging period. (a) 87 °C, (b) 110 °C, (c) 130 °C. 
Twisted pair filled cable. 

Referring to thermal aged cables (Figure 62), the initial aging period causes a reduction of the 

dielectric losses probably relatable to the consumption of the dipolar antioxidant molecules, 

as reported above. Together with the reduction in terms of amplitude, the shape of the curve 

changes, giving birth to a double-peak structure. In particular, it is possible to define a first 

peak occurring at slightly higher frequencies than the ones here analyzed (likely around 108 

Hz), and a second peak arising at around 10-2 Hz. This second peak, as already discussed, 

could be linked to the bigger interfaces created by the inorganic fillers which are present in 

significant high concentration and can agglomerate, enhancing interfacial polarization 

response. 

Focusing on the lowest aging temperature (87 °C), after the abovementioned significant 

reduction during the first aging period, a slightly shifting downwards of the tanδ curve is 

appreciable with further aging. However, the registered variation is very little, and it could be 

also associated with the specimen-related measurement uncertainties. 

Harsher aging conditions (110 °C) bring to a significant increase of the dissipation factor with 

aging time. In particular, very small variations can be observed between 3.6 and 7.2 months 

of aging, while further aging causes a considerable rise of tanδ in all the analyzed frequencies 

 
 
 
 

    

    

    

    

   

   

              

                             

       

                  

                  

                

 
 
 
 

    

    

    

    

   

   

              

                             

       

                   

                   

                     

                 

 
 
 
 

    

    

    

    

   

   

              

                             

       

                   

                

b a 

c 

Twisted pair filled cable – 87 °C aging Twisted pair filled cable – 110 °C aging 

Twisted pair filled cable – 130 °C aging 



75 
 

(by more than one order of magnitude). It is worth highlighting that the low-frequency peak 

changes its shape for aging periods longer than 7.2 months, suggesting a different interface 

arrangement, linkable to bigger interfaces created by aging-related products. 

Finally, the 130 °C aging condition is again characterized by a very high initial tanδ value 

which is then followed by a slower increase, as seen for the twisted pair non-filled cable.  

Figure 63 reports the value of tanδ at 100 kHz and 0.1 Hz as a function of aging time for the 

three different aging temperatures. As already reported, the trend of tanδ between the two 

considered frequencies is almost the same. However, it could be stated that the variations at 

low frequencies are more substantial in terms of amplitude for all the three temperatures. This 

is again referred to the 110 °C aging where after 7.2 months, tanδ values show an abrupt 

increase associated with the abovementioned arising of interface effect. 

Additionally, this suggests that both frequency regions could be suitable for the evaluation of 

aging conditions of the compound #2 cables. 

 

Figure 63 Tan(delta) at (a) 100 kHz and (b) 0.1 Hz for the different thermal aging conditions analyzed.  
Twisted pair filled cable. 

4.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC) MEASUREMENTS 

As stated in Chapter 2, the DSC measurements allow the evaluation, among others, of the 

crystallinity ratio of the polymeric material. 

As an example, Figure 64 reports the DSC thermograms obtained for the coaxial cable 

subjected to the high dose rate. 
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Figure 64 DSC thermograms after different high dose rate aging periods. Coaxial cable. 

The thermograms show the presence of two peaks: the first around 50°C and the second 

around 120°C which are attributable to the melting of the primary antioxidant (Irganox® 1076 

[109]) and to the melting of the crystalline phase of the polyethylene, respectively. In order to 

evaluate the crystallinity ratio, the entire endothermal decreasing phase has to be taken into 

account. Hence, both peaks contribute to the evaluation of the crystallinity ratio. Moreover, 

from Figure 64, it is possible to point out that the intensity of the first peak (50°C) is more 

and more negligible, suggesting a continuous antioxidant depletion during aging. However, 

due to the very little amplitude of this peak no significant quantitative analysis can be 

conducted. 

Consequently, the main contribution to the crystalline ratio value is given by the polyethylene 

melting peak. This latter does not significantly vary during aging since very little modifications 

affect the crystalline phase of the polyethylene under radio-chemical aging at low 

temperatures. 

Due to the large amount of data, only values of crystallinity ratio as a function of the different 

aging conditions and analyzed materials are reported in the following. 

4.3.1 Coaxial cable 

Figure 65 depicts the trend and values of the crystallinity ratio as a function of aging time for 

the different aging conditions considered. 

It can be evaluated that no significant variations in the crystallinity ratio with aging occur in 

the coaxial cable, for all the conditions considered. Variations are very low (less than 3%) and 

inside the data error bars. 
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Figure 65 Crystallinity ratio values as a function of the different aging conditions. Coaxial cable. 

4.3.2 Twisted pair non-filled cable 

Figure 66 shows the trend and the values of the crystallinity ratio for the twisted pair non-

filled cable under different aging conditions.  

The initial crystallinity value is the same as the one seen in the case of the coaxial cable due 

to the fact that the analyzed polymeric compound is the same. With aging, the variation of the 

crystallinity can reach up to 7%. The severer is the aging condition the higher is the variation 

of the crystallinity ratio. Low dose rate causes no appreciable variation of the crystallinity ratio. 

 

Figure 66 Crystallinity ratio values as a function of the different aging conditions. Twisted par non-filled cable 

4.3.3 Twisted pair filled cable 

The trend and values of the crystallinity ratio for the twisted pair filled cable (compound #2) 

are reported in Figure 67. 

 

 
  
 
  

  
  
  
 
  
 
  
 
  
 

 

 

  

  

  

  

  

  

              
                      

             
                
              

 

 
  
 
  

  
  
  
 
  
 
  
 
  
 

 

 

  

  

  

  

  

  

              
                      

             
                
              

Coaxial cable (compound #1) 

Aging 

period 

χc 

High 

dose rate 

χc 

Medium 

dose rate 

χc 

Low dose 

rate 

Unaged 38 38 38 

1 40 41 38 

2 40 39 37 

3 41 38 37 

4 41 38  

5 39 41  

Twisted pair non-filled (compound #1) 

Aging 

period 

χc 

High 

dose rate 

χc 

Medium 

dose rate 

χc 

Low dose 

rate 

Unaged 38 38 38 

1 42 41 38 

2 42 41 38 

3 43 40 38 

4 43 41  

5 45 42  

Coaxial cable 

Twisted pair non filled cable 
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Figure 67 Crystallinity ratio values as a function of the different aging conditions. Twisted pair filled cable 

Here, the initial crystallinity value is slightly higher than in the previous cases (by 3%) probably 

due to the different compound analyzed. With aging, a substantial increase of the crystallinity 

ratio (up to 10%) in the case of the high dose rate is noticeable. Lower dose rates cause very 

little variations ±3% imputable to less severe conditions, hence, to reduced degradation 

phenomena. 

4.4 OXIDATION INDUCTION TIME (OIT) MEASUREMENTS 

4.4.1 Coaxial cable 

In Figure 68 the OIT measurements results and trends as a function of the different aging 

conditions are reported.  

Here, the trend of OIT is quite similar among the different aging conditions. It can be observed 

that OIT decreases during the radio-thermal aging, which is presumably due to the chemical 

consumption of antioxidants by specific chemical reactions and/or their migration from the 

bulk to the insulation surface. The drop in OIT is particularly drastic during the first aging 

period, for which OIT is reduced by factors up to 6. Then, OIT is still decreasing but slower. 

The OIT decreasing rate depends on the severity of the aging conditions. It can be seen from 

Figure 68 that the higher the dose rate the faster is the OIT decay, according to the 

enhancement of degradation phenomena with higher dose rates. Finally, it reaches a very low 

but non-null value (2 minutes at least) for all the conditions considered. 

It is worth recalling that OIT is considered a quantitative measurement technique for evaluating 

the concentration of antioxidants inside the material [122]. Hence, as far as the OIT value is 

not nearly zero, the antioxidants are still present, and no oxidative reaction can take place. 

However, due to the graphical extrapolation of data (tangent method described in page 49), 

2 minutes represents the minimum value recordable by the instrumentation and linkable to the 

 
 
  
 
  

  
  
  
 
  
 
  
 
  
 

 

 

  

  

  

  

  

  

              
                           

             
                
              

Twisted pair filled (compound #2) 

Aging 

period 

χc 

High 

dose rate 

χc 

Medium 

dose rate 

χc 

Low dose 

rate 

Unaged 41 41 41 

1 46 40 38 

2 44 42 40 

3 46 43 41 

4 48 42  

5 49 40  

Twisted pair filled cable 
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OIT of a pure XLPE material; so that it is possible to claim that oxidation may start even if the 

OIT owns a non-zero value (2 mins).  

Focusing on the high dose rate aging, one can observe that the OIT value of the last aging 

time (5th) is higher than the previous one. This behavior, quite unusual, could be related to the 

inhomogeneity of the sample and referred as an outlier. 

 

Figure 68 OIT values for the three different aging conditions and material analyzed. Coaxial cable. 

4.4.2 Twisted pair non-filled cable 

Similarly to the coaxial cable, the trend of the twisted pair non-filled OIT values is characterized 

by an initial abrupt reduction and followed by a slower decreasing with aging time. However, 

the initial OIT value is about 50 min lower than the one of the coaxial cables, even if the 

chemical compound is the same. Given the quantitative property of measurement, this could 

be imputable to the different real number of stabilizers inserted during the manufacturing 

process. Therefore, the diminishing phase shows lower values of OIT so that all the conditions 

considered reached the lowest recordable value (around 2 min). Even in this case the 

decreasing rate depends on the severity of aging stressors, as discussed for the coaxial cable. 

 

Figure 69 OIT values for the three different aging conditions and material analyzed. Twisted pair non-filled cable. 

 

 
  

  
 
  
 

 

  

   

   

   

   

   

   

              
                      

             
                
              

 

 
  

  
 
  
 

 

  

   

   

   

   

   

   

              
                      

                  
                    
                   

Coaxial cable (compound #1) 

Aging 

period 

OIT  

High 

dose rate 

OIT 

Medium 

dose rate 

OIT  

Low dose 

rate 

Unaged 325 325 325 

1 40 49 79 

2 7 13 31 

3 7 5 14 

4 5 3  

5 7 2  

Twisted pair non-filled cable (comp. #1) 

Aging 

period 

OIT  

High 

dose rate 

OIT 

Medium 

dose rate 

OIT  

Low dose 

rate 

Unaged 264 264 264 

1 17 33 46 

2 9 10 22 

3 5 10 12 

4 4 3  

5 2 2  

Coaxial cable 

Twisted pair non filled cable  
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4.4.3 Twisted pair filled cable 

 

Figure 70 OIT values for the three different aging conditions and material analyzed. Twisted pair filled cable. 

The OIT values for compound #2 (Figure 70) are quite different from the ones just presented. 

Indeed, the initial value of OIT is way lower than the one of the coaxial cables (about 30% 

less). This could be imputable again to the different actual amount of stabilizer inside the 

compound or to the effect of inorganic filler (ATH) which are present in this material. 

Indeed, it has been shown that ATH filler can cause a negative contribution to the stabilization 

of the final material [123], probably due to trapping of antioxidant molecules on the surface 

of fillers (e.g. hydrogen bonding).  

The trend of OIT values with aging is very similar to the one already presented for compound 

#1 except for the first aging period of the low dose rate. In this latter case, in fact, the value 

of OIT is not characterized by an abrupt decrease but it is kept quite high, suggesting that the 

stabilization level of the material, hence antioxidant concentration, is still elevated. 

Here again, the decreasing phase is ruled by the severity of the aging stressors. Moreover, it 

can be reported that all the aging conditions considered reached the ultimate recordable value 

of OIT (2 mins), suggesting the complete running out of antioxidants and the possible starting 

of the oxidation process. 

4.5 FTIR 

In this section the FTIR spectra for the different aging conditions and materials are presented. 

From this technique, it is possible to obtain much information about the chemical composition 

of the material. Figure 71 shows the FTIR spectrum of the unaged coaxial cable (compound 

#1) in the wavenumber range between 4000 and 600 cm-1. Three spectrum regions, reported 

in the same figure, are interesting for aging evaluation: 

a) Carbonyl (C=O) region: 1850-1600 cm-1 

b) Hydroxyl (-OH) region: 3800-3500 cm-1 

 

 
  

  
 
  
 

 

  

   

   

   

   

   

   

              
                           

                  
                    
                   

Twisted pair filled cable (comp. #2) 

Aging 

period 

OIT  

High 

dose rate 

OIT 

Medium 

dose rate 

OIT  

Low dose 

rate 

Unaged 223 223 223 

1 28 34 140 

2 7 7 21 

3 3 6 12 

4 2 2  

5 2 2  
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c) Ester (C-O) region: 900-1500 cm-1 

These regions are widely investigated as aging-related ones since they represent the oxidized 

species inside the polymer, which are the main products of the polymer degradation. 

However, these regions, and the molecules to which they refer, can show some peaks also in 

the case of the unaged material. This is imputable, for example, to additives and fillers (e.g. 

phenolic antioxidants) whose concentration is, in some cases, higher than the one of the 

oxidized species with aging so that, due to the convolution of different peaks, it is difficult to 

single out the different contributions and precisely follow the aging. 

In order to keep the uncertainties given by the local inhomogeneities, the measurements have 

been performed at least 3 times in different zones of the specimens. 

In this section, FTIR spectra over the entire analyzed wave number domain are reported for 

cables and aging conditions analyzed. However, in order to obtain an easier and more detailed 

discussion, only the parts of spectra related to the three abovementioned regions are 

considered and analyzed. 

 

Figure 71 FTIR spectrum of the unaged coaxial cable. Rounds (a) Carbonyl region, (b) Hydroxyl region and  
(c) Ester region 

4.5.1 Coaxial cable 

FTIR spectra performed on the surface of coaxial cables as a function of different aging times 

and conditions are reported in Figure 72. 
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Figure 72 FTIR spectra for the coaxial cable as a function aging. (a) Low dose rate, (b) Medium dose rate, (c) High 
dose rate. 

Figure 73-74 depict the FTIR spectra of the outer surface and the bulk of the insulating layer, 

respectively. As already presented, the reported spectra refer to three specific spectral regions: 

(a) between 3500 and 3800 cm-1 (hydroxyls), (b) 1600 and 1850 cm-1 (carbonyls), and (c) 

between 900 and 1500 cm-1 (esters). 

In the carbonyl region (Figure 73.a,d,g), it is possible to observe a single IR absorption peak 

at 1737 cm-1 for the unaged material, likely linked to the carbonyl groups of the two 

antioxidants. With aging, two new peaks can be found in the same region at 1720 cm-1 and 

1742 cm-1. In the case of medium and low dose rates, the two peaks show an initial decrease 

during the first aging period, followed by an increase of the carbonyl peak with aging. On the 

contrary, in the case of high dose rate, the peaks own similar height for the first three aging 

periods, while further aging brings to the growth of the carbonyl band followed by a 

stabilization (4th and 5th aging periods). 

With regards to the hydroxyl region (Figure 73.b,e,h), a single and small IR absorption band is 

observed at 3640 cm-1 for the unaged material. This band is likely to be assigned to the phenol 

group of the phenolic antioxidant. This band disappears on the insulation surface during the 
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first aging time for all the cases here analyzed, probably due to a significant chemical 

consumption of the primary antioxidant.  

 

 

 

Figure 73 FTIR spectra for the coaxial cable with aging. (a, d, g) Carbonyl region, (b, e, h) Hydroxyl region, (c, f, i) 
Ester region, for the low, medium and high dose rate respectively. 

Finally, in the region between 900 and 1500 cm-1 (Figure 73.c,f,i), the IR absorption bands at 

1366, 1262, 1238, 1186, and 1085 cm-1 are observed for the unaged sample and likely 

imputable to the C-O bonds of the ester groups of both antioxidants. The amplitudes of these 

peaks follow the increase of aging period. Moreover, other IR absorption bands appear at 

1028, 1046, 1131, and 1313 cm-1 on the insulation surface, which may be assigned to the 

oxidation products of thioether antioxidant (in particular, sulfoxide and sulfone species) formed 

during aging.  

Figure 74 shows the changes in the FTIR spectrum of the carbonyl region obtained in the bulk 

of the insulating layer. The same observations can be made as previously reported, referring 

to the presence of a single IR absorption band at 1737 cm-1 for the unaged sample. The 

evolution of this peak with aging is different among the different aging environments. In 

particular, it does almost not vary with aging in the case of the lowest aging stresses, 

suggesting that no significant variation in terms of concentration occurs. For the higher dose 
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rates, an initial increase of the peak is then followed by a decreasing phase. It is worth pointing 

out that the last aging level of the highest dose rate aging causes an abrupt increase of this 

peak probably due to the huge amount of oxidized species caused by the stressors. 

 

Figure 74 Carbonyl region FTIR spectra in the bulk of the material with aging. (a) Low dose rate (b) Medium dose 
rate (c) High dose rate. Coaxial cable. 

As presented in § 2.3.7, the ester index is a quantity which is often used for the evaluation of 

the concentration of oxidized species from ATR-FTIR. Calculation of the ester index is carried 

out following equation reported in § 3.4.4. It is worth pointing out that only the peak at 1742 

cm-1 is considered for calculation of the ester index, since it does not change its shape e.g., 

turning into a shoulder of a bigger peak or being overlapped by other peaks, for all the 

conditions considered.  Therefore, Figure 75 reports the trend of the ester index as a function 

of aging time for the three aging environments considered. The black line refers to the quantity 

monitored on the surface of the material, while the blue line refers to the measurements done 

in the bulk of the material. In this latter case, slightly no variation can be evaluated so that the 

ester index can be considered as constant in the bulk, exception given for the last aging period 

of the high dose rate. The constant ester index could be related to two main reasons: oxidation 

mainly occurs in the surface of the material, due to the presence of oxygen in the environment, 

and the antioxidant products arising to the polymer surface. In this latter case, the variation in 

terms of concentration of ester bonds can be compensated, thus showing no difference, as it 

will be described in further details in the following Chapter. 

