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ABSTRACT

There are over 600 miles of power cable installed in a typical nuclear power plant. Degradation

due to thermal and radiation damage of cable insulation has been identi�ed as one of the key factors

that contribute to the loss of performance and ultimate failure of the cable. A critical aspect of cable

health monitoring is to understand the nature of degradation and develop aging models to predict

the service lifetime of the insulation. In this work, thermal degradation in a commercial grade of

ethylene propylene rubber (EPR), a cable insulation material used extensively in nuclear power

plants, is assessed under accelerated aging conditions. Characterization of thermally aged EPR is

performed by assessing macroscopic changes in thermal, electrical and mechanical properties as a

function of aging time and temperature. Two kinetic models are developed to estimate the remain-

ing useful life of EPR based on measured changes in thermal and electrical properties, respectively.

Finally, the degradation characteristics of EPR aged alongside a chlorinated polyethylene (CPE)

jacket in a medium voltage power cable are examined and changes in electrical properties as a

function of thermal aging are investigated by an interdigital capacitive electrode (IDC).
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CHAPTER 1. GENERAL INTRODUCTION

This thesis is devoted to the study of thermal degradation in ethylene propylene rubber in an

oxidative environment to support the development of condition monitoring techniques for cable

aging assessment in nuclear power plants.

1.1 Chapter Overview

This chapter introduces the big picture context for this study in Section 1.2. The organization

of this dissertation with a brief mention of the topics addressed in each chapter is presented in

Section 1.3. This is followed by a background overview and literature review (Section 1.4) outlining

the key materials and processes that set the foundation for this work. The research hypothesis is

stated in Section 1.5, followed by a brief description of the approach in Section 1.6. Finally, the

major research objectives are outlined in Section 1.7.

1.2 Motivation - The Big Picture

Most of the currently operating nuclear power plants (NPPs) in the United States are 40 to

60 years old and preparing for subsequent license renewal by the Nuclear Regulatory Commission

(NRC), to extend their operating period by another 20 years [1]. With nuclear power being the

single largest source (� 70%) of non-greenhouse-gas-emitting electrical energy in the United States,

it is important to ensure safe, reliable and cost-e�cient operation of the existing NPPs to meet

the growing demand for domestic electricity [2]. This requirement for continued safe operation of

NPPs under normal and accident conditions is a prime motivator for the development of scienti�c

methods and technologies that measure, characterize, and predict long term degradation of in-

service material components in NPPs.
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In this context, for several decades of operation during the original licensing period, electric

cables servicing NPPs have been considered reliable components requiring little to no maintenance.

However, over the past 10 to 15 years, there have been increasing reports of cable failures, primarily

in adverse operating environments [3]. A typical NPP contains over 600 miles worth of installed

power, instrumentation and control cables, which are intrinsically important for safe and reliable

operation [4] [5]. As NPPs move to extend their operating life by several more decades, cable aging

management has emerged as one of the key factors considered by the NRC for granting license

extensions [6].

Cable failure is primarily attributed to the degeneration of its protective electrical insulation

and jacket materials leading to exposure of the conductor within [7]. Short circuits, electrical �res,

and power loss are potential consequences of such cable failure. Thermosetting polymeric rub-

ber compounds with superior chemical stability, dielectric and mechanical strength, and weather

resistance are typically employed as insulation and jacket materials for these cables. However,

on long-term exposure to radiation and elevated temperatures in NPPs, these materials undergo

thermo-oxidative degradation and aging, which leads to loss of cable performance and failure or

severe damage [8] [9]. Furthermore, long cable runs may pass through several di�erent operating en-

vironments across the plant, and localized hot spots of harsh temperature and radiation conditions

may lead to rapid degradation in parts of the cable, concluding in catastrophic failure [10].

As cables are ubiquitous in NPPs and power several safety-related systems, their reduced relia-

bility with age is a major concern. These safety concerns accompanying license renewals have fueled

the need to develop precise cable monitoring, characterization and lifetime prediction techniques

that describe the aging processes that occur in cable insulation and jacket materials, and reliably

estimate their remaining useful life (RUL) for sustained safe generation of nuclear power [11].