On the surface, low and medium dose rates cause an initial decrease of the ester index followed 

by an increase and/or stabilization with aging. The initial decrease can be likely related to the 

migration of the antioxidants on the surface, while the stabilization and increase can be related 

to the conversion of the antioxidants into their degradation products and the formation of new 

oxidized species.  

In the case of high dose rate, the decreasing part is not present probably due to the particularly 

harsh conditions which enhance and catalyze the antioxidant chemical consumption. For this 

reason, the ester index shows an initial increase and a stabilization. 
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Figure 75 Ester index of the coaxial cable as a function of aging time for the three different aging conditions 
considered. (a) Low Dose Rate, (b) Medium Dose Rate, (c) High Dose Rate 

4.5.2 Twisted pair non-filled cable 

The FTIR spectra coming from analyses on the twisted pair non-filled cable are quite different 

from the one presented for the coaxial cable, even if the compound of the primary insulation 

is the same. It is worth recalling that, due to the different geometries of cables, the actual 

aging stressors are attenuated in the case of the twisted pair cable. 

Figure 76 depicts the trend of the FTIR spectra, obtained on the polymer surface, over the 

entire set of chosen wave numbers for the twisted pair non filled cables. 

 

 

Figure 76 FTIR spectra for the twisted pair non filled cable as a function aging. (a) Low dose rate, (b) Medium 
dose rate, (c) High dose rate. 
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Figure 77-78 report the trend of the FTIR spectra for the three regions analyzed in the 

introduction to this paragraph on the surface and in the bulk, respectively. 

Focusing on the carbonyl region FTIR spectra (Figure 77.a,d,g) on the surface, in all the aging 

conditions analyzed, the initial IR absorption band at 1737 cm-1, which is attributable to the 

antioxidants ester groups, shows an initial decrease with aging. Referring to the high and 

medium dose rates, the initial decrease is followed by a slight increase of the considered peak 

imputable to the conversion of the antioxidants into their degradation products. In the case of 

low dose rate, only the initial reduction is reported probably due to the softer aging conditions.  

In the hydroxyl region (Figure 77.b,e,h), a single and small IR absorption band was observed 

at 3640 cm-1 for the unaged material. This band was assigned to the phenol function of the 

phenolic antioxidant. It disappears on the insulation surface and no new peak appears in the 

case of medium and high dose rates. For low dose rate, the peak is kept, with a lower 

amplitude, in the first aging period considered, suggesting that phenol antioxidants are still 

present in significant concentration.  

 

 

 

Figure 77 FTIR spectra for the twisted pair non-filled cable with aging. (a, d, g) Carbonyl region, (b, e, h) Hydroxyl 
region, (c, f, i) Ester region, for the low, medium and high dose rate respectively. 
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Finally, in the region between 900 and 1500 cm-1 (Figure 77.c,f,i), the IR absorption bands at 

1366, 1262, 1238, 1186, and 1085 cm-1 initially observed for the unaged sample are likely 

related to the C-O bonds of the ester groups of both antioxidants. The trend with aging follows 

the one described for the carbonyl bands. Moreover, as already presented, new IR absorption 

bands appear at 1028, 1046, 1131, and 1313 cm-1 on the insulation surface, which might be 

related to the thioether antioxidant products (e.g. sulfoxide and sulfone species). 

Figure 78 shows the changes in the FTIR spectrum obtained in the bulk of the insulating layer 

(exclusively in the carbonyl region). The same observations can be made as previously reported, 

referring to the presence of a single IR absorption band at 1737 cm-1 for the unaged sample. 

Then, this band seems to slightly increase during the first aging period to finally diminish with 

aging.  

 

Figure 78 Carbonyl region FTIR spectra in the bulk of the material with aging. (a) Low dose rate (b) Medium dose 
rate (c) High dose rate. Twisted pair non-filled cable. 

Figure 79 displays the behavior of ester index (absorbance ratio between the 1733 cm-1 ester 

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

outer surface (black dots) of the insulation, for the three aging conditions considered. 

In all the cases analyzed, an initial decrease of the ester index is shown on the surface of the 

material. It can be noticed that the dose rate plays a significant role in the definition of the 

duration of the decreasing phase. As a matter of fact, the reduction of the ester index lasts for 

the initial two (small and high dose rates) and one (medium dose rate) aging periods. 

After the initial decrease, one can observe a stabilization of the ester index on the surface 

followed by a slightly increase, likely associated with the conversion of the antioxidants into 

their degradation products and with an initial oxidative state of the polymer surface.  

In the bulk, the variation of the ester index is almost negligible suggesting a very weak 

modification of the ester content, which is mainly occurring on the surface, as discussed above. 
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Figure 79 Ester index for twisted pair non-filled cable as a function of aging time for the three different aging 
conditions considered. (a) Low Dose Rate, (b) Medium Dose Rate, (c) High Dose Rate 

4.5.3 Twisted pair filled cable 

Figure 80 reports the trend of FTIR spectra for the different aging conditions analyzed, in the 

case of the twisted pair filled cable. Measurements have been performed on the surface of the 

polymer. 

 

 

Figure 80 FTIR spectra for the twisted pair filled cable as a function aging. (a) Low dose rate, (b) Medium dose 
rate, (c) High dose rate. 

Similarly to what has been reported above, in the following only FTIR spectra obtained for the 

three analyzed regions are reported and discussed (Figure 81-82). 
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In the carbonyl region (Figure 81.a,d,g) on the surface, a single IR absorption band was initially 

observed at 1737 cm-1 for the unaged material, attributed to the ester groups of both phenol 

and thioether antioxidants. Then, two new bands appear in this spectral region during the first 

aging period: a shoulder at 1720 cm-1 and another main band at 1742 cm-1. These latter two 

peaks firstly decrease with exposure time on the insulation surface and then increase. The 

amplitude of these variations is deeply influenced by the environmental stress severities. As a 

matter of fact, low and medium dose rates show a little increase only during the last aging 

period, while the high dose rate reveals a further decreasing phase which can be imputable to 

the possible specimen inhomogeneity.  

 

 

 

Figure 81 FTIR spectra for the twisted pair filled cable with aging. (a, d, g) Carbonyl region, (b, e, h) Hydroxyl 
region, (c, f, i) Ester region, for the low, medium and high dose rate respectively. 

Focusing on the hydroxyl region (Figure 81.b,e,h), it is difficult to single out the contribution 

given by the ATH, which exhibits -OH bond, from the hydroxyl molecules arising with the 

oxidation of the polymer matrix. However, it is worth pointing out that a single and small IR 

absorption band is observed at 3640 cm-1 for the unaged material. This band could be 

assigned to the phenol function of the phenolic antioxidant as seen from the compound #1 
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materials. Further aging causes the disappearance of the peak from the surface of the 

insulation, suggesting a chemical consumption of the antioxidant molecules with aging time. 

Finally, in the region between 900 and 1500 cm-1 (Figure 81.c,f,i), the IR absorption bands at 

1028, 1046, 1131, and 1313 cm-1 might be assigned to the oxidation products of thioether 

antioxidant (in particular, sulfoxide and sulfone species) formed during the stabilization 

reactions involving the secondary antioxidant. These peaks generally increase with aging time 

in all the considered exposure conditions except for the highest value of total dose for the 

high dose rate, where all the peaks show an abrupt decrease, similarly to what described for 

the carbonyl region.  

Figure 82 shows the changes in the FTIR spectrum obtained in the bulk of the insulating layer 

(exclusively in the carbonyl region). In all the aging conditions considered, IR absorption band 

at 1737 cm-1 initially increases and finally decreases with aging time, likely due to the 

antioxidant chemical consumption in the bulk or migration towards the outer surface.  

 

Figure 82 Carbonyl region FTIR spectra in the bulk of the material with aging. (a) Low dose rate (b) Medium dose 
rate (c) High dose rate. Twisted pair filled cable. 

Figure 83 depicts the trend of the ester index as a function of the different aging conditions 

considered both in the bulk (blue dots) and on the outer surface (black dots). Similarly, to the 

case of the twisted pair non-filled cable, the ester index shows an initial decrease in all the 

aging environments considered. As already presented, this behavior is likely imputable to a 

possible decrease of the concentration of antioxidants on the surface and lasts differently 

among the different conditions suggesting a dependence on both aging time and dose 

exposure. Further aging causes a stabilization and/or an increase of the ester index value, as 

seen in previous cases. It is worth pointing out that the last aging period of the high dose rate 

shows an atypical decrease of the ester index (as already seen when describing the FTIR 

spectra), which could be imputable to possible inhomogeneity of the specimen, as described 

above. 

To conclude, the variation of the ester index is almost negligible in the bulk, suggesting a very 

weak modification of the ester content, which is primarily occurring on the surface. 
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Figure 83 Ester index for twisted pair filled cable as a function of aging time for the three different aging conditions 

considered. (a) Low Dose Rate, (b) Medium Dose Rate, (c) High Dose Rate 

4.6 TENSILE STRESS MEASUREMENTS 

Tensile stress tests have been performed by UJV Rez (Czech Republic), one of the Project’s 

partners. From these tests, it is possible to obtain the values of tensile strength (maximum 

stress that a material can withstand while being stretched or pulled before breaking) and the 

values of elongation-at-break (maximum value of elongation obtained by the specimen before 

it breaks). Results are obtained following equations reported in § 2.3.2. Data dispersion is 

derived considering a 98% confidence interval. 

4.6.1 Coaxial cable 

Figure 84 depicts the trend of the elongation-at-break as a function of the different aging time 

and conditions. It is worth pointing out that, due to very degraded polymer, in some cases 

(some low dose rate and combined aging withdrawals) it was not possible to remove the inner 

conductor from the primary insulation without damaging the primary insulation, hence it was 

not possible to perform the mechanical tests on the relevant cable insulation. 

 

Figure 84 EaB trend as a function of (a) aging time, (b) dose. Coaxial cable. 

In all the conditions considered, EaB decreases in comparison to the non-aged material, as 

expected. The decreasing trend over time is very similar, almost linear, between the different 

aging conditions, suggesting a gradual degradation of the polymer, which brings to an only 

60% reduction of the initial EaB value. The severity of the aging condition impacts the 
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mechanical response of the material over time. As a matter of fact, even if the trend is similar, 

the time needed to cause the same mechanical degradation level is very different. As an 

example, the lowest value of EaB for the medium dose rate, corresponding at 4810 h of aging, 

is reached after about 500 h in the case of the high dose rate. 

Focusing on the mechanical response over the total absorbed dose (Figure 84.b), it is possible 

to point out that the EaB reduction is very similar among the different aging conditions, 

particularly for the medium and high dose rates. Contrary to what explained for the tensile 

response with aging time, the stressor severity over total absorbed dose has no impact on the 

material mechanical response. This behavior is already known in literature [52], [54], according 

to this, equivalent absorbed dose causes equivalent damage on the insulation under test. 

Similarly, the tensile stress value decreases during aging, as expected (Figure 85). In fact, the 

more degraded is the polymer, the lower is the load it can bear before breaking. Here again, 

the different dose rates do not impact on the response over the total absorbed dose, as 

presented for the elongation-at-break. On the contrary, the response over the aging time is 

not similar due to the effect of different degradation period and aging stressors, as presented 

above. As presumed, harsher aging stressors brings to faster degradation of the tensile 

properties.  

   

Figure 85 Tensile stress trend as a function of (a) aging time, (b) dose. Coaxial cable. 

4.6.2 Twisted pair non-filled cable 

Figure 86 reports the twisted pair non-filled cable trend of EaB as function of aging time for 

the different aging conditions considered. 

The initial value of EaB showed to be higher than in the case of the coaxial cable even if the 

polymeric compound is the same (compound #1). This suggests that the different 

manufacturing process together with various geometries, hence design of tubular specimens, 

can have an impact also on the mechanical behavior of the polymer. 
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With aging time, except for the high dose rate where one can observe a significant reduction 

over the entire aging time, the decay of the EaB is very little in the case of small and medium 

dose rates for the first three aging periods. Further aging causes a significant reduction of the 

EaB which is kept constant for additional aging periods (step-like behavior). 

  

Figure 86 EaB trend as a function of (a) aging time, (b) dose. Twisted pair non-filled cable. 

With the addition of thermal stress, as expected, the combined aging condition causes a 

shifting downwards of the EaB in comparison to the radiation-only aging (low dose rate), due 

to the synergic effect of the two environmental stresses.  

Focusing on the EaB response with the total absorbed dose (Figure 86.b), one can observe an 

initial correspondence among the different aging environments up to 75 kGy. Higher doses 

result into a divergence of the decreasing trends probably due to the different severity 

conditions. Indeed, with the same absorbed dose, the lower the dose rate the higher the 

ultimate elongation-at-break of the material.  

 

Figure 87 Tensile stress trend as a function of (a) aging time, (b) dose. Twisted pair non-filled cable. 

Figure 87 reports the trends of the tensile stress as a function of aging time (a) and total 

absorbed dose (b) for the different aging severities analyzed. The initial value of tensile stress 

is slightly higher than in the case of coaxial cable, however inside the confidence bar. As 
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expected, even in this case, the value of tensile stress is reduced over aging periods. The 

severity of the environmental stresses plays a major role, resulting in almost halving the initial 

value of tensile stress in less than 900 hours of aging, in the case of the high dose rate. On 

the contrary, lower dose rates do not significantly impact the tensile stress keeping tensile 

strength always higher than 15 MPa. Similarly, the mechanical response with dose shows an 

initial stabilization of the tensile stress, as seen for the EaB, followed by a more significant 

reduction in the case of higher dose rates. 

4.6.3 Twisted pair filled cable 

The evolution with aging of EaB for the twisted pair filled cable is reported in Figure 88.  

It can be observed that the initial value of EaB is much lower than the above cases (compound 

#1), probably due to the presence of inorganic fillers inside the polymer matrix.  

High dose rate results into a constant decrease of the EaB over time. On the contrary, the 

other aging conditions show a step-like decreasing law: an initial reduction followed by the 

stabilization of the EaB value (up to more than 8500h in the case of the low dose rates), and 

a further decrease and stabilization, in the case of the medium dose rate. It is noticeable that 

the first aging period of the low dose rate exhibits an EaB higher than the one showed for the 

unaged material. This phenomenon, quite unusual, could be imputed to the specimen 

inhomogeneity and it could be considered as an outlier.  

  

Figure 88 EaB trend as a function of (a) aging time, (b) dose. Twisted pair filled cable. 

Focusing on the EaB response as a function of the absorbed dose, the behavior is similar to 

the one just described. The high dose rate environment causes a countinous decrease of the 

property which leads to values close to 100% absolute elongation. Other dose rate conditions 

keep much higher EaB values (around 200%). Even in this case, the response over dose is 

similar among the different conditions untill about 300 kGy where a divergence between the 

harshest and other aging environments occurs. 
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The tensile stress results (Figure 89) depict a similar behavior. The initial value is lower 

compared to the one presented for compound #1, likely imputable to the addition of fillers. 

The reduction of the tensile stress with high dose rate is linear while for the other aging 

conditions is much slower, so that it can be considered almost stable over the aging time here 

analyzed.  

 

Figure 89 Tensile stress trend as a function of (a) aging time, (b) dose. Twisted pair filled cable. 
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CHAPTER 5 

DISCUSSION 

 

 

INTRODUCTION EN FRANÇAIS 

Dans le chapitre précédent, il a été montré comment le vieillissement peut modifier 

profondément la réponse d'un câble tout au long de sa durée de vie. En particulier, il a été 

rapporté que la sévérité des conditions de vieillissement peut influencer de manière 

significative les propriétés du matériau isolant. 

De plus, il a été montré comment plusieurs propriétés différentes, par ex. chimiques, 

mécaniques et électriques sont étroitement liés les unes aux autres, ouvrant la possibilité 

d’établir des corrélations en tenant compte des différentes caractéristiques des polymères 

étudiés par une technique particulière. 

Il est très important de prendre en compte les modifications chimiques microscopiques qui se 

produisent à l'intérieur du polymère au cours du vieillissement, afin de mieux comprendre la 

variation des propriétés macroscopiques comme, par exemple, le comportement électrique et 

mécanique. Ceci est particulièrement crucial dans le cas des systèmes de câbles basse tension 

où une grande partie du comportement du polymère résulte des additifs qui ont vraiment un 

impact sur la réponse au vieillissement de la matrice polymère, par ex. qui retardent son 

oxydation en raison de la présence d'antioxydants. 

D'un autre côté, la possibilité de corréler les différentes techniques permet de faire évoluer les 

« techniques de surveillance santé » pour le diagnostic les câbles sans perdre l'expertise 

acquise au cours de plusieurs années d'application de ces approches. 

Comme présenté dans les chapitres 1 et 2, le critère le plus largement accepté pour l'évaluation 

de la santé des systèmes de câbles basse tension dans les centrales nucléaires est basé sur la 

technique de traction uniaxiale, principalement l'allongement à rupture (EaB). L'avantage de 

l'utilisation de l’EaB réside dans sa corrélation efficace avec le vieillissement, qui permet 

également la comparaison des résultats obtenus avec différents niveaux de sollicitations 

environnementales. 

Afin d'étudier l'évolution des propriétés du matériau sur une durée raisonnable, un 

vieillissement accéléré est nécessaire. Des modèles empiriques et mathématiques capables de 

corréler les résultats d'essais accélérés avec le vieillissement en conditions réelles de 

fonctionnement ont déjà été développés en se focalisant sur EaB. 
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Dans ces circonstances, il est évident que la possibilité de corréler les différentes propriétés 

avec EaB est une caractéristique clé afin de procéder à l'élargissement proposé de l'état actuel 

de la technique pour le contrôle santé des câbles. 

Les essais de traction sont des mesures locales destructives qui peuvent ne pas être 

représentatives de l'ensemble du système de câbles à tester et, en outre, ils ne sont pas 

toujours faciles à réaliser en raison des difficultés possibles pour atteindre certaines parties 

des câbles. 