1.3 Dissertation Overview

This dissertation is organized into seven chapters. Chapter 1 is the general introduction, and

sets the context of this work. A literature review citing prior studies and a background overview of
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key concepts is presented. Further, the hypothesis and research objectives for this work are outlined

in this chapter. The chosen commercial formulation of ethylene propylene rubber (EPR) insulation

material and characterization methods employed for this study are detailed in Chapter 2, along

with preliminary information about material characteristics and a description of the accelerated

isothermal aging process. Thermal aging and lifetime prediction studies on the EPR insulation

material are reported in Chapters 3 and 4. Chapter 3 describes a kinetic study of thermal degrada-

tion in EPR by thermogravimetry. In Chapter 4, a lifetime prediction model for isothermally aged

EPR is presented based on changes in real relative permittivity and dielectric breakdown strength.

After evaluating EPR insulation independently, in Chapters 5 and 6 the discussion moves to un-

derstanding and tracking EPR degradation in the presence of a less thermally stable chlorinated

polyethylene (CPE) jacket employed in a medium voltage power cable. The chemical changes ac-

companying EPR degradation on thermal aging in an EPR/CPE cable is explored in Chapter 5.

The macroscopic changes in electrical and mechanical properties of CPE jacket and EPR insulation

on thermal aging of the EPR/CPE cable is presented Chapter 6. Finally, the dissertation wraps

up with the general conclusion (Chapter 7) wherein the key outcomes and future directions for this

work are delivered.

1.4 Background and Literature Review

1.4.1 Cable function and failure

The con�guration of a typical cable for low- and medium-voltage applications includes a central

conductor (of copper or aluminium strands) covered by a polymer- or silicon- or rubber-based

electrical insulation layer, which may or may not be protected by a surrounding jacket. Commonly,

electrical shielding layers are also applied between these three components [12].

Cables in NPPs are broadly categorized into three major types; instrumentation, control and

power cables, based on the function that they serve. Instrumentation cables are smaller (< #14

AWG conductor), carry low voltage ( < 50 V) and are primarily responsible for carrying analog

and digital signals that provide system status information from sensors across the plant such as
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temperature, pressure and vibration detectors [13]. Control cables also use conductors in a similar

size range as instrumentation cables, but are typically constructed as multi-conductor cables. They

carry a higher voltage, of around 120 to 240 V, and transmit signals to start, stop or change the

operating state of a system [14]. Lastly, power cables are con�gured as single conductor or three-

conductor cables that are typically larger than #10 AWG. Their major function is to power electrical

load centers such as motors, batteries, heaters, etc, and have operating voltages categorized as low-

voltage (0.25 to 2 kV), medium-voltage (2 to 35 kV) and high-voltage (> 35 kV) [15] [6].

In the simplest terms, the primary function of a cable is to carry electricity (with minimal

losses) from point A (the source) to point B (the electrically powered system). Now if, for some

reason, the cable is unable to deliver electricity reliably to point B, it has \failed" to perform its

intended function.

As mentioned earlier, cables installed in nuclear power plants experience a large variety of envi-

ronmental and operational stressors under normal and accident conditions. These stresses include

ionizing radiation, temperature, humidity, electrical and mechanical stress (bending, pressing and

vibrations) [16]. Of the stressors listed, temperature and radiation are the two types that are most

commonly experienced by cables under normal operating conditions in NPPs [6] [17]. Cable failure

on long-term exposure to these conditions is the primary concern for NPPs looking to extend life

for up to 80 years.