La non-destructivité est une propriété clé à évaluer dans le développement d'une nouvelle 

technique de contrôle santé des câbles. D'autres exigences relatives à une technique d'essais 

non destructives pourraient être résumées comme suit [22]: 

• Les tests doivent être effectués in situ avec une interruption limitée du fonctionnement 
de la centrale. 

• Le test doit être facilement reproductible avec une très faible dispersion des erreurs. 

• L'indicateur de de dégradation choisi doit montrer une variation monotone avec le 
vieillissement. 

• Les tests doivent porter sur l’intégralité du matériau sachant qu’il est généralement 
difficile d'accéder à des sections importantes du câble. 

• Si cela n'est pas possible, les tests locaux doivent être effectués uniformément dans la 
partie accessible du câble considéré. 

• Il faut utiliser un critère d'acceptabilité universel comme alarme d'avertissement pour 
la planification de la maintenance des câbles. 

Ces dernières années, parmi les différentes techniques, la spectroscopie diélectrique a pris de 

plus en plus d'importance dans le domaine de la recherche scientifique sur les câbles extrudés. 

En fait, cette technique est non destructive, elle est capable d'évaluer la santé de l'ensemble 

du système de câbles et s'est avérée avoir une variation monotone de la propriété mesurée en 

fonction de la fréquence analysée. Malheureusement, de nos jours, il manque suffisamment de 

connaissances pour permettre à cette technique d'être pleinement opérationnelle dans 

l'industrie. 

La section « discussion » est divisée en deux principales parties : l'une liée aux câbles vieillis 

radiochimiquement, qui comprend la corrélation entre différentes propriétés micro et 

macroscopiques, et l'autre liée aux câbles vieillis thermiquement qui se limite à la discussion 

sur le comportement électrique de ces câbles, comme indiqué dans le chapitre précédent. 

5.1 INTRODUCTION 

In the previous Chapter, it has been shown how aging can deeply modify the response of a 

cable throughout its service life. In particular, it has been reported that the severity of aging 

conditions may significantly influence properties of the insulating material. 
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Moreover, it has been shown how several different properties, e.g. chemical, mechanical and 

electrical, are tightly related each other, opening up the possibility to correlate them taking 

into account different polymer characteristics investigated by a particular technique. 

At first instance, it is significantly important to consider the microscopical chemical 

modifications occurring inside the polymer during aging, in order to better understand the 

variation of macroscopical properties like, e.g., electrical and mechanical behavior. This is 

particularly crucial in the case of low-voltage cable systems where a major part of the polymeric 

compound is given by additives which deeply impact on the response with aging of the 

polymer matrix e.g. delaying the oxidation due to the presence of antioxidants. 

On the other side, the possibility to correlate the different techniques allows the chance to 

scale the actual monitoring techniques for cable diagnostics up without losing the expertise 

gained in several years of application of these approaches. 

As presented in Chapters 1 and 2, the most widely accepted criterion for the evaluation of the 

health of low voltage cable systems inside nuclear power plants is based on the tensile 

technique, mainly the ultimate elongation at break (EaB). The advantage in using EaB lays in 

its effective correlation with aging, which also allows the comparison of the results obtained 

with different stress levels.  

In order to study the evolution of the material properties in a reasonable time, accelerated 

aging is required. Empirical and mathematical models able to correlate accelerated test results 

with aging in real operation conditions have been already developed focusing on the use of 

EaB. 

Under these circumstances, it is evident that the possibility to correlate the different properties 

with the EaB is a key feature in order to proceed with the proposed widening of the actual 

state of the art for cable monitoring. 

Besides this, tensile tests are destructive local measurements so that they may be not 

representative of the entire cable system under test and, in addition, they are not always easy 

to perform due to the possible difficulties in reaching some parts of the cables, usually the 

most stressed ones. 

The non-destructiveness is for sure a key property to be evaluated in developing a new 

monitoring technique. Other requirements for a non-destructive testing technique could be 

summarized as follows [22]: 

• Tests should be performed in situ with limited interruption of the plant operation. 

• Test should be easily replicable with very low error dispersion. 

• The chosen condition indicator should demonstrate a monotonical variation with aging. 
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• Tests should be referred to the bulk of the material since it is usually difficult to access 

significant sections of the cable. 

• If not possible, the local cable tests should be performed evenly in the accessible part 

of the considered cable. 

• There should be a universal acceptance criterion which is used as a warning alarm for 

scheduling of the cable maintenance. 

In recent years, among the various techniques, dielectric spectroscopy gained more and more 

importance in the extruded cable science research field. As a matter of fact, this technique is 

non-destructive, it is capable to assess the health of the entire cable system and has shown to 

have monotonous variation of the measured property, depending on the analyzed frequency. 

Unfortunately, up to date, it lacks in enough knowledge to allow this technique to be fully 

operational in the actual industry. 

The discussion Chapter is divided into two main parts: one related to the radio-chemically aged 

cables, which includes the correlation among different micro and macroscale properties, and 

one related to the thermally aged cables which is limited to the discussion on the electrical 

behavior of those cables, as reported in the previous Chapter. 

5.2 DIELECTRIC SPECTROSCOPY AS A CONDITION MONITORING TECHNIQUE 

As described in Chapter 3, the frequency region investigated by means of the Novocontrol 

Alpha Dielectric Analyzer is between 106 and 10-2 Hz. 

Based on the already discussed division of dielectric spectrum as a function of different 

polarization mechanisms (§ 2.3.8), it is possible to split the investigated frequency region into 

two zones: 

• 10-2-10 Hz which corresponds to the highest frequency zone of the interfacial 

polarization.  

• 103-106 Hz which represents the low-frequency part of the dipolar polarization. 

The first one is related to interfacial or Maxwell-Wagner-Sillars polarization (as seen in Chapter 

4), it is caused by limited diffusion of space charges inside the dielectric by means of applied 

electric field. These charges may settle next to interfaces or discontinuities inside the dielectric 

itself. As recognized, interfaces can be at least of two different types: 

• Chemical interfaces between two materials of different chemical composition, for 

instance in a multilayer structure (inter-layers interface) and in composite materials 

(fiber/matrix interface). 

• Physical interfaces between materials of the same chemical composition but of different 

physical state, for instance amorphous/crystal interface in semi-crystalline polymers. 
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It is important to recall at this point that the interfacial polarization shares the characteristic 

frequencies with Q-DC conduction, as already discussed in § 4.2.1. Hence, it could be difficult 

to single the two phenomena out when free ions and/or radicals are present inside the material 

under test. 

The high-frequency region is related to dipolar polarization of large dipolar species. These 

ones, e.g. oxidized polymer groups, are often created through action of aging factors, like e.g. 

high temperature and radiation, which catalyze oxidative reactions mainly responsible for the 

degradation of polymers.  

In § 1.4, it has been reported that main consequence of radio-chemical aging is chain scission. 

Mainly coming from the decomposition of hydroperoxide species. The resulting free radicals 

are very unstable and tend to react with other free radicals and polymer substrate in order to 

form non-reactive species, or with oxygen. In this latter case, the resulting molecule is 

characterized by a big size and strong dipolar moment due to the presence of oxygen. Thanks 

to this, under an AC electric field, the molecule responds electrically in the dipolar polarization 

area. Due to the bandwidth limitation given by the instrumentation, one can observe only the 

low-frequency branch of this kind of polarization. In particular, this area is the most interesting 

one since it represents the response of big-sized dipolar molecules such as the ones given by 

oxidized polymer groups or products of antioxidants.  

Among the two frequency regions, it is evident that the most suitable for following the 

development of aging is the latter one due to the ability of this area to analyze the presence 

of degradation products given by aging, hence it is suggested to be used as an aging marker. 

On the contrary, various works [91], [92] suggests the use of the very low frequency range as 

an aging marker for diagnostics. These results are mainly focused on the use of this technique 

for medium and high voltage cables, whose primary insulation is characterized by a very pure 

compound. In the cases here investigated, the crosslinking process through silane is used only 

on low voltage cable systems due to the presence of various impurities produced by this 

technique, implying moisture curing. Additives could also enhance the presence of interfaces, 

which may deeply influence the low frequency dielectric response so that it could be not easy 

to distinguish the interfaces created by the multilayer structure from the ones related to the 

microscale such as interfaces among different macromolecules and interfaces created by aging 

species. Moreover, the low frequency electrical response can be affected by Q-DC conduction 

phenomenon which is usually predominant over the interfacial polarization (§ 4.2.1), making 

the analyses very complex and possibly misleading. As a further confirmation, it has been 

reported and discussed in Chapter 3 that low-frequency dielectric response does not exhibit a 

monotonous increase of the property with aging, probably due to the presence of these 

different concurrent phenomena.  
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Under these circumstances, it has been chosen to use the high frequency, i.e., 100 kHz, 

dielectric response to follow the development of aging process on the considered cables. 

Furthermore, it has been correlated to different physical-chemical techniques in order to prove 

the ability of dielectric spectroscopy to assess global cable aging. 

5.3 THE IMPACT OF ANTIOXIDANTS AND THEIR PRODUCTS ON THE DIELECTRIC SPECTRUM 

Antioxidants are dipolar species and are incorporated into the polymer to prevent oxidation 

and, consequently, early degradation of the insulating material. 

The addition of antioxidants inside the base polymeric material may have an impact on the 

physical-chemical properties of the unaged material. It has been shown in literature that the 

introduction of additives can worsen both the electrical, due to the dipolar properties of these 

molecules e.g. antioxidant, and mechanical properties of the material with respect to the 

unfilled one [124]. 

Furthermore, it is widely known that one substance can be mixed inside another one as far as 

their solubility parameters are compatible. Focusing on the polymeric materials, solubility plays 

an important role in the behavior of incorporating many additives inside a polymeric matrix. 

Limited solubility of additives in a given polymer may lead to problems e.g. agglomeration 

and/or ineffective additives [125]. 

Focusing on antioxidants, chemical measurements performed on the cable specimens showed 

that the maximum fractions of Irganox® 1076 and PS802 antioxidants inside the considered 

silane crosslinked matrix is around 0.9 phr and 1 phr, respectively [66], [126]. This means that 

any higher amount than this value results into non-efficiently dissolved molecules. However, 

no evidence on the threshold value is reported in the case when two antioxidants are 

simultaneously present.  

It is worth recalling at this point that the additive concentration might not be exactly the one 

claimed by the specifications, due to e.g., impurities and different local microstructural 

properties. Indeed, the actual amount can vary from one zone to another one due to a non-

homogenous dispersion of the additives. Further chemical measurements on Project samples 

claimed that the actual concentration of antioxidants inside the polymeric matrix is slightly 

higher than 1 phr per each antioxidant type, leading into a non-complete dispersion of additive 

molecules. 

It has been shown in [59], [66] that the non-dispersed antioxidant molecules, as dipolar 

species, may have an impact on material electrical properties. In particular, they can migrate 

to the surface of the material due to diffusion phenomena and arrange themselves into crystals. 

The amount of crystals could increase with aging time if aging temperatures are close to the 

melting temperature of the antioxidant, since they result into an easier migration of these 

molecules from the bulk to the surface of the material. If these crystals are homogenously 
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dispersed, so that it could be possible the percolation of free charges, they could create a sort 

of conductive layer which can impact the electrical behavior of the insulating material. Indeed, 

the accumulated antioxidant molecules can act as induced dipoles following the applied 

alternating electric field even at high frequencies, similarly to ionic polarization which may 

occur in crystals causing the raise of dielectric losses in the high frequency region.  

A complementary technique used to confirm the assumption of the migration of antioxidants 

from the bulk to the insulation surface is optical microscopy. 

In our previous work [59], the insulation surface was examined by optical microscopy in 

reflection mode in order to evaluate any possible formation of antioxidants crystals. A huge 

quantity of polyhedral crystals, due to the exudation of antioxidants from the insulation, are 

shown to be formed on the insulation surface. Example of pictures coming from the 

microscopical analyses are reported in Figure 90. 

 

Figure 90 Micrographs of the polymer surface. Unaged coaxial cable. Magnification (a) 50x (b) 200x. 

Despite their limitations, antioxidants are required inside the polymeric compound in order to 

prevent degradation and oxidative phenomena to occur. Briefly summarizing what is reported 

in § 1.4, the severity of the aging conditions (γ-rays) accelerates degradation, i.e. consumption 

and physical loss of antioxidants. When the antioxidants are completely depleted, the polymer 

undergoes oxidation i.e., chain scission and chemi-crystallization (main causes of the loss of 

mechanical performance of the polymer matrix). 

When antioxidants are present, as reported in Chapter 1, they react with free radicals to form 

non-reactive species, namely degradation products. As far as antioxidants endure, no oxidation 

can occur and only conversion of antioxidants into their degradation products takes place. 

As stated in Chapter 2 and 3, OIT measurements are used to evaluate the concentration of 

remaining antioxidants in the polymer matrix [122]. In particular, the higher the value of the 

OIT the higher the level of stabilization of the material and consequently the concentration of 

antioxidants. It is evident that the consumption of antioxidants causes the reduction of the OIT 

values and the formation of new degradation products. These molecules own the same ester 

b a 
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bond of the initial antioxidant molecules so that the two phenomena (antioxidant consumption 

and degradation products formation) can be difficulty singled out through FTIR measurements 

due to possible compensation of concentration of the ester bonds leading to the flattening of 

the ester index trend with aging. 

However, different kinetics of the antioxidant conversion reactions can help defining borders 

among the different degradation phases. 

This can be evaluated taking into account the trend of the ester indexes (Figure 75,79,83) 

over the aging time together with the variation of OIT values (Figure 68,70). In all the 

considered cases, the ester index on the surface shows a significant decrease during the first 

aging periods. The duration of this descending phase is linked to the severity of the aging 

stressors. It is shown that, in some cases, the low dose rate aging requires more than two 

aging periods to complete the decreasing phase. Similarly, the OIT values show a significant 

reduction of its value during the first aging periods followed by a slower variation over time. 

This trend suggests that these two quantities are strictly related each other and, in particular, 

that the ester index on the surface could be related to the actual OIT value, hence to the 

antioxidant concentration. Therefore, it is possible to claim that on the unaged samples many 

antioxidant molecules rise to the surface of the material, due to diffusion phenomena. This 

gives birth to the above-mentioned antioxidant crystals melting during aging and preventing 

oxidation to occur [66]. Thus, they are expected to contribute to the initial high OIT value, 

together with the dispersed antioxidant fraction in the polymer matrix. 

The first aging period causes both the physical loss and chemical consumption of antioxidant 

molecules, hence their conversion into degradation products. The physical loss, in particular, 

could be the main cause of the abrupt decrease of OIT values during the initial aging, to which 

it corresponds the reduction of the ester index on the surface. As stated above, if chemical 

consumption of antioxidants only had been present, the ester index value would have been 

roughly constant, since antioxidant products have the same ester bond of the initial antioxidant 

molecule. 

From the trend of the ester indexes over time, it can be noticed that further aging causes, in 

most analyzed cases, stabilization of the chemical quantity over time due to the 

abovementioned conversion of antioxidants into their degradation products. 

After the stabilization phase, an increasing phase of ester index occurs during aging. This is 

likely imputable to the arise of new oxidized species which are no more related to antioxidant 

kinetics. Indeed, since all the antioxidants have been consumed (OIT~0 min), thus converted 

into antioxidant degradation products, the oxidation of polymer chains starts during radio-

chemical aging, resulting in new oxidized molecules which are characterized by the carbonyl 

bond. 
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Obviously, the concentration of these new oxidized species raises with the increase of aging 

time due to the incessant environmental stresses which continue enhancing degradation 

mechanisms. Hence, it is possible to claim that there is a relationship between the 

concentration of ester groups, represented by the ester index, and the aging time. 

Unfortunately, this trend can be evaluated only once all the antioxidants have been consumed 

so that it is possible to investigate the actual oxidation occurring inside the polymer.  

In the bulk, the variation of the ester index is almost negligible suggesting a very weak 

modification of the ester content, which is mainly occurring on the surface, as stated above. 

Focusing on the electrical behavior, in most cases, one can observe an increase of the dielectric 

losses with aging time. Thanks to the dipolar properties of antioxidant molecules, these latter 

can be easily analyzed through the dielectric spectroscopy technique. However, as mentioned 

before, due to their reduced molecular size, their dielectric relaxation peak is placed outside 

the frequency region here investigated so that it is possible to investigate only the low-

frequency branch of the additive response. With aging, antioxidants react with macromolecular 

free radicals giving birth to bigger molecules (e.g. hydroperoxide and antioxidant-grafted 

polymer chains) which can respond electrically inside the frequency region analyzed. For these 

reasons, antioxidants and their conversion into degradation products may be linked to the 

increase of the 105 Hz dielectric losses and, consequently, to the aging of the polymer matrix. 

Contextually, dielectric spectroscopy is able to evaluate the concentration of other dipolar 

species inside the material e.g. oxidized species which are chemically related to the ester bonds 

in FTIR spectra. As a matter of fact, various works correlate the increase of the ester index after 

the antioxidant chemical consumption to the increase of the dielectric losses at high 

frequencies [48], [59]. Indeed, the same chemical species may have their electrical response 

placed in the high frequency region (around 105 Hz) and they are, hence, linkable to the 

presented changes in the material chemistry. 

5.4 CABLE RESULTS DISCUSSION 

5.4.1 Coaxial cable 

The coaxial cable is the simplest geometry analyzed in this Thesis. Its multilayer structure is 

presented in Figure 34. From this, it is possible to observe that a polymeric film is placed 

between the primary insulation (XLPE) and the external copper braid; this is used in order to 

protect the primary insulation during the processing operations. Electrical analyses, due to the 

experimental setup employed, take into account the presence of this film whose interface 

between the copper braid and the insulation is prone to charge accumulation. This gives rise 

to the polarization peak at lower frequencies (Figure 49) which also appear for the whole set 

of specimens considered (both unaged and aged samples).  
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As seen from Figure 49,51, the low frequency region shows to be not usable for the evaluation 

of the development of aging conditions. Indeed, it is seen an overlapping and a mixing of the 

various curves suggesting that the variations with aging are almost negligible in that area 

probably due to the multilayer structure and conduction phenomena, which leads the low-

frequency dielectric response. 

On the contrary, the high frequency region well describes the development of aging conditions, 

due to the increase of the dipolar species (e.g. antioxidant degradation products and oxidized 

polymer species) as presented above. 

However, the variation of the dielectric losses with aging time are not always monotonously 

increasing due to different occurring phenomena. As presented in Chapter 1, the oxidative 

degradation is directly proportional to the concentration of free radicals, which is related to 

the severity of the aging stressors. If the aging stressor i.e. irradiation dose rate is very 

significant, the concentration of free radicals is high and environmental oxygen is rapidly 

chemically consumed by free radicals. Hence, the oxygen molecules bond themselves only on 

the outer layer of the insulation, preventing the oxygen to diffuse in the bulk. Under these 

circumstances, one can observe a localized degradation in the outer part of the insulation while 

the bulk of the material remains non-oxidized and, consequently, not aged. This phenomenon 

in known in literature as Diffusion Limited Oxidation (DLO) [32]–[34], [127]. It is worth recalling 

that dielectric spectroscopy is a bulk measurement thus it is not possible to evaluate the 

localized superficial degradation. As a result, if DLO phenomenon is occurring, the dielectric 

losses amplitude increasing over time is reduced at higher dose rates in comparison to lower 

ones (Figure 50). 

As stated in the introduction, a first significant correlation to be made is between dielectric 

and tensile measurements. Figure 91 reports the crossplot of EaB versus the dissipation factor 

at 100 kHz for all the aging conditions and materials analyzed.  

In this crossplot, the last high dose rate value of tanδ is not considered since it is believed to 

be an outlier, as previously reported in Chapter 4. From Figure 91, it can be observed that the 

reduction of EaB corresponds to the increase of the dissipation factor. As commented for the 

EaB trend (Figure 84), analyzed aging conditions showed to be not sufficient to cause a 

significant reduction of EaB. Similarly, the dielectric loss variations result into a little 

modification from the initial aged value. Therefore, only the initial part of the correlation can 

be displayed at this stage. 
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Figure 91 Elongation at break as a function of the dissipation factor for all the aging conditions analyzed. 
Coaxial cable. 

It is important to point out that both the analyzed quantities could be considered as 

representative of the aging conditions of cables. It is widely known in literature [48], [50], 

[124],  that both EaB and dielectric losses have a monotonous variation with aging time due 

to the degradation process occurring in the polymer. Due to the presence of antioxidants, the 

variation of both properties with aging time is reduced or delayed due to the protection by 

these additives against oxidation. In respect to FTIR (Figure 75) and OIT (Figure 68) 

measurements, it is possible to claim that the oxidation process is likely to be started in the 

last aging period for all environmental conditions analyzed. Therefore, at the present stage, no 

significant oxidation has occurred in the polymer and this results into a significant but still 

small variation of both EaB (which decreases by 40%) and tanδ.  

Under these circumstances, the major variations occurring during aging derives mainly from 

the change at the microscale. Investigated chemical properties indicate very significant 

variation with aging time, mainly related to the effect of antioxidants, in the case of the coaxial 

cable. 

It has been discussed that antioxidants, due to the effect of thermal stress and diffusion, can 

arise to the surface of the material changing their spatial configuration and turning themselves 

into crystals. FTIR analyses highlighted the migration of antioxidants from the bulk to the 

insulation surface with the appearance of new absorption bands of ester (at 1720 and 1742 

cm-1) and phenol functions (at 3580 and 3609 cm-1) (see Figure 73). These new bands could 

be assigned to different crystalline structures of antioxidants formed on the insulation surface. 

This phenomenon called polymorphism have already been observed in literature for several 

phenol antioxidants [66], [128]. 
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Nevertheless, it is worth commenting that, for cables here investigated, aging conditions do 

not yield to a significant oxidation of the primary insulation as shown by physico-chemical 

analyses. As it can be seen in Figure 68, OIT decreases with aging in all the conditions 

considered but it reaches almost null values only during the last aging periods, for all the 

conditions analyzed. Crystallinity ratio also does not display significant variation during aging 

(see Figure 65), meaning that very small changes in the macromolecular network of XLPE have 

occurred. 

The radical decrease of the dielectric losses observed during the first aging period (Figure 49) 

could be due to the chemical consumption of antioxidants. Indeed, OIT drastically drops during 

this first period (Figure 68) while the active functions of phenolic antioxidants disappear (at 

3640 cm-1) and those of thioether antioxidants are converted into sulfoxide and sulfone 

functions (at 1028, 1046, 1131 and 1313 cm-1) (Figure 73).  

As presented in the previous paragraph, a significant amount of antioxidant molecules can 

arise to the surface of the material due to diffusion phenomena, impacting on the dielectric 

properties of the insulation. 

This huge amount of antioxidant molecules in the unaged material is also confirmed by the 

FTIR measurements, in particular by ester index (Figure 75) which shows an initial high value 

of the quantity followed by a reduction, likely imputable to the additive chemical consumption. 

The chemical consumption of antioxidant results into the conversion of these molecules into 

their degradation products (§ 1.4), whose concentration increases with aging. The decrease of 

the antioxidant concentration can be evaluated through the OIT trend (Figure 68) but not by 

the ester index trends where one can observe a flattening of the ester index with aging time 

(Figure 75). This is likely imputed to the fact that the antioxidant degradation products own 

the same ester bond, so that no modification of the chemical bond intensity is registered. On 

the contrary, dielectric spectroscopy is capable to investigate the antioxidant conversion. 

Indeed, the antioxidant degradation products are larger dipolar species, hence, their dielectric 

response is shifted to lower frequencies than the ones typical of smaller polar molecules. It has 

been shown [117] that 100 kHz represents a good value for the evaluation of the increase of 

the antioxidant products, whose concentration is, obviously, directly proportional to the 

degradation of the polymeric material.  

After the running out of antioxidants, the high frequency dielectric response is led only by the 

oxidized species created during aging, which cause the increase of the dielectric losses. The 

formation of these species can also be evaluated through FTIR measurements (Figure 73) in 

which one can observe the continuous increase of the oxidized species-related wavenumbers. 

Similarly, the ester index (Figure 75) shows an increase during the last aging periods which 

could be likely imputable to the formation of these oxidized species. The duration of the 
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increasing phase of the ester index is dependent upon the harshness of the aging conditions. 

As a result, the high dose rate aging causes a more significant increase of the ester index on 

the surface with aging in comparison to the other two conditions. This would have 

corresponded to the increase of the dielectric losses but, due to the particularly severe 

conditions, DLO effect can influence the dielectric spectroscopy trend resulting into a non-

direct correlation between the two properties. 

It is interesting to highlight that the last aging period of the high dose rate condition is 

confirmed to be an outlier for different measurements techniques. Focusing on the dielectric 

response, the tanδ curve is placed in between the 2nd and 3rd aging period (Figure 49), so that 

the increasing law over aging time is not followed. Similarly, the OIT value of the same 

specimen shows a singular value (7 min) which is way higher than the one related to the 

previous aged specimen (4 min). 

Figure 92 depicts the crossplot of the ester index, after the running out of antioxidants, as a 

function of the tanδ values. Unfortunately, only few points are reported in the plot due to the 

lack of further withdrawals. In particular, only two points are shown for the high dose rate 

which reports a declining trend due to the abovementioned non-homogenous degradation 

hence no correspondence can be evaluated between the electrical bulk measurement and the 

superficial chemical one in this case. Anyway, it is observable that the low and medium dose 

rate conditions show a linear increase of the two factors, confirming the correlation among 

each other. This correlation is significantly important since it further confirms the ability of the 

dielectric spectroscopy to investigate the arising of oxidized species hence the possibility to 

use this technique to examine the aging development of the insulating material. 

In conclusion, it could be summarized that the antioxidant migration and accumulation on the 

insulation surface could be the cause of the initial very high value of OIT and of the dielectric 

losses. With aging, the value of tanδ shows an abrupt reduction imputable to the huge 

antioxidant chemical consumption as confirmed by the OIT measurements. After the complete 

conversion of the antioxidant molecules, tanδ showed to be feasible to be correlated with the 

increase of oxidized species and, consequently, to assess the changes in polymer properties 

with aging. 



109 
 

 

Figure 92 Crossplot of the increase of the ester index as a function of the dielectric losses. Coaxial cable. 

5.4.2 Twisted pair non-filled cable 

The considered different geometry implies the change in the connection scheme for the 

dielectric spectroscopy measurements. Despite the similar trend over frequency of tanδ (Figure 

54) with the one described for the coaxial cable, in this case, the interfaces arising by the 

analysis are different. Indeed, no polymeric film is placed between the input and output 

connection plugs, but interfaces are located between the two wires which are twisted together, 

creating a massive interface throughout all the length of the twisted pair cable. The dielectric 

losses at low frequencies (Figure 56) show negligible variation with aging time at least at low 

doses. Indeed, at high absorbed doses, the variation is appreciable probably due to enhanced 

Q-DC conduction phenomena, but no monotonous trend can be evaluated. On the contrary, 

the behavior of tanδ at high frequency well follows the increase of both aging time and 

absorbed dose (Figure 55).  

It is important to recall at this stage that, despite the same polymeric compound, the behavior 

of the various properties of twisted pair non-filled specimens with aging can be slightly 

different from the one described for the coaxial cable, due to different geometries. Indeed, the 

primary insulation is covered by several different layers, among which there are two copper 

layers (Figure 35), which could partially reduce the actual dose reaching the insulation. In 

addition, air is present between the two wires, leading to an easier oxidation with aging. 

Similarly to what already discussed for the coaxial cable, early variations in the polymer 

properties with aging time are linked to the antioxidant chemical consumption and conversion 

into their degradation products. Indeed, the OIT trend (Figure 69) depicts an initial abrupt 

decrease likely imputable to the physical loss and chemical consumption of antioxidant during 

the first aging period. This decrease is again linked to the decrease of the ester peak height 

(Figure 79) on the surface of the material.  
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It is worth indicating that in this case the early decreasing phase of the ester index (Figure 79) 

is lasting more aging periods probably due to the abovementioned reduced effective dose. 

This is particularly evident in the case of the first periods of the low dose rate, which is the 

mildest condition analyzed. Here, the OIT value remains quite high (in comparison with other 

aging), suggesting that antioxidants are still present in very high concentration, as confirmed 

also from the high value of the ester index and from the hydroxyl region of the FTIR spectrum 

(Figure 77), that is the only case in which the hydroxyl peak related to the phenol antioxidant 

does not disappear during the first aging condition.  

Focusing on the electrical behavior, one can observe that the dielectric losses linearly increase 

over the absorbed dose at high frequencies (Figure 55), showing two main differences in 

comparison to the coaxial cable case: the first aging period does not cause the reduction of 

the tanδ value and the dielectric losses keep increasing for all the conditions analyzed, also 

for the highest dose rate analyzed. 

The lower initial tanδ value could be imputed to the presence of a lower amount of antioxidant 

in the twisted pair non-filled specimens, as confirmed by an OIT starting value about 20% 

lower than in the case of the coaxial cable (Figure 69). As a consequence, the arising of the 

antioxidant molecules and crystals towards the surface is reduced and the antioxidant related 

peak in the dielectric spectrum may not be evaluated in the frequency region investigated. 

Furthermore, it is possible to believe that DLO effect is avoided in the case of twisted pair 

cables. As abovementioned, this could be related to two main causes: the weaker aging stress 

reaching the primary insulation due to the geometry of the cable and the presence of air 

between each cable pair, avoiding the possible oxygen deficit (see Figure 10). 

Focusing on the trend of the ester index with aging time, it is similar to the one already 

presented in the coaxial cable case, it is made up of a non-varying and an increasing phase, to 

which it corresponds the rise of the dielectric losses.  

Figure 93 depicts the values of the third increasing phase of the ester index as a function of 

tanδ. From the plot, it is possible to point out that, for all the aging conditions, there is a direct 

dependence between the two factors. Different dose rates own different increasing slopes. In 

particular, the high dose rate condition is characterized by a slower increase of the ester index, 

despite the more significant increase of the dielectric losses, expected due to the severer 

stressors. This could be imputable to the effect of aging time which is significantly reduced in 

the case of the high dose rate. On the contrary, the other two dose rates show similar slope 

but different magnitudes possibly due to the different absorbed doses. 
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Figure 93 Crossplot of the increase of the ester index as a function of the dielectric losses. Twisted pair non-filled 
cable. 

Focusing on the mechanical behavior of the twisted pair non-filled cable, Figure 94 depicts 

the trend of the elongation at break as a function of the dielectric dissipation factor. As 

discussed above, the aging conditions show to be not enough to cause the failure of the cable 

according to the actual standard, blocking the reduction at about 40% for the harshest 

condition. Though, as the EaB decreases, tanδ increases following an almost linear law.  

Here again, due to the presence of antioxidant additives the degradation of the polymeric 

material is delayed and, as seen from the FTIR and OIT measurements, very little oxidation can 

be appreciable at this stage of aging. Under these circumstances, only the initial part of 

correlation between the electrical and mechanical behavior of the investigated twisted pair 

cable is shown and no end-of-life point, in terms of electrical properties, can be derived. 

It is worth underling that the dependence is almost linear until the 4th aging period of the high 

dose rate aging. The 5th (last) aging period causes an abrupt increase of the dielectric losses 

without a significant variation of EaB value. Thus, this aging point could be related to the initial 

stage of oxidation as seen from a steep increase of the ester index to which it also corresponds 

a significant increase of tanδ (Figure 93). However, this oxidation level seems to be not 

sufficient to cause significant reduction in terms of mechanical properties, owning an EaB 

~300%. 
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Figure 94 Elongation at break as a function of the dissipation factor for all the aging conditions analyzed. Twisted 
pair non-filled cable. 

5.4.3 Twisted pair filled cable 

Twisted pair filled cables are characterized by compound #2 as primary insulation. The 

presence of flame retardants (ATH) in such high concentration (50 phr) showed to deeply 

influence both the chemical and electrical properties, other than the mechanical ones. 

Inorganic fillers e.g. ATH (Al(OH)3) are placed in the amorphous phase of the polymer matrix 

where they can easily agglomerate if their concentration is enough to rearrange themselves 

into clusters. In Figure 95, it is possible to observe a image from X-ray tomography showing 

the difference between the cross section of the unfilled (a) and filled (b) material. One can 

notice a different distribution of polymeric chains (dark grey) due to the presence of the fillers 

(white dots).  

Microscopically, fillers have an impact on both the chemical and electrical properties. As an 

example, FTIR spectra (Figure 81) showed different new peaks in the hydroxyl region due to 

the chemical formula of these fillers (presence of -OH bond), a slightly reduction of the initial 

OIT value, hence of the concentration of antioxidants (Figure 70), and a significant variation of 

the crystallinity ratio (Figure 67) compared those measured on compound #1.  

In particular, crystallinity shows a different initial value and response with aging time. This is 

once again imputable to the fact that the presence of fillers changes the morphological 

distribution between the crystalline and amorphous phases. As a matter of fact, the inorganic 

filler might act as a kernel around which polymeric chains can crystallize giving rise to the 

initial crystallinity value. With aging, in all the conditions considered, the trend of the 

crystallinity increases. This could be imputable to the chemi-crystallization phenomenon (§ 

1.4.3) in addition to the increase of the number of broken chains, created by radiation, which 

crystallize following the abovementioned mechanism.  
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Figure 95 Images from X-ray tomography of the cross-section of the unfilled (a) and filled (b) material. Courtesy of 
VTT Finland 

The dielectric response also is affected by inorganic fillers. The reason for that can be found in 

the dipolar properties of the filler molecule itself. ATH molecules are characterized by a very 

high polarity due to the presence of the -OH bond. Electrically, the response of these molecules 

is placed in the dipolar polarization area making the use of 100 kHz frequency as aging marker 

difficult (Figure 60). These molecules are usually not affected by the radio-chemical aging; 

consequently, it could be difficult to distinguish the dipolar response of these molecules from 

the arising of aging products i.e. antioxidant degradation products and oxidized polymer 

species. 

Moreover, due to the agglomeration of ATH particles, the low-frequency dielectric response 

also is influenced by the creation of ATH cluster interfaces. From the trend of the low-frequency 

dielectric response (Figure 61), one can observe an nearly flat behavior of tanδ except for the 

last aging time of the high dose rate condition. For this reason, it could be tricky to choose a 

frequency region which could be used as an aging indicator based on dielectric spectroscopy 

for this kind of material. 

Luckily, when the concentration of aging products reaches a threshold value, the variation of 

tanδ values in the high frequency region could be linked to the increase of polar species given 

by aging (Figure 60). This threshold is around 2900h in the case of low and medium dose 

rates, while it is around 500h in the case of high dose rate. This divergence could be related 

to a possible diffusion limited oxidation phenomenon, which was not considered in the case 

of the non-filled twisted pair cable. In the case of compound #2, the concentration of the 

degradable matter (polymer matrix) is way reduced than in the case of compound #1, hence 

effects of dose rates and related degradation phenomena on the polymer are larger, possibly 

b a 
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causing DLO phenomenon in the twisted pair filled case. From the threshold time, the increase 

of tanδ values is monotonous and hence usable as an aging marker.  

Equivalently to what described for compound #1 materials, the trend of the ester index (Figure 

83) is characterized, in all the aging conditions considered, by three phases: an initial 

reduction, a stabilization and a final increase, except for the last aging period of the high dose 

rate aging. 

The initial reduction corresponds to a significant decrease of the OIT value (Figure 70), thus it 

could be related to the antioxidant chemical consumption of the accumulated antioxidants 

molecules on the surface. Electrically, the removal of the antioxidants causes again a reduction 

of the tanδ value at high frequency (Figure 60). 

Further aging causes the stabilization of the concentration of ester bonds which could be likely 

imputed to the conversion of the antioxidant molecules into their degradation products, also 

confirmed by the continuous reduction of the OIT values, similarly to what discussed for 

compound #1 materials. Contextually, the dielectric response shows a flattening (Figure 59), 

followed by an increase depending on whether the threshold value is reached or not (before 

this the dielectric response appears to be led only by the ATH molecules). 