One of the primary failure modes in NPP cables is brought about by the degradation of the

external insulation and jacket layers which sheath the conductor that carries electricity. The pur-

pose of the insulation is to minimize leakage of current so that electricity is delivered with little to

no loss of energy. It also serves as a physical barrier protecting the conductor from environmental

stressors. Some cables are additionally equipped with an outer jacket layer which improves cable

toughness and protects both the insulation and the conductor within from external physical or

chemical damage. When exposed to adverse environments, the deterioration of the insulation and

jacket materials may alter their physical and chemical attributes, lowering their ability to perform

their required functions e�ectively. On prolonged exposure, the onset of severe damage may lead to
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Figure 1.1 Percentages of materials used used as insulation and jacket for cables employed
in NPPs. [19]

several problems including cracking that results in exposure of the conductor, or leakage of current

on partial or complete dielectric breakdown of the insulator, or electrical arcing resulting in loss of

power, short circuits and even �res.

1.4.2 Cable insulation and jacket materials

Figure 1.1 illustrates the most predominantly used cable insulation and jacket polymers across

106 U.S. NPPs, as reported by the Electric Power Research Institute (EPRI) in 1994 [18] . Cross-

linked Polyethylene (XLPE) and Ethylene Propylene Rubber/Ethylene Propylene Diene Methylene

(EPR/EPDM) polymers were determined to be the most prevalent materials in use for cable insu-

lation at 89% and 73% abundance respectively. The usage of other materials in NPPs was found

to be signi�cantly lower than of the above-mentioned polymers. Notable jacket materials in use

in NPPs include Chloro-sulfonated Polyethylene (CSPE) at � 25% and Polyvinyl Chloride (PVC)

and Neoprene at under 10% usage each [19].
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Table 1.1 Comparison of typical properties of XLPE- and EPR-based insulation materials
[19] [20] [23] [21].

Property XLPE EPR
Ethylene Content (wt.%) � 100 45 - 75
Crystallinity (%) 30 - 55 0 - 50 (usually amorphous)
Density (g/cm 3) 0.9 - 0.93 0.85 to 1.4
Dielectric Constant 2.3 - 2.5 2.5 - 3.5
Dissipation Factor at 23 � C and 1 kHz � 10-4 � 10-3

Dielectric Strength (kV/mm) at 40 � C 65 - 75 35 - 55
Dielectric Strength (kV/mm) at 90 � C 40 - 45 35 - 55
Nominal Temperature Range (� C) -40 to 130 -60 to 150
Glass Transition Temperature, Tg ( � C) -130 to -80 -60
Melting Temperature, T m ( � C) 110 to 125 30 to 60
Thermal Conductivity (w/m � C) at 90 � C 0.27 0.27 - 0.35
Elongation at Break (%) 350 - 500 250 - 600
Tensile Strength (MPa) 19 - 20 9 - 21
Modulus of Elasticity (MPa) 120 5 - 14

XLPE and EPR/EPDM polymers are applied as insulators for low-, medium- and high-voltage

cables employed in NPPs owing to their superlative electrical insulating properties. The typical

properties of XLPE and EPR insulators are enlisted in Table 1.1. The electrical properties of

the two insulators are seen to be comparable, with XLPE displaying relatively superior dielectric

strength and dissipation factor at lower temperatures. However, EPR shows higher heat resistance

and corona resistance, making it a competitive choice for higher voltage and higher temperature

applications than XLPE [20]. Additionally, while EPR shows excellent moisture resistance, XLPE

is known to be more oil resistant. Most physical and electrical properties of both materials are

temperature sensitive, with XLPE exhibiting higher temperature sensitivity than EPR [21] [22].

1.4.3 An introduction to Ethylene Propylene Rubber (EPR)

The cable insulation material studied in this work is an ethylene propylene rubber (EPR)

compound. As discussed in the previous section, formulations of EPR are extensively employed as

cable insulation materials in operational NPPs, second only to cross-linked polyethylene (XLPE)

compounds.
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Primarily known to be a non-polar, random co-polymer of ethylene and propylene monomeric

units, EPR is characterized with a saturated backbone [24] [25]. The combination of ethylene and

propylene monomers to form an alternating amorphous EPR polymer chain is illustrated below:

H2C CH2

Ethylene

+ CH3 C

H

CH2

Propylene

polymerization

CH2 CH2 CH

CH3

CH2

EPR

� �

n

This simple alternating sequence of EPR bears a striking resemblance to that of Natural Rubber

(cis 1,4 polyisoprene) given by,

CH2 CH C

CH3

CH2

Natural Rubber

� �

n

The di�erence between the two structures lies in the saturation of the EPR polymer backbone.

As a consequence of this saturation, the sulfur curing agents commonly employed for rubber vul-

canization are not successful in curing EPR. Instead, curing is achieved by free radicals created by

peroxide cures with or without additional co-agents to form the EPR thermoset polymer [25]. The

excellent heat and oxidation resistance exhibited by EPR may be attributed to the saturation of its

monomer. Unsaturation (C C double bonds) may be introduced in EPR by copolymerizing ethy-

lene and propylene with a third nonconjugated diene monomeric unit to form an EPDM (ethylene

propylene dielene methylene) rubber, which is a type of EPR. The unsaturation is EPDM is present

in the side groups, while the backbone remains saturated. This allows for sulfur crosslinking, while

still retaining the chemical inertness attributed to the saturated backbone. Most common diene

monomers, used at typically at 3 to 7 wt.% to prepare EPDM rubbers include, dicyclopentadiene

(DCPD), ethylene norbornene (ENB) and 1,4 hexadiene (1,4 HD) [26].

For electrical applications, peroxide-cured EPR is preferred over sulfur-cured EPDM because

superior electrical properties are realized in the former [27]. In the presence of a Ziegler-Natta

catalyst, long chains of EPR are formed from ethylene and propylene starting reactants. The ar-

rangement of the ethylene and propylene units is random, resulting in a polymer which is neither

alternating nor very blocky [25][27]. Crystallinity in a polymer is caused by the ordered arrange-

ment of identical repeating units (atoms or groups of atoms). In EPR, crystallinity is imparted by
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the ethylene groups, speci�cally when adjacent polymer chains in EPR form crystallites of ordered

ethylene groups. Polypropylene units, on the other hand, do not form blocks of su�cient length

to form crystalline regions within the polymer [28]. The degree of crystallinity in EPR is limited,

however, because the blocks of repeating ethylene units are usually too short to impart signi�cant

crystallinity. Consequently, EPR is primarily an amorphous polymer. As seen in Table 1.1, com-

mercially manufactured EPR insulation contains 45 to 75% by weight of ethylene. Crystallinity is

observed only for compositions containing> 60 wt.% ethylene.

1.4.4 Thermal degradation in cable insulation

The degradation of cable insulation has been identi�ed as a prime factor that may limit the

ability of an NPP to operate beyond its initial design life. Although EPR is seen to exhibit

excellent chemical and thermal stability, EPR-insulated cables that experience prolonged exposure

to elevated temperature conditions are susceptible to thermally activated degradation processes

[29]. Therefore, studies that investigate the thermal degradation processes in EPR are critical to

aging management of cables employed in NPPs. Cable insulation degradation studies are usually

conducted under accelerated aging conditions (higher temperature and shorter aging times), based

on which extrapolations are made to determine degradation at NPP operating conditions (lower

temperature and longer aging times).

A common approach to predicting cable insulation lifetime is the Arrhenius methodology, in

which the underlying assumption is that the dominant degradation mechanism occurring in the

polymer is temperature independent. However, a vast majority of recent research shows that this

technique often overestimates polymer lifetimes at lower temperatures because of the complex

reaction mechanisms involved in the degradation process. The major factors that determine the

nature of polymer degradation include transition temperatures, di�usion limited oxidation e�ects,

solubility and volatility of inclusions, among others. Of the popular cable insulation polymers,

XLPE is observed to exhibit non-Arrhenius behavior owing to the di�erent degradation mechanisms

occurring above and below its melting temperature [30] [31] [32]. The melting point of XLPE lies in
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the 110 to 125� C temperature range, owing to its high crystallinity, which ranges between 50 and