Finally, after the running out of antioxidants, hence OIT value is nearly zero, both the ester 

index and the dielectric losses increase with aging probably due to the creation of oxidized 

species. 

Figure 96 reports the values of the increase phase of the ester index as a function of tanδ for 

all the aging conditions considered. 

From this figure, one can observe a direct correspondence between the two factors, except for 

the last aging time of the high dose rate since it was considered as an outlier for the ester 

index trend. This behavior again confirms the strict correlation between the increase of the 

oxidized species and the increase of the dielectric losses. 

Focusing on the mechanical behavior with aging of the twisted pair filled cable (Figure 88), it 

is worth noting that the initial EaB value is way lower than in the case of compound #1 

materials. As a matter of fact, the presence of fillers could bring to other two concurrent effects: 

the reduction of chain mobility and the lowering of the crosslinking grade. On the one hand, 

smaller crosslinking grade can bring to decreased tensile stress (Figure 89) but higher 

elongation at break, due to less rigid polymer. On the other hand, reduced polymer chains 

mobility could reduce elongation-at-break values as reported in Figure 88.   

As expected, the mechanical properties continue to worsen during aging under the effect of 

environmental stressors. Indeed, fillers could also lead to a phenomenon similar to DLO (Figure 

10), impacting the mechanical properties of the material. As a matter of fact, ATH can hinder 
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the oxygen molecules from diffusing through the polymer thickness, acting as physical barriers. 

This would lead to non-homogenous aging throughout the polymer sample, causing an abrupt 

reduction of the elongation-at-break, as reported in Figure 88 in the case of high dose rate 

aging. 

 

Figure 96 Crossplot of the increase of the ester index as a function of the dielectric losses. Twisted pair filled 
cable. 

Figure 97 reports the trend of the elongation at break as a function of tanδ at 100 kHz. As 

stated above, due to the influence of ATH fillers on the dielectric spectrum together with a 

little reduction and huge data dispersion of EaB, it is difficult to point out a correlation between 

these two parameters. 

However, it is worth commenting that a decreasing trend is noticeable at least for the high 

dose rate aging conditions where the threshold is reached quite early in comparison with the 

other two stressor environments.  

 

Figure 97 Elongation at break as a function of the dissipation factor for all the aging conditions analyzed. Twisted 
pair filled cable. 
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5.4.4 Conclusions 

In conclusion, in all the cases analyzed, the tanδ values at 100 kHz from the first aging period 

well fits the total dose absorbed by specimens during aging. This behavior confirms the strict 

correlation among the evolution of aging, its products (above all dipolar species), and the 

dissipation factor at 105 Hz. Therefore, tanδ at 100 kHz may be also used as an indicator for 

development of material dielectric properties with aging other than a marker for aging state 

of the insulation in the case of the investigated cables. 

Referring to the mechanical behavior of cables, correlation with the electrical properties can 

be done only in the case of unfilled polymeric materials (compound #1). These materials show 

an almost constant decay of the mechanical properties to which it corresponds an almost linear 

increase of the dielectric losses at high frequencies. On the contrary, referring compound #2, 

it is not possible to claim an effective correlation between the two quantities due to the 

overwhelming influence of inorganic fillers on mechanical properties of the material. These 

latter, from the mechanical point of view, cause a significant reduction of the ultimate 

elongation during the first aging period due to the formation of clusters, the value of EaB does 

not further vary except for very severe conditions. From the electrical point of view, filler 

dielectric response overcomes the one relatable to oxidation products, so that it is difficult to 

distinguish the two contributions from the dielectric spectra at least during early aging states. 

Ester index successfully follows the concentration of oxidized species which show a 

characteristic carbonyl bond. Unfortunately, due to the overlapping of wavenumbers, it is not 

possible to single out from FTIR spectra the bands referred to the antioxidant molecules from 

the ones related to macromolecular oxidation products. For this reason, it is possible to 

correlate the polymer aging with the ester index only after the running out of antioxidants, 

hence with the increase in concentration of the oxidized polymer species. It has been 

demonstrated that the correlation with the increase of tanδ at 100 kHz with the ester index is 

possible only after the complete running out of antioxidants in order to avoid the contribution 

of the conversion of these molecules into their degradation products. However, due to the very 

early stage of degradation of the material under test, only few points for this correlation are 

available. 

5.5 DATA ANALYSIS – COMPARISON BETWEEN COMPOUNDS 

In this section a more complete data analysis is reported, considering, at the same time, all the 

materials and aging conditions analyzed. Big attention is given to the different behaviors of 

the two compounds and geometries (coaxial and twisted pair), in order to better understand 

the influence of these factors on the actual depletion of the polymer properties with aging. 
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Thanks to the similar behavior over aging of the different materials under test and testing 

technique homogeneity, it is possible to investigate the aging response through three different 

levels: 

• Antioxidant consumption and conversion 

• Arising of oxidized polymer species 

• Correlation between mechanical and electrical properties. 

5.5.1 Antioxidant consumption and conversion 

In order to easily investigate the conversion of antioxidants into their products, it is possible 

to introduce the Antioxidants Depletion Factor (ADF) defined as: 

 
𝐀𝐃𝐅 =

𝐎𝐈𝐓𝟎 − 𝐎𝐈𝐓

𝐎𝐈𝐓𝟎
 

(26) 

where OIT and OIT0 are the respective values for the aged and unaged samples. 

As the name suggests, this factor represents the depletion of the antioxidants over the aging 

time, hence their conversion into antioxidant degradation products. 

The association with dielectric losses lays on the fact that both the factors keep into account 

the contribution of the changes of antioxidant concentration. The dielectric spectroscopy at 

the analyzed frequencies (around 105 Hz) may evaluate the presence and the concentration of 

antioxidant degradation products (dipolar species). On the other side, as stated above, OIT is 

directly dependent on the concentration of antioxidants inside the polymer matrix, hence it is 

associated to the conversion of these molecules into their degradation products. 

It has been shown in Chapter 4 that in all the conditions and materials analyzed the OIT value 

significantly decreases during the first aging time then it slower decreases until a nearly zero 

value, which claims the total consumption of the antioxidants and the conversion into their 

products.  

As presented in the cable discussion section, the initial different values between the two cables 

characterized by compound #1 could be imputable to two possible causes: (i) different initial 

concentration of antioxidants, as confirmed by the different initial OIT values between the two, 

(ii) different measurement setup used due to the different geometries of samples.  

Similarly, the dielectric spectroscopy trends (Figure 49,54,59) show an important variation 

during the first aging period, followed by a slower increase of the dielectric losses with aging 

time. 

The trend of the dissipation factor (tanδ) and the above defined antioxidant depletion factor is 

reported in Figure 98. It can be assessed for all the aging conditions and analyzed materials, 
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that after a significant initial variation of ADF, data are placed between the range ADF= 0.8 – 

1. In this region, it is possible to build a regression curve which shows an initial exponential 

branch and it finally tends asymptotically to 1, corresponding to the complete running out of 

antioxidants (namely when OIT=0 min).  

Therefore, in the exponential region, it is possible to define a correlation between the two 

analyzed quantities and, in particular, it is possible to claim a correspondence between the 

grade of conversion of antioxidants, hence the increase of antioxidant degradation products, 

with the raise of tanδ values. 

 

Figure 98 Dissipation factor as a function of the antioxidant depletion factor for the three analyzed cables 

Focusing on the compound properties, it is evident how compound #1 materials depict the 

same tendency behavior with similar dissipation factor values. On the contrary, the introduction 

of ATH fillers (compound #2) results into the shifting of the abovementioned trend upwards 

(Figure 98), due to the higher tanδ values. 

However, data dispersion is wider in this latter case, due to the difficulty to single out the 

electrical response of the ATH dipoles from the one related to antioxidants and their 

degradation products. 

Nonetheless, the correlation between tanδ and ADF is possible until the antioxidants are 

present, hence, when they are fully converted into antioxidant degradation products and no 

oxidation occurs, so that OIT≠0 min.  

Once all the antioxidants are converted (depletion factor = 100%), the thermo-oxidative 

reactions can take place in the polymer matrix resulting into the formation of new molecules 

(oxidized polymer species), as described in Chapter 2. 
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5.5.2 Arising of oxidized species 

Literature is plenty of studies [48], [59], [76] correlating the increase of the ester peaks with 

the aging time, suggesting the possibility to use the ester bands and their amplitude as an 

aging marker. These studies usually focus on neat highly pure polymers which are, in a certain 

sense, non-completely representative of the actual industrial application of the material e.g. 

electrical insulator. 

Even in this case, it is important to recall the fact that dielectric spectroscopy is a bulk 

measurement, so that it could be difficult to keep into account the actual concentration of the 

antioxidants on the surface. Under these circumstances, it is not possible to directly correlate 

the dielectric response with superficial ATR-FTIR. 

As presented in the previous section, the last aging times for the three aging conditions show 

an increase of the ester index which is also linked to the minimum value reachable by the OIT 

measurement, possibly suggesting that oxidation has started and the new esters created are 

directly referred to the oxidized polymer species.  

Figure 99 reports the trend of the dielectric dissipation factor at 100 kHz versus the ester 

index obtained through FTIR measurements. In order to build this graph, only the values 

referring to the third phase of the trend of the ester index has been reported (Figure 83), this 

in order to avoid the contribution of the antioxidants and their consumption and to keep into 

account only the oxidation of the polymeric material. 

As it can be seen from Figure 99, the correlation between the two parameters is well 

established, confirming the capability of the dielectric spectroscopy to successfully follow the 

concentration of the oxidized polymer species, hence the degradation of the material. 

 

Figure 99 Dielectric losses versus ester index for the three different cables analyzed. 
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This correlation is a key feature for the assessing of the dielectric spectroscopy as an aging 

marker since it shows to be able to relate the electrical quantity to the main cause of the 

polymeric degradation at the microscale: oxidation. 

It can be estimated that cables owning the same compound showed similar data displacement 

in the above plot. Indeed, it is possible to divide available data into two data cluster: one 

related to cables with compound #1 and the second related to cables with compound #2. In 

particular, the cluster referred to compound #2 shows the same increasing behavior as 

compound #1, but it is shifted towards higher values of both quantities, suggesting similar 

behavior of the two properties with aging. 

5.5.3 Correlation between mechanical and electrical properties. 

In this section the correlation between the elongation-at-break and dielectric spectroscopy 

measurements is presented. Trying to correlate these two quantities is very important due to 

the current use of the EaB as a condition monitoring technique for cables inside NPPs. In 

particular, the ultimate value of EaB which is widely used as end-of-life criterion is 50% of the 

absolute value. 

The entire set of data depicts a peculiar trend between the two measurements techniques, as 

shown in Figure 100. Even in this crossplot, two main clusters can be highlighted in the graph: 

one related to cables characterized by a non-filled primary insulation (compound #1) and the 

second one representative of the twisted pair filled cable (compound #2). This division is 

imputable to the presence of the filler clusters which leads, usually worsening, the mechanical 

behavior of the cables.  

Focusing on the electrical properties, the values of the dissipation factor are higher due to the 

presence of ATH dipoles. These two phenomena, linked together by the filler properties, result 

into a shifting of the experimental points to a different area.  

These data show a unique master-curve among the different materials, depicting a good 

correlation between the two quantities.  

It is evident that no cable reached the end-of-life value of elongation for all the aging conditions 

analyzed. The lowest value of EaB is equal to about 90% and it is related to the ultimate 

elongation of the highest dose of the harshest aging condition (high dose rate) for compound 

#2. Moreover, the decreasing rate of the low dose rate is more significantly impacting the 

tensile stress measurements, showing a bigger decreasing slope, but at this stage, no sufficient 

aging periods are present to further investigate this behavior. 
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Figure 100 Crossplot of EaB vs dissipation factor at 100kHz 

5.5.4 Conclusions 

It has been shown that no cable reached the ultimate EaB required by the actual state of the 

art cable monitoring. The aging conditions, at this stage, are not very strong so that no 

significant degradation is reached, particularly for the cables with compound #1, since no 

substantial oxidation occurred inside the polymer. This is also confirmed by the very little 

duration of the third phase (increase of the ester peaks after the running out of antioxidants) 

discussed for the ester index. Consequently, the variations in terms of mechanical (e.g. EaB) 

and electrical properties (e.g. dissipation factor) are only related to microstructural modification 

inside the polymer, i.e., antioxidants consumption, chain rearrangements. However, it is 

possible to build preliminary correlations between the different properties, assessing the 

suitability of dielectric spectroscopy to investigate all phases of the polymer degradation. 

Under these circumstances, a modelling approach is needed to evaluate the residual life of the 

analyzed cables in terms of mechanical endurance and find a corresponding ultimate tanδ 

value, thus an acceptance criterion, in terms of the electrical property. This could be a 

substantial step forward for the actual state of the art in cable diagnostics since it could be 

done in a non-destructive way. 

5.6 DISCUSSION ON THERMALLY AGED CABLES 

5.6.1 Introduction 

In this section, discussion on thermally aged cables is reported. The discussion is limited to 

the dielectric properties of the material due to the lack of other physical-chemical results. 
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5.6.2 Discussion 

Paragraphs § 4.2.1-4.2.3 depict the evolution of the dielectric properties of the analyzed 

cables subjected to thermal stresses. Three temperatures, namely: 87 °C, 110 °C and 130 °C 

have been chosen as accelerated aging conditions.  

It has been widely discussed that aging temperature deeply influences the dielectric response 

of the analyzed cables, raising the dielectric losses. On average, the higher the aging 

temperature the more significant are the changes of dielectric losses with aging time. 

In most cases, the first aging period causes a reduction of the dielectric losses in comparison 

with the unaged material. This behavior has been already reported in the case of radio-

chemically aged cables and it could be linked to the antioxidant molecule consumption which 

weakens the dipolar response. 

Further aging periods lead to the increase of tanδ, probably due to the arising of antioxidant 

product molecules together with the creation of new oxidized degradation species created by 

aging stresses. It is possible to believe that the very little increase, seen in the coaxial cable 

samples, could be related to the conversion of antioxidant molecules into their degradation 

products as discussed for the radio-chemically aged samples. On the contrary, the arising of 

oxidized species is expected to cause a significant upward shift of the dielectric losses due to 

the high dipolar properties of these species. 

Probably, in the case of 87 °C, the selected aging period together with the chosen aging 

temperatures are not sufficient to cause the complete running out of antioxidants and, hence, 

to let oxidation mechanisms take place.  

The 110 °C aging condition showed to trigger significant variations of the dielectric property 

suggesting a complete consumption of antioxidant together with the arise of the dipolar 

oxidized species. 

However, chemical tests (e.g. OIT and FTIR spectroscopy) are needed in order to confirm these 

speculations. 

From the thermographs shown in Chapter 4, it is derived that the melting peak for the tested 

polyethylene material occurs at around 120 °C. Aging temperatures higher than this value 

cause a change in the material morphology, melting the entire crystalline part. During the 

withdrawal phase, polymer is subjected to an abrupt decrease of temperature to ambient 

temperature (around 25 °C). This process leads to the rapid crystallization of some chains from 

the amorphous phase (annealing [129]), leading to a different microscopical structure and a 

substantially lower crystallinity ratio. The structural morphology of the material can affect the 

macroscopic properties, e.g., electrical ones. In particular, the resulting polymer can differently 

behave in terms of dielectric response from another aged material with the same chemical 
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composition and structural arrangement. Under these circumstances, it is possible to claim that 

the 130 °C aging could not be directly compared with the other two chosen temperatures.  

This is particularly evident in the case of the coaxial cable where one can observe an unusual 

reduction of the electrical property throughout the frequency region under test. On the 

contrary, tanδ variations with aging are not significant in the case of the twisted pair filled 

cables, where an initial abrupt increase of the property is followed by a stabilization of tanδ 

value. However, at this stage, very few withdrawals are available for this aging condition, hence 

it could be difficult to deliver a complete picture of the microstructural modification occurring 

in the polymer due to aging. 

Focusing on compound #1, it is shown that cable morphology can play a role in the 

degradation kinetics ruled by high temperatures. In particular, coaxial cable tanδ at low 

frequencies showed to be slightly higher than the ones related to the twisted pair morphology. 

This suggests a different interfacial arrangement inside the polymer compound for the two 

geometries, as expected. Indeed, various cable structure could result into a different interface 

arrangement, potentially justifying such a behavior. 

In the high frequency region, which has been demonstrated to be relatable to aging, almost 

null differences of tanδ values between the two geometries are reported. This could be 

considered as a further confirmation that the aging kinetics is the same among the different 

geometries giving raise to degradation species with the same dipolar properties. However, 

further chemical tests are needed in order to better understand which kind of dipolar species 

arise in the different geometries under thermal stress.  

Compound #2 tanδ values are significantly higher than in the case of compound #1, due to 

the introduction of ATH species which enhance the dielectric response due to their dipolar 

properties.  

Moreover, thermally aged compound #2 showed a different tanδ trend with respect to the one 

described for the radio-chemically aged samples, as already discussed in the case of combined 

aging conditions and in the previous paragraph. As a matter of fact, the temperature stress 

deeply influences the dielectric response of the material giving birth to a different tanδ curve 

shape throughout the investigated frequency range and in an appreciable increase of the 

electrical property with aging.  

5.6.3 Conclusions on thermally aged cables 

In this section, the dielectric spectroscopy trends of the thermally aged cables have been 

reported and discussed. The choosing of three temperatures allow the analysis of the 

development of the dielectric property with different degradation kinetics. 

The conclusions could be summarized as follows: 
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▪ Aging temperature deeply influences the dielectric response of the analyzed cables. It 

has been shown that the higher the aging temperature the more significant are the 

changing in the dielectric losses with aging time. 

▪ The use of the high frequency dielectric response as an aging marker showed to be 

suitable also for thermally aged samples, due to its ability to evaluate the changing of 

dipolar properties of the polymer caused by aging. 