100% by weight. The degree of crystallinity in the polymer changes as the temperature approaches

the melting point as the crystallites slowly disappear. In the case of XLPE, the temperature and

the morphology of the polymer are interrelated, which must be accounted for in accelerated thermal

studies. When it comes to EPR, the story is a little di�erent. As discussed in the previous section,

EPR materials typically vary from rubbery to semi-crystalline based on their ethylene content

(more ethylene implies greater crystallinity). The rubbery nature of EPR varies greatly for di�erent

commercially manufactured compounds. One way to identify the crystallinity and melting point

in EPR is by Di�erential Scanning Calorimetry (DSC) [33]. Melting is an endothermic process,

and an increase in heat ow to the sample is observed in a DSC scan when the crystalline regions

melt. This is clearly seen in Figure 1.2, which shows the DSC scans for four di�erent commercially

produced compounds of EPR [34]. While the two formulations manufactured by the Anaconda

company show little to no crystallinity, Okonite and Eaton manufacture EPR compounds which

show some crystallinity (indicating higher ethylene content). Based on these studies, it is seen

that the activation energy for degradation in the Anaconda materials may likely be constant at

low and high temperatures, suggesting possible Arrhenius behavior of these formulations of EPR.

However, for the Eaton and Okonite materials, there is a possibility that the activation energy

for degradation is di�erent above and below the melting temperatures owing to the change in the

degree of crystallinity of the polymer.

The fundamental reason why the degree of crystallinity plays a crucial role in the degradation

mechanisms observed in polymers is the mobility of free radicals. In the amorphous regions of

the polymer, the free radicals are fairly mobile and are able to participate in various thermo-

oxidative reactions. In the crystalline region, however, the free radicals are �xed and immobile at

low temperatures. When the crystalline regions melt, trapped free radicals are released and are

available to participate in the degradation reactions.

Thermo-oxidative degradation in polymers involves changes at the molecular level. For EPR,

such degradation mainly involves two competing processes {
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Figure 1.2 Di�erential Scanning Calorimetry (DSC) scans for four di�erent commercial
formulations of EPR [34]

1. chain scission leading to formation of chain fragments with lower molecular weight, opposed

by

2. inter-chain crosslinking, which forms branched systems with increased molecular mass [24]

[35].

This complex thermal aging behavior of EPR contributes to its susceptibility to thermo-oxidative

damage even in the absence of gamma radiation. After the curing process during EPR manufacture,

the peroxide curing agents remain in the polymer compound. At elevated temperatures, the acti-

vation energy of the curing process may be realized, which in turn may lead to further cross linking

of the polymer chains. Conversely, the polymer chains may acquire su�cient energy to undergo

cleavage (chain scission) to create smaller fragments. Whether the polymer undergoes cross-linking

or chain scisson on exposure to elevated temperatures depends on which of the two competing
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Figure 1.3 Increasing carbonyl absorbance at 1730 cm-1 in EPR as a function of thermal
aging at 115, 130 and 145� C [36]

mechanisms is dominant. When chain scission is dominant, EPR degrades. The occurrence of both

processes is dependent on temperature and oxygen availability.

A convenient method to detect oxidation of EPR as a function of thermal degradation is to

track the carbonyl group formation exhibited by the 1730 cm-1 Fourier transform Infrared (FTIR)

spectroscopy absorption band [36]. In Figure 1.3, the change in carbonyl absorbance intensity for

EPR aged under accelerated aging at isothermal temperatures of 115, 130 and 145� C is presented.

At all three temperatures, carbonyl intensity remains constant for a certain induction period after

which a rapid increase is observed. This behavior may be attributed to the presence of stabilizing

agents within the EPR formulation. Once the e�ectiveness of the stabilizer is lost, rapid oxidation

of the compound takes place, which is reected in the increase in carbonyl index. Similar results

were obtained for di�erent commercial formulations of EPR [4].

Stabilizers and antioxidants are added to EPR in 1 to 2 phr (parts per hundred rubber) quan-

tities to minimize oxidative degradation at elevated temperatures. Several mechanisms have been
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proposed for the role of the antioxidant during the thermal degradation process. Primarily, the

mechanism may be by the depression of free radical formation when the polymer chain is thermally

activated, or by the termination of existing free radicals.

1.5 Hypothesis

In response to long-term exposure to elevated temperatures, EPR-based insulators undergo ther-

mal degradation as a result of microscopic changes in morphology and chemistry. It is hypothesized

that

(i) similar long-term aging e�ects can be realized under accelerated aging conditions, and

(ii) the changes in the underlying chemistry and structure of the insulation will, in turn, cause a

change in its macroscopic electrical, thermal and mechanical properties, and

(iii) by measuring these changes as a function of aging time, analytical aging models may be

developed that can e�ectively predict the remaining useful life of thermally aged production-

grade EPR.

1.6 Approach

Accelerated aging of EPR is carried out at chosen isothermal temperatures to access the thermal

degradation mechanisms over a span of elevated temperatures for varying aging times. Measurable

thermal, electrical and mechanical property changes that serve as key indicators for thermal degra-

dation are obtained by various characterization techniques. Some of these measurements serve as

input parameters to kinetic rate-of-degradation-based predictive aging models for EPR lifetime.

Further, degradation in an EPR-insulated commercial power cable forti�ed with an external CPE

jacket is evaluated by examining changes in composition and microstructure, as well as macroscopic

electrical and mechanical properties.
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1.7 Research Objectives

In this section, the four main objectives for this research are laid out, and the chapter(s) that

describe the work done to realize each objective is (are) also speci�ed.

The following objectives are proposed in support of the aforementioned hypothesis:

1. Accelerated isothermal aging of production-grade EPR from high-temperature/short ag-

ing time spans to low-temperature/long aging time spans to generate thermal degradation

data over a range of temperatures (Chapter 2).

2. Characterization of thermally-aged, production-grade EPR by measuring macroscopic changes

in thermal, electrical and mechanical properties as a function of thermal aging time and tem-

perature (Chapters 3, 4, 5 and 6).

3. Development of kinetic predictive aging models that estimate the remaining useful

life (RUL) of production-grade EPR based on measured changes in its thermal and electrical

properties (Chapters 3 and 4).

4. Thermal aging studies on a commercial, jacketed EPR/CPE cable to understand mi-

croscopic and macroscopic changes in the EPR insulation when aged in the presence of an

external CPE jacket (Chapters 5 and 6).
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CHAPTER 2. MATERIALS AND CHARACTERIZATION METHODS

2.1 Chapter Overview

The primary focus of this study is to evaluate thermal aging in a production-grade EPR-based

cable insulation to support condition monitoring and predict the remaining useful life of power

cables employed in NPPs. For this purpose, accelerated isothermal aging studies were performed on

a chosen formulation of production-grade EPR. Further, to evaluate thermal aging characteristics of

EPR in a jacketed cable con�guration, thermal degradation studies were conducted on a commercial

medium-voltage power cable. In this chapter, the commercially manufactured EPR-based insulation

chosen for this study is introduced in Section 2.2.1 and the jacketed cable evaluated is described

in Section 2.2.2. The characterization methods employed in this study are detailed in Section 2.3,

and the results of preliminary characterization studies on the unaged EPR compound are reported

in Section 2.4. This is followed by an explanation of the accelerated isothermal aging process in

Section 2.5. Finally, a summary of key information from the chapter and concluding remarks are

given in Section 2.6.