▪ Cable morphology can play a role in the degradation kinetics ruled by high 

temperatures.  

▪ The variation of the dielectric losses could be linked to the running out of the 

antioxidants molecules during the first aging periods followed by the arising of 

oxidized species, which results into a very important increase of the dielectric losses 

trend.  

▪ In some cases, a stabilization of tanδ is reported. It could be imputed to a constant 

dipolar property of the material e.g. no increase of oxidized species, suggesting the 

reaching of the oxidability plateau of the analyzed polymer. 

▪ Compound #2 tanδ values are significantly higher than in the case of compound #1, 

due to the introduction of ATH species which has been demonstrated to enhance the 

dielectric response due to their dipolar properties.  
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CONCLUSIONS EN FRANÇAIS 

Dans tous les cas analysés, les valeurs tanδ à 100 kHz de la première période de vieillissement 

correspondent bien à la dose totale absorbée par les échantillons au cours du vieillissement. 

Ce comportement confirme la stricte corrélation entre l'évolution du vieillissement, ses produits 

(surtout les espèces dipolaires) et le facteur de dissipation à 105 Hz. Par conséquent, tanδ à 

100 kHz peut être utilisé comme indicateur de dégradation des propriétés diélectriques du 

matériau au cours du vieillissement, en plus que d’être un marqueur de l'état de dégradation 

de l'isolant dans le cas des câbles étudiés. 

En ce qui concerne les propriétés mécaniques, la corrélation avec les propriétés électriques ne 

peut être effectuée que dans le cas de matériaux polymères non chargés (composé n° 1). Ces 

matériaux présentent une dégradation quasi constante des propriétés mécaniques à laquelle 

correspond une augmentation quasi linéaire des pertes diélectriques aux hautes fréquences. 

Au contraire, en se référant au composé n° 2, il n'est pas possible de revendiquer une 

corrélation efficace entre les deux quantités en raison de l'influence des charges minérales sur 

les propriétés mécaniques du matériau. Ces dernières, du point de vue mécanique, provoquent 

une réduction significative de l'allongement ultime (EaB) lors de la première période de 

vieillissement du fait de la formation d'agrégats, la valeur de EaB ne variant ensuite pas 

beaucoup sauf dans des conditions très sévères. Du point de vue électrique, la réponse 

diélectrique des charges l'emporte sur celle liée aux produits d'oxydation, de sorte qu'il est 

difficile de distinguer les deux contributions sur les spectres diélectriques au moins pendant 

les premiers états de vieillissement. 

L'indice ester suit avec succès la concentration des espèces oxydées qui présentent une liaison 

carbonyle caractéristique. Malheureusement, en raison du chevauchement des nombres 

d'ondes, il n'est pas possible de distinguer sur les spectres IRTF la bande caractéristique des 

molécules antioxydantes de celle des produits d'oxydation macromoléculaires. Pour cette 

raison, il n'est possible de corréler le vieillissement du polymère avec l'indice ester qu'après 

épuisement des antioxydants, donc avec l'augmentation de la concentration de l'espèce 

polymère oxydée. Il a été démontré que la corrélation de l’augmentation de tanδ à 100 kHz 

avec l'indice ester n'est possible qu'après épuisement complet des antioxydants afin d'éviter la 

contribution de la conversion de ces molécules en leurs produits de dégradation. Cependant, 

en raison du stade très précoce de dégradation du matériau testé, seuls quelques points sont 

disponibles pour cette corrélation. 

Il a été démontré qu'aucun câble n'atteignait l'EaB ultime requis lors du contrôle de l’état de 

santé des câbles. Les conditions de vieillissement, à ce stade, ne sont pas très fortes de sorte 

qu'aucune dégradation significative n'est atteinte, en particulier pour les câbles avec le 

composé n° 1, car aucune oxydation substantielle ne s'est produite dans le polymère. Cela est 
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également confirmé par la très faible durée de la troisième phase (augmentation des pics 

carbonyles après épuisement des antioxydants) discutée pour l'indice ester. Par conséquent, 

les variations en termes de propriétés mécaniques (par exemple d’EaB) et électriques (par 

exemple du facteur de dissipation) ne sont liées qu'à des modifications microstructurales dans 

la matrice polymère, c'est-à-dire la consommation d'antioxydants, plutôt que des 

réarrangements de chaînes. Cependant, il est possible de construire des corrélations 

préliminaires entre les différentes propriétés, en évaluant la pertinence de la spectroscopie 

diélectrique pour étudier toutes les phases de la dégradation du polymère. 

Dans ces conditions, une approche de modélisation est nécessaire pour évaluer la durée de 

vie résiduelle des câbles analysés en termes d'endurance mécanique et trouver une valeur de 

tanδ ultime correspondante, donc un critère d'acceptabilité, en termes de propriété électrique. 

Cela pourrait être un pas en avant substantiel pour l'état actuel de la technique en matière de 

diagnostic de câbles, car cela pourrait être fait de manière non destructive. 

Conclusions sur le vieillissement thermique 

Dans cette section, les tendances de la spectroscopie diélectrique des câbles vieillis 

thermiquement ont été rapportées et discutées. Le choix de trois températures permet 

d'analyser l'évolution de la propriété diélectrique avec différentes cinétiques de dégradation. 

Les conclusions peuvent être résumées comme suit : 

• La température de vieillissement influence profondément la réponse diélectrique des 

câbles analysés. Il a été montré que plus la température de vieillissement est élevée, 

plus l'évolution des pertes diélectriques avec le temps de vieillissement est importante. 

• L'utilisation de la réponse diélectrique à haute fréquence comme marqueur de 

vieillissement est appropriée pour les échantillons vieillis thermiquement aussi, en 

raison de sa capacité à évaluer le changement des propriétés dipolaires du polymère 

causé par le vieillissement. 

• La géométrie des câbles peut jouer un rôle dans la cinétique de dégradation. 

• La variation des pertes diélectriques pourrait être liée à l'épuisement des molécules 

d'antioxydants lors des premières périodes de vieillissement, suivi de l'apparition 

d'espèces oxydées, ce qui se traduit par une augmentation très importante de 

l'évolution des pertes diélectriques. 

• Dans certains cas, une stabilisation de tanδ est signalée. Il pourrait être imputé à une 

propriété dipolaire constante du matériau, par exemple pas d'augmentation des 

espèces oxydées, suggérant l'atteinte d’un plateau d'oxydabilité pour le polymère 

analysé. 
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• Les valeurs tanδ du composé n ° 2 sont significativement plus élevées que dans le cas 

du composé n ° 1, en raison de l'introduction d'espèces ATH dont il a été démontré 

qu'elles augmentent la réponse diélectrique en raison de leurs propriétés dipolaires. 
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CHAPTER 6 

MODELLING OF CABLE AGING 

 

 

INTRODUCTION EN FRANÇAIS 

Jusqu'à présent, la santé des systèmes de câbles des centrales nucléaires pendant leur 

vieillissement a été évaluée à partir de leurs propriétés mécaniques [21], [22], [45], [104], en 

particulier leur allongement à la rupture (EaB). En effet, les câbles doivent être suffisamment 

ductiles pour éviter tout endommagement profond du câble lui-même, pouvant entraîner la 

rupture de l'isolant et provoquer sa rupture. 

Le critère de fin de vie correspond généralement à la valeur absolue de 50% de l'allongement 

à la rupture de l'éprouvette de câble. Ce critère dérive d’un rapport publié par l'EPRI [45] en 

2005. Dans ce rapport, des dizaines d'échantillon de câbles BT extrudés ont été vieillies et 

testées mécaniquement avant et après simulation d'un accident de perte de liquide de 

refroidissement (LOCA). Cette simulation est très importante dans les centrales nucléaires car 

elle garantit, dans des zones spécifiques, la possibilité pour le système de câbles (en particulier 

les câbles de sécurité) de délivrer des signaux ou des données après un accident nucléaire. Il 

a été démontré que tous les câbles ayant résisté à une simulation LOCA possédaient un EaB 

égal ou supérieur à 50% en valeur absolue. 

Malgré cela, d'autres instituts de recherche et des normes (CEI 60216-2) suggèrent une 

approche plus conservatrice fixant le critère de fin de vie (EoL) à la valeur relative de 50% 

[104], [129] de l'EaB qui peut correspondre, par ex. pour un câble extrudé PE, à la valeur 

absolue de 150% de l'EaB. Cependant, ce critère, qui est celui présenté dans cette étude, 

présuppose la connaissance de la valeur EaB du nouveau câble, alors qu’elle n'est pas toujours 

disponible. 

Ces dernières années, les propriétés électriques, en particulier le facteur de dissipation (Tanδ), 

ont suscité de plus en plus d'intérêt de la part de certains chercheurs puisqu'elles semblaient 

convenir à l'évaluation de l'état de santé du câble au cours du vieillissement de manière non 

destructive [2] , [48], [83], [115]. 

Dans ce chapitre, la modélisation des propriétés mécaniques et électriques est introduite, 

visant à une éventuelle mise à l'échelle des méthodes de diagnostic réelles des câbles. 
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6.1 INTRODUCTION 

Up to now, the health of NPPs cable systems during aging has been evaluated from their 

mechanical properties [21], [22], [45], [104], particularly their elongation-at-break (EaB). 

Indeed, cables must be sufficiently ductile to prevent any deep damage to the cable itself which 

can lead the breakdown of the insulation and cause its failure. 

End-of-life criterion is usually set at 50% absolute value of the elongation-at-break of the cable 

specimen. This criterion puts its basis in a report issued by EPRI [45] in 2005. In this report 

dozens of extruded LV cable specimens have been aged and mechanically tested before and 

after a Loss of Coolant Accident (LOCA) simulation. This simulation is very important and 

common inside NPPs since it ensures, in specific areas, the possibility of the cable system 

(particularly safety cables) to deliver signal or data after a nuclear accident. It has been 

demonstrated that all cables with EaB equal to or higher than 50% absolute value passed 

LOCA. However, some cables passed the accident simulation with even lower EaB values. For 

this reason, 50% of absolute EaB is usually used as a conservative value for verifying cable 

ability to pass the LOCA. 

Despite this, other Research institutes and standards (IEC 60216-2) suggest a more 

conservative approach setting the end-of-life (EoL) criterion at 50% [104], [130] of the relative 

EaB which can correspond to, e.g. for a PE extruded cable, about 150% of the absolute EaB. 

However, this criterion, which is the one presented in this study, presuppose the EaB value for 

the new cable to be known, which is not always available. 

In the recent years, electrical properties, in particular dissipation factor (Tanδ), gained more 

and more interest by some researchers since they appeared to be suitable for the evaluation 

of health state of the cable during aging in a non-destructive way [2], [48], [83], [115].  

This Chapter is divided into two main parts: in the first one the modelling of mechanical and 

electrical properties is introduced, aiming at a possible scaling up the actual diagnostics 

methods for cables. In the second one, the current state-of-art life modelling approach is 

applied to the coaxial cable. Each part is preceded by the theoretical background on 

mechanical/electrical and lifetime modelling, respectively. 

6.2 MODELLING OF CABLE PROPERTIES 

6.2.1 Modelling of the mechanical properties 

The approach used for modelling the mechanical properties is the one described in §2.4, issued 

by IAEA and based on the power law extrapolation method. 
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This approach allows the building of a curve representing the maximum dose a cable can bare 

before reaching the crisis of the cable itself, for a given dose rate. In other words, it is made 

up of points indicating the total doses required to reach a specific end point criterion. 

As a result, the curve is built in a log/log plot featuring the Dose Rate (DR) values and the so-

called Doses to Equivalent Damage (DED). This latter is defined as the dose, one per each dose 

rate investigated, at which the EoL point is reached. This plot is found to be linear in a log-log 

plot for the XLPE insulated cables, enabling extrapolation of DED to lower dose rates. The end 

point doses are given by 

 𝐃𝐄𝐃 = 𝐊 ∙ 𝐃𝐑𝐧 (𝐤𝐆𝐲) (27) 

where DR is the dose rate; K and n are empirical constants specific to the material tested. The 

constant n is usually in the range 0 to 0.3. 

In order to draw such plot, an EoL criterion must be assessed. As presented in the introduction, 

up to date no standard or set rules are available claiming a unique EoL criterion based on EaB. 

In this work 50% of the relative EaB has been chosen as EoL point for two main reasons: the 

proximity of 50%relative with the current experimental data and the conservativeness of this 

approach, which can be recommended for e.g. safety cables.  

The model proposed is based on the following assumptions: 

• Test data must be obtained in isothermal conditions 

• The highest value of analyzed DR is such that homogenous oxidation conditions are 

achieved 

• The dose rates analyzed must be at least three, in order to build a reliable curve. 

Among the various limitations this approach can face, such as the extrapolation to dose rates 

within the thermally dominated aging region, there is the fundamental obstacle that this 

modelling approach is based on mechanical destructive tests which are usually not 

representative of the entire cable system and not easy to perform on real cables. 

6.2.2 Modelling of the electrical properties 

The novelty of this work lays on the possibility to upgrade the actual standard and the ease-

of-use (i.e. EaB tests) using nondestructive electrical techniques.  

To do so, the trend of the electrical properties, one per each aging condition considered, 

plotted versus the total absorbed dose, allows the extrapolation of the EoL criterion based on 

the electrical property. Indeed, the value of tanδ, corresponding to the DED obtained through 

EaB measurements analyses, will be the end point of the cable dissipation factor. A schematic 

representation of the used approach is reported in Figure 101. 
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These tanδ values at a fixed frequency namely: tanδ at DED (tanδDED), one per each dose rate 

considered, allows a new tanδ vs DR curve to be built following the inverse power law: 

 
𝐭𝐚𝐧𝛅𝐃𝐄𝐃 =

𝟏

𝐜 ∙ 𝐃𝐑𝐬
 

(28) 

Even in this case, DR is the dose rate; c and s are empirical constants specific to the material 

tested for a given temperature. 

Among the frequency values, 100kHz is chosen since it is showed in literature [3, 4] and 

demonstrated in the previous Chapters, to be representative of the cable aging conditions and, 

consequently, possibly usable as an aging marker for cables based on electrical non-

destructive measurements. 

The curve built in this way for a given cable-type could allow the health assessment of the 

cable insulation, in terms of electrical properties, entirely through non-destructive electrical 

testing technique. 

 

Figure 101 Flow chart for obtaining the tanδded. 

6.3 MODELLING RESULTS AND DISCUSSION 

6.3.1 Mechanical properties 

Figure 102-103 display the behavior of the relative EaB, namely EaB/EaB0, as a function of 

the total dose for the coaxial and twisted pair filled cable. The case of twisted pair non-filled 

cable could not be investigated due to the lack of experimental data for the low dose rate 

aging. Moreover, due to the severe conditions, in some cases it was not possible to remove 

the primary insulation from the conductor. For this reason, only few points for the tensile 

measurements referred to the low dose rate condition are reported here. 

Relative EaB is calculated by the ratio between the actual EaB and the EaB of the unaged cable. 

 

Once plotted, a linear regression line is built in order to obtain the end-of-life point 

corresponding to EaB/EaB0=0.5. In order to keep the uncertanty and the confidence intervals 

coming from these measurements, other two lines are drawn corresponding to the upper and 

lower limits of the highest and lowest EaB/EaB0 values obtained, respectively. So that every 

obtained measurement value results to be placed inside the built confidence interval. 

Obtain the 
DED value for 
the considered 
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Find the 
intersection 
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corresponding 

to the 
considered 
dose rate

Get the limit 
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The dose values, and contextually the upper and lower limits, corresponding to EaB/EaB0=0.5, 

are selected and used for the application of the above described power law method. 

As an example, Figure 104 reports the method of graphical extrapolation of the required data 

for the high dose rate aging conditions on the coaxial cable. 

 

Figure 102 EaB relative values for coaxial cable samples. 
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Figure 103 EaB relative values for twisted pair filled samples. 

 

Figure 104 EaB relative value for coaxial cable aged under high dose rate conditions. 50% relative value 
graphical extrapolation. 

Hence, the dose (kGy) values corresponding to the chosen end-of-life criterion, namely the 

Dose to Equivalent Damage (DED) are reported in Table 3. 
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Table 3 Dose equivalent to damage (DED) values for the different conditions analyzed. 

 Coaxial Cable Twisted pair filled 

 Regression 

DED (kGy) 

Upper 

limit 

Lower 

limit 

Regression 

DED (kGy) 

Upper 

limit 

Lower 

limit 

Low 193 208 171 227 380 189 

Medium 422 565 287 419 647 258 

High 472 585 377 301 363 184 

 

Therefore, the obtained values are plotted and fitted through a power law equation and finally 

plotted in a log/log plot (Figure 105-106). 

 

Figure 105 Extrapolation of Dose equivalent to Damage for the coaxial cable. 
(a) linear scale, power law fitting (b) log/log scale. 

 

 

Figure 106 Extrapolation of Dose equivalent to Damage for the twisted pair filled cable. 
(a) linear scale, power law fitting (b) log/log scale. 

As presented in the introduction to this Chapter, the regression lines, representative of the 

doses corresponding to the failure of the cable for a given dose rate, are obtained through 

equation (27). 
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The values of K and n, for the various configurations analyzed, are reported in Table 4. 

Table 4 Power law fitting parameters of mechanical property elongation-at-break 

Coaxial Cable Twisted pair filled 

K n K n 

159 0.19 246 0.05 

Referring to Table 3, it can be noticed that DED values are similar between the two considered 

compounds for the low and medium dose rate aging. On the contrary, quite significant 

differences are appreciable for high dose rate aging. This could be imputed to the different 

aging kinetics occurring inside the two compounds at high dose rates. Indeed, as presented 

in § 2.4, one of the limitations of this approach lays on the fact that the polymer has to face a 

homogenous oxidation in order not to produce cracks and not to early degrade the mechanical 

properties. The presence of fillers could bring, among others, to two simultaneous effects: the 

reduction of oxygen diffusion rate and the lowering of the polymer chain mobility. In particular, 

the former can cause a phenomenon similar to DLO (Figure 10), as already discussed in § 

5.4.3. This induces an abrupt reduction of the elongation-at-break, leading to a lower value of 

DED for compound #2 at high dose rates. As a result, the regression line plotted among the 

derived doses to equivalent damage is almost flat (slope n-parameter close to 0). On the 

contrary, compound #1 appears not to be affected by DLO, displaying a higher value of DED 

provoked by a faster variation of the total absorbed dose, as expected by the theoretical 

approach. Thus, it could be concluded that the applied modelling approach is more consistent 

when the presence of additives is reduced. 

Focusing on the magnitude of the DED values (K-parameter), compound #2 shows a bigger 

value of DED at lower dose rates but it poorly varies over the different aging conditions, as 

reported above. In reverse, for compound #1 materials, the DED values at low dose rates is 

lower but it significantly increases over the dose rates, reaching higher values than the ones 

referred to compound #2. 

6.3.2 Electrical properties 

Figure 107 reports the trend of dissipation factor at 100 kHz for all the analyzed aging 

conditions and different cable geometries. A linear regression line is built for each considered 

condition to obtain a tentative value of the electrical property at higher doses. In order to 

obtain a homogenous trend, tanδ values relatable to DLO effects are removed from the dataset.  
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Figure 107 Dissipation factor at 100 kHz as a function of the total dose for the three analyzed cable 
morphologies. (a) coaxial cable, (b) twisted pair filled cable. 

Once DED values are obtained through the above method, it is possible to graphically acquire 

the end-of-life points in terms of Tanδ, finally providing the values of dielectric losses 

corresponding to the failure of the material. 

As an example, the extrapolation of the dielectric losses values corresponding to the dose 

equivalent to damage for the case of the coaxial cable aged under low dose rate is reported 

in Figure 108. 

 

Figure 108 Graphical extrapolation of dissipation factor limit values. Coaxial cable under low dose rate aging. 

Even in this case, the values of tanδ corresponding to the upper and the lower limit of the DED 

(tanδDED) are obtained and registered in order to take into account the measurements 

uncertainties. Therefore, the Tanδ values corresponding to the DED are reported in Table 5. 

Table 5 Dissipation factor values corresponding to the dose equivalent to damage. 

 Coaxial Cable Twisted pair filled 

 tanδ at 

DED 

Upper 

limit 

Lower 

limit 

tanδ at 

DED 

Upper 

limit 

Lower 

limit 

Low 0.0023 0.0024 0.0022 0.0044 0.006 0.0039 

Medium 0.0032 0.0039 0.0026 0.0033 0.0035 0.0032 

High 0.0026 0.003 0.0023 0.0043 0.0044 0.004 
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The tanδDED values are finally plotted in a tanδ vs DR plot, reported in Figure 109. Note that 

the values are plotted in a log/log (absolute value) scale since applying the logarithm to the 

tanδ values result in a negative amount.  

  

Figure 109 Dielectric losses at DED as a function of Dose Rates (log/log scale). 
(a) Coaxial cable, (b) Twisted pair filled cable. 

The regression line built represents the values of tanδ the cable owns at DED corresponding 

to the failure of the cable. Therefore, it is possible to obtain for the cables here considered, 

the equation representative the tanδ End-of-Life curve is represented by equation (28). 

The values of C and s, for the various configurations analyzed, are reported in Table 6. 

Table 6 Power law fitting parameters of electrical property tanδ 

Coaxial Cable Twisted pair filled 

C s C s 

423 -0.03 238 0.01 

It can be concluded that the above equation describes the end-of-life points in terms of 

dielectric properties of the analyzed system. Due to this, it is reasonable to claim that if the 

actual value of tanδ is lower than the one corresponding to DED, precisely if the cable  owns 

an EaB higher than 50%rel, then tanδ ≤ tanδDED is verified. Consequently, it does not need 

replacement according to the chosen cable health assessment criterion. 

From Figure 109, it is possible to point out that the variation with dose rate of the limit tanδ 

value is quite small for both the considered compounds. As a result, the slope parameter (s) is 

close to zero. This interesting behavior suggests that the limit value of the electrical property 

(tanδDED) is not dependent on the aging stress (dose rate) but it is mainly related to the 

insulation properties e.g. the type of polymeric compound. It is possible to believe that this 

occurs as far as no diffusion limited oxidation (DLO) effect is present.  
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On the contrary, C-parameter is significantly different between the two materials. Compound 

#1 shows a considerable higher value of C. Given the calculation through the absolute value, 

it reflects a lower limit value (tanδDED). This is expected due to the weaker polarity of the 

species, both on unaged and aged polymer, which are inside compound #1.  

Compound #2 exhibits higher tanδ values also in the unaged sample since the dielectric 

spectrum is led by the dipolar properties of ATH molecules throughout the considered aging 

periods, as discussed in the previous Chapter. This behavior overwhelms the increase of dipolar 

properties given by oxidized polymer species. As a matter of fact, tanδ values at 100 kHz does 

not increase with the same slope of compound #1 at medium and high dose rates, resulting 

into a tanδDED value which is close to the early-aged tanδ values.  In addition, low dose rate 

tanδ exhibits a different increasing slope with aging, as reported and discussed in the previous 

Chapter.  

To conclude, given the almost constant trend of tanδDED, it could be reasonable to consider the 

electrical property limit values for the two considered compounds as the average of the 

obtained values (Table 5). Results are reported in Table 7. 

Table 7 Limit values of electrical property tanδ 

Coaxial Cable 

tanδDED 

Twisted pair filled 

tanδDED 

0.0027 0.0042 

  

6.4 AGING MODELLING  

6.4.1 Theoretical approach 

In the previous section, the limit values of both electrical and mechanical properties have been 

presented and discussed for the cables under test. 

The aim of this section is to illustrate a procedure for lifetime modelling based on electrical 

diagnostic measurements. To do so, some quantities have to be further defined: 

1. Failure. Cable failure is achieved once the cable can no longer fulfill its role. If the cable 

is subjected to aging stresses, the failure is reached once the cable cannot verify the 

design requirements. This occurs when the cable system reaches the limit value for the 

considered property (end-of-life criterion). 

2. Lifetime. It is defined as the time during which the cable can fulfill its role, thus the 

service time of the cable before reaching failure. 

3. Lifetime curve. It is a plot representing the life duration as a function of aging stresses, 

e.g., dose rates in the case of NPPs.  
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These quantities can be introduced in the following phenomenological aging equation. 

Referring to [131], the general aging equation is defined as: 

 
𝐀(𝐭) = 𝓯(𝐩) = ∫ 𝑹(𝑺)𝒅𝒕

𝒕

𝟎

 
(29) 

where A is defined as aging function, S is a generic stress, t is the time and p=P/P0 is a property 

correlated to the cable failure and R = dA
dt⁄  is the aging speed, which only depends on aging 

stress. 

Once p reaches the corresponding limit value pL, cable failure occurs. Under these 

circumstances, aging time t, becomes lifetime duration L. 

Consequently, from equation (29) it is possible to derive the equation corresponding to the 

limit value (AL). This equation is defined as general life model: 

 
𝐀𝐋 = 𝓯(𝐩𝐋) = ∫ 𝐑(𝐒)𝐝𝐭

𝐋

𝟎

 
(30) 

Equation (30) represents a curve in a bi-dimensional space: the single-stress life curve. This 

could be obtained by the intersection of aging function surface with the plane p=pL.  

If the stress is constant, like the case here considered, equations become: 

 𝐀(𝐭) = 𝓯(𝐩) = 𝐑(𝐒) 𝐭 (31) 

 𝐀𝐋 = 𝓯(𝒑𝑳) = 𝐑(𝐒) 𝐋 (32) 

It is noteworthy that 𝐀 = 𝓯(𝐩) linearly depends on time. In particular, even if the chosen 

property can non-linearly change with time, there would be a function of the same property 

which linearly varies with time. This is usually verified since the property affected by aging 

stress should monotonously vary with time. 

If we divide equation (31) by (32), it is possible to make the dependence between A and time 

explicit. Specifically: 

 𝐀(𝐭) = 𝐀𝐋(𝐭
𝐋⁄ ) (33) 

This could be directly linked to Miner’s damage [131], but, while the damage varies from 0 to 

1, the aging function A varies from 0 to AL. 

6.4.2 Application to Coaxial cable 

Once defined the theoretical basis of cable lifetime modelling, in this section the application 

of this approach to the coaxial cable electrical properties is reported. Modelling could not be 

applied to the twisted pair cable due to the negligible variation of the considered electrical 

property with aging for medium dose rate. 
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In order to apply the modelling method to the coaxial cable, some assumptions have to be 

made: 

1. We do not take into account the abrupt drop of the electrical property between the 

neat and early aged cable. As a matter of fact, as seen in Chapter 4, the first aging 

period is mainly relatable to microstructural modifications of the cable, such as 

antioxidant migration, which do not cause significant aging.  

2. We deny the contribution of possible DLO effects. To do so, we remove from the plot 

the non-increasing values e.g., last tanδ value of high dose rate. 

3. From Figure 50 it is possible to notice that the function of the property, which is 

linearly dependent on aging, is the property itself.  However, in order to verify all the 

requirements, we define A(t) as the variation of the property (tanδ) with respect to the 

value corresponding to the first aging period (tanδ1), according to hypothesis #1. 

Consequently, the y-axis (reduced time) is given by the subtraction of the initial aging 

time (t1) from the variable time (t). This in order to relate the initial tanδ value (tanδ1) 

with reduced time equal to zero. 

𝐀(𝐭) = 𝐭𝐚𝐧𝛅 − 𝐭𝐚𝐧𝛅𝟏 = 𝐑(𝐒) ∙ (𝐭 − 𝐭𝟏) with 𝐭 ≥ 𝐭𝟏  (34) 

Through equation (34), it is possible to verify all the requirements demanded in the 

previous paragraph, e.g., A(t)=0 for t=t1, A(t) linearly varies with aging time. 

The value of tanδ1 has been chosen as constant among the different dose rates. This 

should be usually verified since the initial value of aging of the cable depends only on 

the insulating compound. However, in this case, this brings to a negligible upward shift 

of A(t) for medium dose rate, probably due to the late withdrawal with respect to the 

start of the aging phase. 

As reported in § 6.4.2, the value of tanδ corresponding at the cable crisis is defined as tanδDED 

(Table 7): 

 𝐭𝐚𝐧𝛅 (𝐋) = 𝐭𝐚𝐧𝛅𝐃𝐄𝐃 (35) 

Hence, AL can be derived as: 

𝐀𝐋 = 𝐭𝐚𝐧𝛅𝐃𝐄𝐃 − 𝐭𝐚𝐧𝛅𝟏 = 𝐑(𝐒) ∙ (𝐋 − 𝐭𝟏) (36) 

Figure 110 shows the plot of the above defined aging function versus the reduced aging time. 

Lines stop at A(t)=AL. From this graph it is possible to point out that, as expected, the slope 

of the life curve is directly proportional to the aging severity and, consequently, the lifetime 

reduces as aging stresses increase.  
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Figure 110 Aging function versus reduced aging time for the three radio-chemical aging conditions considered. 

Moreover, it is also possible to evaluate the level of degradation of the considered cable for a 

given aging stress e.g., dose rate and its aging evolution until failure. Otherwise stated, it 

would be possible to define the aging the cable have been subjected to and, consequently, 

the one the cable can withstand before reaching the limit value AL (failure).  

Given (37) and the limit value of tanδ (tanδDED), the maximum lifetime (L) can be derived per 

each considered dose rate. Lifetime values are reported in Table 8.  

Table 8 Lifetime values for the three dose rates. Coaxial cable. 

 L-t1 (h) L (h) 

Low 27,090 29,970 

Medium 4,830 5,700 

High 1,230 1,400 

Finally, the life curve (Figure 111) relates the lifetime with dose rate at constant temperature. 

The curve depicts a decreasing trend whose slope is function of the system endurance. As 

expected, a severer aging stress causes a shorter lifetime. Ideally, if the stress is zero, the 

insulation is not subjected to radiation aging, hence its lifetime is nearly infinite. Actually, the 

system is also subjected to other stresses given by the environment e.g., environmental 

temperature cycles which further reduce the cable expected lifetime.  
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Figure 111 Life curve of coaxial cable for three different dose rates. Lines stop at obtained limit value (L). 

As shown in Figure 111, the life curve follows an inverse power law (IPL). Making lifetime (L) 

explicit, the equation can be written as (37). Table 9 reports the values of IPL factors. 

                          𝐋 = 𝐋𝟎 ∙ (
𝐃𝐑

𝐃𝐑𝟎
)

−𝐧
 

(37) 

 

Table 9 Power law coefficients 

L0 n 

127,460 0.75 

where L0 and n are exponential factors, DR0 is the reference dose rate fixed to a very low value, 

in this case equal to 1 Gy/h. Factors L0 and n are only function of the considered cable 

properties e.g. chemical compound, geometry, and additives. Specifically, L0 is the intersection 

between the life curve and the lifetime-axis. In other words, it is the lifetime corresponding to 

a very low dose rate stress e.g., equal to the reference one (DR=DR0),  

Equation (37) relates the maximum lifetime of the considered cable as a function of the stress 

the cable is subjected to, namely the dose rate. Furthermore, it is now possible to perform a 

parametric study varying the stress level, i.e., dose rate. Resulting graph is reported in Figure 

112. 

As an example, the built parametric curves could be significantly helpful during cable condition 

monitoring. Indeed, the calculation of A(t), achieved through tanδ measurements, together with 

the current service time of the cable, would allow the evaluation of the actual dose rate the 

cable is subjected to and the residual life. As a matter of fact, the presence of dose bursts 

during cable lifetime, together with a possible different dosimetry of the cable through its 

length, could result into a different effective dose rate than the designed one. Hence, online 
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monitoring would allow the selection of the real dose rate curve and the assessment of the 

expected lifetime of the cable under test, scheduling maintenance in an efficient way. 

 

Figure 112 Example of application of life curve. Coaxial cable. 

CONCLUSIONS EN FRANÇAIS 

L'approche de modélisation présentée dans ce chapitre pourrait être considérée comme une 

première tentative de définition d'un critère de fin de vie basé sur des techniques non 

destructives, ce qui peut être une mise à niveau substantielle de la gestion réelle des câbles 

dans les centrales nucléaires. Il permet d'évaluer le facteur de dissipation correspondant à la 

défaillance des câbles basse tension pour les applications de centrales nucléaires, pour chaque 

débit de dose. De plus, il permet d'estimer la durée de vie du câble uniquement par des 

techniques de contrôle non destructives, en augmentant la norme actuelle pour le contrôle des 

câbles, qui utilise des techniques de contrôle destructives, par exemple, l’essai de traction 

uniaxiale, qui ne sont souvent pas faciles à réaliser sur site et ne sont pas toujours 

représentatives de l'ensemble du système de câbles. 

De plus, la mesure de tanδ prend en compte l'ensemble du système de câbles, donnant des 

informations sur la santé globale et l'applicabilité électrique de l'isolant en polymère analysé. 

Les résultats de la modélisation ont montré que la variation du DDE (Doses pour Dommages 

Equivalents) avec le débit de dose était presque négligeable pour le composé n ° 2, alors 

qu’au contraire elle varie considérablement dans le cas du composé n ° 1. 

Au contraire, la tendance observée pour tanδDED n'est pas modifiée par le débit de dose pour 

les deux géométries de câbles. Dans ce cas, il semblerait donc que la valeur limite de la 

propriété électrique dépend uniquement du polymère. 

La deuxième partie de ce chapitre présente les bases théoriques et l'application au câble 

coaxial de la modélisation de la vie. Plus précisément, les quantités utilisées pour l'évaluation 

de la durée de vie et les équations associées ont été rapportées et discutées. 
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L'approche de modélisation de la vie a été construite à partir de la valeur limite des propriétés 

électriques obtenue dans la section précédente. L'introduction de la fonction de vieillissement 

a garanti la possibilité de surveiller le développement du vieillissement du câble lorsqu'il est 

soumis à une agression constante, par exemple un débit de dose. Cette fonction relie le temps 

de vieillissement à l'état de santé du câble évalué par les propriétés électriques. Une fois que 

la fonction de vieillissement atteint sa valeur limite, c'est-à-dire AL, le câble est confronté à 

une défaillance. Le temps correspondant à la défaillance est défini comme la durée de service 

ou la durée de vie maximale du câble. 

Il a été observé que les durées de vie et les tendances de la fonction de vieillissement sont 

des fonctions de la sévérité du vieillissement. Plus précisément, des débits de dose plus élevés 

réduisent la durée de vie, comme prévu. 

Pour conclure, idéalement, la possibilité de construire une courbe de durée de vie pour chaque 

système de câbles pourrait permettre de fournir une estimation approximative de la durée de 

vie résiduelle des systèmes d'isolation de câbles à l'étude. Il convient de souligner que la 

courbe de durée de vie et l'équation correspondante de durée de vie pour le câble coaxial 

n'ont été obtenues qu'au moyen de techniques électriques non destructives car seule la valeur 

initiale de la propriété (tanδ1) et les conditions de vieillissement sont nécessaires pour les 

analyses. De plus, la possibilité de réaliser ces tests sur site permet une meilleure évaluation 

de la durée de vie restante car il serait possible d'ajuster la courbe de durée de vie dans le cas 

de variations des conditions de vieillissement externe, par exemple, des variations brutales du 

débit de dose dues à des accidents. 

Le développement ultérieur de cette approche comprendra l'introduction d’agressions 

aléatoires données par exemple par des conditions accidentelles à travers un modèle bayésien. 

MODELLING CONCLUSIONS 

The electrical modelling approach presented in this Chapter could be considered as a rough 

procedure of setting an end-of-life criterion based on non-destructive techniques, which can 

be a substantial improvement of the actual cable management inside NPPs. It allows the 

evaluation of the dissipation factor corresponding to the crisis of low voltage cables for NPPs 

applications, for a given dose rate. Furthermore, it permits the estimation of the life of the 

cable only through non-destructive testing techniques, upgrading the actual standard for cable 

monitoring, which uses destructive testing techniques, e.g., tensile test, that are often not easy 

to perform on site and are not always representative of the entire cable system. 