2.2 Materials

2.2.1 Ethylene Propylene Rubber (EPR) insulation

The chosen material for study is production-grade pink EPR insulation with the trade-name

Okoguard® directly obtained in the form of press-cured plaques (220� 220 � 1.6 mm3) from the

manufacturer, the Okonite Company. The Okoguard® insulation is an EPR-based thermosetting

compound having a distinctive pink color. With excellent dielectric and mechanical strength, this

insulation �nds application in both jacketed and non-jacketed medium voltage cables installed

in NPPs. Cables insulated by Okoguard® are typically employed for service in the 5 to 69 kV
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Table 2.1 Overview of key characteristics of Okoguard® EPR and Okolon® CPE

Characteristic EPR CPE
Elongation at Break (%) 289 � 7 343� 9
Inorganic Filler Content (wt.%) 49 � 2 37 � 1
Glass Transition Temperature, Tg ( � C) -55 |
Melting Temperature, T m ( � C) (wt.%) 390 � 2 275� 3
Real Relative Permittivity at 1 kHz 2.85 6.25
Dielectric Strength at 0.5 kV/s ramp rate (kV/mm) 22.7 |

operating voltage range. From here on in this document, `EPR' will be used to refer speci�cally to

the Okoguard® EPR formulation described above.

2.2.2 Jacketed EPR/CPE power cable

A single core, non-shielded 2.4 kV power cable supplied by The Okonite Company with the trade

name Okoguard® -Okolon® TS-CPE Type MV-90 and an outer diameter of 22.4 mm was chosen

for this study. In this cable con�guration, the conductor diameter is approximately 9.2 mm, and

is formed by annealed, compact stranded copper. The approximate thickness of the non-bonded

CPE-based jacket (Okolon® TS-CPE) is 2 mm and that of the EPR-based insulation (Okoguard® )

layer is 3.5 mm. The cable also comprises a layer of a black semiconducting EPR screen (reinforced

with carbon black) lining the interface between the EPR insulation and the copper conductor,

which has an approximate thickness 0.5 mm. The semiconducting screen is included to minimize

sites for partial discharge at the insulation-conductor interface. From here on in this document,

`CPE' will be used to refer speci�cally to the Okolon® TS-CPE formulation described above.

Table 2.1 provides an overview of the characteristics of the EPR and CPE formulations de-

scribed above as measured in this study. The experimental methods implemented to characterize

the materials are described in Section 2.3.
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2.3 Characterization Methods

A variety of characterization tests were conducted in this work to support one or more of the

following objectives:

1. To assess the composition and features of the materials investigated.

2. To understand the relationship between macroscopic property changes and microscopic degra-

dation mechanisms occurring within the material on thermal aging.

3. To obtain input parameters required for the development of analytical models that predict

thermal aging lifetime.

An overview of the characterization methods employed for materials testing are described below.

For each method, the operating principle and research purpose are explained. The speci�cations for

the instruments used and the sample preparation for testing are described in detail in the following

chapters for each study, as relevant.

2.3.1 Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS)

Working Principle: When a focused beam of accelerated electrons strikes the surface of a

sample, the electrons interact with the near-surface area of the sample in a variety of ways. As in

the case of visible light, the incident electrons (also known as primary electrons) may be reected,

transmitted or absorbed by the sample. Furthermore, the electrons may interact with the atoms

present in the sample of which the most prevalent interactions may be categorized as elastic or

inelastic scattering. In elastic scattering, there is minimal loss of energy and no change in wavelength

of the primary electron. Where as, inelastic scattering causes loss of energy of the incident electron.

Based on the type of interaction, di�erent signals are emitted from the sample, including (but not

limited to) backscattered electrons, secondary electrons, characteristic x-rays, and auger electrons.

Based on the type of signal analyzed, di�erent information about the sample may be obtained.
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ˆ Surface imaging using a Scanning Electron Microscope (SEM):

In an SEM, secondary electrons and backscattered electrons are routinely exploited to create

an image of the sample. Secondary electrons (SEs) are emitted as a result of inelastic scat-

tering, wherein the incident electrons knock out the loosely bound outer (valence) electrons

of the sample atoms. On the other hand, backscattered electrons (BSEs) are a consequence

of elastic scattering of the primary electrons, which occurs when there is a head-on collision

between the electron and the nucleus of the sample atoms. In both cases, if the emitted

electrons have energy higher than the surface energy of the sample, they escape from the

sample and are captured by a detector. While secondary electrons are used to image sample

morphology and topography, backscattered electrons illustrate contrasts in composition in

multiphase samples.