In addition, electrical tanδ measurement, as a bulk technique, takes into account the entire 

cable system giving information about the global health and the electrical applicability of the 

analyzed polymer insulation. 
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Mechanical modelling results showed that the trend of DED exhibit an almost negligible 

variation of the parameter over different dose rates for compound #2, while it considerably 

varies in the case of compound #1. 

On the contrary, tanδDED trend resulted to be not affected by dose rate intensities for both the 

cable geometries. In such circumstances, it could be concluded that the limit value of the 

electrical property is only dependent on the polymeric compound. 

The second part of this Chapter presents the theoretical basis and the application to the coaxial 

cable of life modelling. Specifically, quantities used for evaluation of the service life and related 

equations have been reported and discussed. 

The life modelling approach has been built starting from the limit value of the electrical 

properties obtained in the previous section. The introduction of the aging function has raised 

the opportunity to monitor the aging development of the cable when it is subjected to constant 

stress e.g., dose rate. This function relates the aging time with the cable status through 

electrical properties. Once the aging function reaches its limit value, i.e., AL, the cable faces 

failure. The time corresponding to failure is defined as the maximum service time or lifetime of 

the cable.  

It has been observed that the life durations and the aging function slopes are function of the 

aging severity. Specifically, higher dose rates bring to reduced lifetime, as expected. 

Ideally, the possibility to build a life curve, which relates the aging stress with expected lifetime, 

for each cable system could provide a rough estimation of the residual life of cable insulation 

systems under investigation. It is worth pointing out that the life curve and related life equation 

for the coaxial cable have been achieved only by the means of electrical nondestructive 

techniques as only initial value of the property (tanδ1) and aging conditions are required for 

analyses. Moreover, the possibility to perform these tests onsite allows a better evaluation of 

the remaining life since it would be possible to adjust the life curve in the case of variations of 

external aging conditions e.g., dose rate bursts due to accidents.  

Further development of this approach will include the introduction of aleatory stresses given 

by e.g., accidental conditions through a Bayesian-based model. 
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CHAPTER 7 

CONCLUSION DE LA THESE 

 

 

Dans cette thèse, une vaste enquête sur les changements des propriétés des câbles à isolation 

XLPE dus au vieillissement a été réalisée. Elle visait à analyser et à étudier comment les facteurs 

de vieillissement typiques à l'intérieur des centrales nucléaires, c'est-à-dire le rayonnement et 

une température élevée, peuvent avoir un impact sur les propriétés physico-chimiques et 

électriques des câbles basse tension I&C. Pour ce faire, un vieillissement accéléré a été réalisé 

sur plusieurs câbles à la fois par rayonnement et à haute température afin de simuler avec 

succès les environnements typiques des centrales nucléaires. 

Les câbles analysés présentaient deux géométries différentes, couramment utilisées dans les 

centrales nucléaires : les câbles coaxiaux et à paires torsadées. De plus, l'effet des additifs à 

l’intérieur des composés polymères a été pris en compte en considérant deux formulations 

différentes, c'est-à-dire le XLPE stabilisé par un antioxydant mais non chargé, et le XLPE 

stabilisé par un antioxydant mais chargé de retardateurs de flamme. 

Il a été démontré que les facteurs environnementaux peuvent profondément influencer les 

propriétés des matériaux analysés, conduisant à une dégradation de l'isolant primaire qui peut 

entraîner une défaillance précoce du câble. 

Les conditions de vieillissement considérées dans cette thèse se sont révélées insuffisantes 

pour provoquer une dégradation significative du polymère. En particulier, dans de nombreux 

cas, la durée de vie n'est pas atteinte d’après la technique de contrôle actuelle des câbles 

basse tension, qui montre un rapport EaB / EaB0 supérieur à 50%. 

Afin d'évaluer la capacité de la spectroscopie diélectrique à évaluer le vieillissement, les pertes 

diélectriques ont été corrélées avec différentes techniques physico-chimiques, en partant des 

propriétés mécaniques (avant tout EaB). L’objectif était d’étudier la possibilité de faire évoluer 

l'état actuel de la technique pour le contrôle non destructif des câbles basse tension. Etant 

donné qu'un seul câble a atteint le critère de fin de vie choisi, les variations en termes de 

propriétés mécaniques ont été principalement liées à des modifications microstructurales dans 

la matrice polymère, c’est-à-dire la consommation des antioxydants. 

Le changement des propriétés du polymère avec le vieillissement sont directement dépendants 

des additifs et des charges. En particulier, le vieillissement radio-thermique a provoqué une 

consommation chimique importante des antioxydants (mise en évidence par les mesures OIT) 
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à laquelle correspond la diminution du facteur de dissipation (tanδ) au cours des périodes de 

vieillissement précoce. 

Les variations initiales de la dégradation du polymère sont principalement liées à la cinétique 

d’épuisement de l’antioxydant, qui retarde la cinétique d’oxydation. Les molécules 

d’antioxydant sont progressivement consommées sous l’effet des facteurs environnementaux 

et de nouvelles molécules, à savoir des produits de dégradation des antioxydants, 

apparaissent. Ces dernières sont caractérisées par la même liaison ester que l'antioxydant de 

base. Par conséquent, les deux phénomènes (consommation chimique des antioxydants et 

formation de produits de dégradation des antioxydants) peuvent être difficiles à distinguer par 

des mesures IRTF car ils pourraient maintenir constante la concentration globale des liaisons 

esters, conduisant à une non-évolution de l'indice ester. 

Au contraire, l'apparition de produits de dégradation des antioxydants pourrait être mise en 

évidence par spectroscopie diélectrique car ils sont caractérisés par de fortes propriétés 

dipolaires. Pour cette raison, ils peuvent être directement liés à l'augmentation des pertes 

diélectriques à haute fréquence et, par conséquent, au vieillissement du polymère. 

L'introduction et l'analyse du facteur de perte des antioxydants (ADF) a permis de relier le taux 

de conversion des antioxydants en produits de dégradation avec le facteur de dissipation 

(tanδ) à 100 kHz. 

Dans la mesure où les antioxydants sont présents, les deux propriétés sont étroitement 

corrélées l'une à l'autre, revendiquant la capacité de la spectroscopie diélectrique à suivre la 

conversion de l'antioxydant en produits de dégradation. 

Après l'épuisement des antioxydants, l'oxygène est libre de se lier à la chaîne polymère. Il en 

résulte une augmentation de l’absorbance IR des liaisons ester ainsi qu'une augmentation des 

propriétés dipolaires du matériau. Il a été rapporté que les spectroscopies IRTF et diélectrique 

permettent de suivre de manière adéquate l'état de vieillissement du polymère, reliant 

l'augmentation de l'indice d'ester avec tanδ.  

Dans ces circonstances, il a été conclu que le facteur de dissipation (tanD) à haute fréquence 

pouvait être utilisé comme marqueur de vieillissement car il a été démontré qu'il suit 

correctement les mécanismes de dégradation se produisant pendant toutes les phases du 

vieillissement de l’isolant : la consommation des antioxydants et l’oxydation de la matrice 

polymère. 

La dernière partie de la thèse s'est concentrée sur la construction d'un modèle prédictif des 

propriétés mécaniques et électriques des câbles basse tension utilisés en centrale nucléaire. 
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L’approche de modélisation proposée repose sur une approche émise par l'AIEA (Agence 

internationale de l'énergie atomique). Ce modèle met en relation la dégradation des propriétés 

mécaniques avec la dose limite qu'un câble peut supporter sans provoquer sa rupture. Le 

modèle disponible souligne certaines limites, par exemple, il est basé sur des mesures 

mécaniques destructives, les tests ne sont souvent pas faciles à réaliser sur site et ils ne sont 

pas toujours représentatifs du système câble. La méthode de modélisation proposée est basée 

sur le CND électrique, qui peut être une mise à niveau substantielle de la gestion réelle des 

câbles à l'intérieur des centrales nucléaires. Cela permet d'évaluer le facteur de dissipation 

correspondant à la rupture des câbles basse tension pour les applications de centrales 

nucléaires, pour un débit de dose donné, et il permet d'estimer la durée de vie du câble 

uniquement par des essais non destructifs. De plus, les mesures de tanδ prennent en compte 

l'ensemble du système câble donnant des informations sur la santé et l'applicabilité électrique 

de l'isolant polymère analysé. Pour conclure, idéalement, la possibilité de construire une courbe 

de durée de vie pour chaque système câble pourrait permettre un diagnostic des systèmes 

câble de manière simple et non destructive. 

Des développements ultérieurs pourraient envisager l'analyse d'échantillons en polymère sous 

forme de plaques, ce qui entraînerait des variations plus importantes des propriétés du 

matériau. Ce faisant, il serait possible d'atteindre le critère de fin de vie choisi et d'évaluer la 

dégradation oxydante accrue se produisant dans le polymère. Parallèlement, il pourrait être 

possible de combiner une analyse cinétique chimique avancée des réactions oxydantes. 

De même, le degré de conversion local de l'oxydation pourrait être évalué au moyen de 

mesures de micro-indentation qui permettraient d'évaluer la fragilité locale de la surface du 

matériau due à l'oxydation. 

Enfin, l'approche de modélisation pourrait être davantage développée en introduisant des 

facteurs de vieillissement aléatoires, en simulant ce qui se passe dans des environnements 

typiques de centrales nucléaires, par exemple lors d'accidents. Ceci pourrait être pris en 

compte en mettant en œuvre une approche Bayésienne qui pourrait donner naissance à un 

modèle contrainte-déformation pour l'estimation de la fiabilité des câbles BT vieillis utilisés en 

centrale nucléaire. 
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CONCLUSIONS 

 

 

In this Thesis, a wide investigation of property changes of XLPE-based insulated cables due to 

aging has been performed. It aimed at analyzing and investigating how typical aging stressors 

inside NPPs, i.e., radiation and high temperature, can impact the physico-chemical and 

electrical properties of I&C low-voltage cables. To do so, accelerated aging tests have been 

performed on several cables through both radiation and high temperature in order to 

successfully simulate typical NPP environments. 

The analyzed cables display two different geometries, commonly used in NPPs, namely: coaxial 

and twisted pair cables. Moreover, the effect of additives inside polymeric compounds has 

been taken into account considering two different chemical mixtures, i.e., antioxidant-stabilized 

XLPE without fillers, and antioxidant-stabilized XLPE filled with flame-retardants. 

It has been shown that environmental stresses can deeply influence the analyzed material 

properties, leading to degradation of the primary insulation which can result into an early 

failure of the cable system. 

The aging conditions considered in this Thesis showed to be not sufficient to cause significant 

degradation inside the polymer. In particular, in many cases, the lifetime end point is not 

reached according to the actual state-of-art monitoring technique for LV cables, showing an 

EaB/EaB0 ratio higher than 50%. 

In order to evaluate the capability of dielectric spectroscopy to assess aging, dielectric losses 

have been correlated with different physico-chemical techniques, starting from the mechanical 

properties (above all EaB). This aimed at investigating the possibility to upgrade the current 

state-of-the-art for LV cable monitoring by means of NDTs. Since only one cable reached the 

chosen end-of-life criterion, variations in terms of mechanical properties have been mainly 

related to microstructural modification inside the polymer, e.g., antioxidant consumption.  

The polymer property changes with aging resulted to be directly dependent on the additives 

and fillers. Specifically, radio-thermal aging caused an important chemical consumption of 

antioxidants (showed by OIT measurements) to which it corresponds the decrease of the 

dissipation factor (tanδ) during the early aging periods.  

The initial variations in polymer degradation are mainly related to the antioxidant depletion 

kinetics, which delay the oxidative reaction kinetics. Antioxidant molecules are gradually 

consumed under the effect of environmental stresses and new molecules, namely antioxidant 

degradation products, arise. These latter are characterized by the same ester bond as the base 
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antioxidant. Hence, the two phenomena (antioxidant chemical consumption and antioxidant 

degradation products formation) can be difficulty singled out through FTIR measurements as 

they could keep constant the global concentration of ester bonds, leading to no change in the 

ester index. 

On the contrary, the arising of antioxidant degradation products could be highlighted through 

dielectric spectroscopy as they are characterized by strong dipolar properties. For this reason, 

they may be directly linked to the increase of the high frequency dielectric losses and, 

consequently, to the aging of the polymer. The introduction and the analysis of the antioxidant 

depletion factor (ADF) allowed relating the conversion yield in antioxidants into degradation 

products with the dissipation factor (tanδ) at 100 kHz.  

As far as antioxidants are present, the two properties are closely correlated each other, 

claiming the ability of dielectric spectroscopy to follow the antioxidant conversion into 

degradation products. 

After the running out of antioxidants, oxygen is free to bond with the polymer chain. This 

results into an increase in the IR absorbance of the ester bonds together with the raise of the 

dipolar properties of the material. It has been reported that both FTIR and dielectric 

spectroscopies can adequately follow the aging state of the polymer, relating the ester index 

increase with tanδ.  

Under these circumstances, it has been concluded that the dissipation factor (tanδ) at high 

frequency could be used as an aging marker since it has been demonstrated to properly follow 

the degradation mechanisms occurring during all the aging phases of the insulating material 

i.e., antioxidant consumption and polymer oxidation. 

The last part of the Thesis focused on the building of a predictive model of mechanical and 

electrical properties and a life model for NPP LV cables.  

The proposed predictive modelling approach puts its basis on an approach firstly issued by 

IAEA (international Atomic Energy Agency). This model relates the decay of the mechanical 

properties with the limit dose a cable can withstand without inducing failure. The available 

model underlines some limitations e.g., it is based on destructive mechanical measurements, 

tests are often not easy to perform on site and they are not always representative of the entire 

cable system. The proposed predictive modelling method is based on electrical NDT, which 

can be a substantial upgrade of the actual cable managements inside NPPs. This allows the 

evaluation of the dissipation factor corresponding at the failure of low voltage cables for NPPs 

applications, for a given dose rate and it permits the estimation of the lifetime of the cable 

only through non-destructive testing. Moreover, tanδ measurements take into account the 

entire cable system giving information about the health and the electrical applicability of the 
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analyzed polymer insulation. To conclude, ideally, the possibility to build a life curve for each 

cable system could allow the diagnostic of cable systems in an easy and nondestructive way. 

In addition, a life modelling approach has been presented and discussed. This allowed the 

evaluation of the aging function which relates the aging stresses with the cable expected 

lifetime, allowing an efficient scheduling of the cable maintenance through electrical 

measurements.  

Further development could consider the analysis of polymeric plate specimens, which would 

result into more significant variations of the material properties. In doing so, it would be 

possible to reach the chosen the end-of-life criterion and evaluate the enhanced oxidative 

degradation occurring in the polymer matrix. Together with that, it could be possible to 

combine an advanced chemical kinetics analysis of oxidative reactions.  

Likewise, local oxidation extend could be evaluated by the means of micro-indentation 

measurements which would allow the evaluation of the local brittleness of the material surface 

due to oxidation. 

Finally, the modelling approach could be further developed introducing random aging stresses, 

simulating what could occur inside typical NPP environments e.g., during accidents. This could 

be taken into account implementing a Bayesian approach which could give birth to a stress-

strain model for reliability estimation of aged LV cables used in NPP. 
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Résumé 

Cette thèse vise à étudier l'évolution des propriétés physico-chimiques et électriques des 

câbles basse tension pour une application nucléaire, lorsqu'ils sont soumis à des 

environnements typiques de centrale nucléaire, c'est-à-dire au rayonnement gamma et à 

haute température. Les échantillons analysés sont constitués de câbles coaxiaux et à paires 

torsadées avec différents composés polymériques utilisés comme isolant primaire. Les 

matériaux isolants sont à base de la même matrice de polyéthylène réticulé au silane avec 

différents additifs et charges. En particulier, deux types d'antioxydants (antioxydants 

primaires et secondaires) et charges ignifugeantes (ATH) ont été ajoutés en différentes 

quantités au polymère de base. Afin de caractériser la réponse du matériau aux contraintes 

environnementales, diverses techniques expérimentales ont été utilisées. Ces caractérisations 

vont de la réponse chimique à l'échelle microscopique, par ex. FTIR, OIT et DSC, au 

comportement électrique et mécanique macroscopique. La dernière partie du manuscrit se 

concentre sur la construction d'une approche de modélisation prédictive des conditions des 

câbles BT soumis au vieillissement radio-chimique. Il en résulte l'obtention d'une courbe de 

durée de vie qui relie le facteur de vieillissement auquel le câble est soumis, à savoir le débit 

de dose, à la valeur limite de la propriété électrique considérée (tanδ). 

Mots clés : vieillissement des polymères, techniques électriques non destructives, câbles 

électriques, vieillissement radiochimique 

 
 

Abstract 

This thesis aims at investigating the evolution of physico-chemical and electrical properties 

relevant to low-voltage power cables for nuclear application when subjected to typical NPP 

environments i.e., to gamma radiation and high temperature. The analyzed samples consist 

of both coaxial and twisted pair cables with different polymeric compounds used as primary 

insulation. Insulating materials are based on the same silane cross-linked polyethylene 

matrix with different additives and fillers. Two kinds of antioxidants (primary and secondary 

antioxidants) and flame retardants (ATH) with different amounts have been added to the 

base polymer. In order to characterize the material response to the environmental stresses, 

various experimental techniques have been used. These characterizations range from the 

microscale chemical response e.g. by FTIR, OIT and DSC, to the macroscale electrical and 

mechanical behavior. The last part of the manuscript focuses on the building of a predictive 

modelling approach of LV cable conditions subjected to radio-chemical aging. It resulted 

into obtaining a lifetime curve which relates the aging factor to which the cable is subjected 

to, namely the dose rate, with the limit value of the considered electrical property (tanδ). 

Keywords: aging of polymers, electrical non destructive techniques, electrical cables, radio-

chemical aging 