ˆ Elemental analysis by Energy Dispersive Spectroscopy (EDS):

EDS analysis is a standard technique employed to identify and quantify the elemental compo-

sition a small volume of the sample. When primary electrons from the incident beam bombard

and eject electrons from the inner shells of the sample atoms, vacancies are created in the

inner shells. The presence of these vacancies is energetically unfavorable and electrons from

higher energy levels quickly transition to �ll the vacancy by emitting their excess energy in

the form of X-ray photons. The emitted X-rays have sharply de�ned energies associated with

the di�erence between the atomic energy levels of the sample atoms, making them a unique

characteristic of each element. Consequently, a \�ngerprint" spectrum of the constituent el-

ements in a sample can be obtained by comparison with reference spectra. Both qualitative

and quantitative EDS analysis of elemental composition may be performed. An SEM �tted

with an energy dispersive detector may be utilized to identify the elemental composition of

the sample by analyzing the characteristic X-rays emitted from the sample.

Research Purpose: SEM/EDS analysis was performed to characterize the elemental compo-

sition of the EPR compound and identify the inorganic �llers present in the formulation. Further,
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cable segments were evaluated to assess qualitative changes in composition and microstructure of

the EPR insulation on thermal aging alongside the CPE jacket.

2.3.2 Thermogravimetric Analysis (TGA)

Working Principle: Thermogravimetry (TG) involves continuously monitoring the change

in the mass of a sample as a function of temperature and time in a controlled atmosphere. The

temperature program may be isothermal (constant temperature), non-isothermal (constant heating

rate) or a combination of both. The mechanism and the kinetics of the thermal degradation process

in a given atmosphere primarily determine the shape of the TG mass change curve as a function

of temperature (or time).

Typically, a TGA consists of a sample pan or crucible supported by a precision balance to

measure changes in sample mass. The apparatus resides inside a furnace where the sample is either

heated or cooled for the test. The mass of the sample is continuously monitored throughout the

experiment as a function of temperature and time. The sample environment is controlled by the

constant ow of a sample purge gas. Depending on the desired sample characterization, the purge

gas is chosen to be an inert or a reactive gas.

Thermogravimetric analysis provides insight into the thermal degradation characteristics of a

sample. The technique is typically used to quantify thermal and oxidative stability. Moreover, by

analyzing the data obtained from a TG experiment inferences can be made about the composition

of a sample.

ˆ TGA coupled with evolved gas Mass Spectrometry (TGA/MS):

Advanced studies of materials decomposition mechanisms and kinetics can be performed by

characterizing the gases evolved as degradation products during a TGA experiment. TG ana-

lyzers can be con�gured to operate with a compatible Mass Spectrometer (MS) for qualitative

and/or quantitative analysis of evolved gases, where the gases exiting the sample are directly

transferred from the TGA furnace to the MS analyzer.
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In the mass spectrometer, the evolved gases are ionized by bombardment with electrons and

then accelerated towards a detector by an applied electromagnetic �eld. A mass spectrometer

may operate either in a positive ion mode or a negative ion mode, based on which the gases are

ionized to form positive or negative ions respectively. The ions formed are sorted according

to mass and charge by two processes, acceleration and deection. When accelerated by an

applied electric �eld, the charged ions will travel at di�erent velocities towards the detector

depending on their mass (lower the mass, higher the velocity). Further, the magnetic �eld

deects the ions to varying degrees, once again, depending on the mass of the ions (lower

the mass, greater the deection) and the charge on the ion (higher the charge, greater the

deection). An output spectrum of relative ion intensity as a function of mass to charge

ratio (m/z) is obtained for the evolved gases from the sample. The atoms or molecules in the

evolved gases can be identi�ed by comparison with known reference spectra. Interpretation

of mass spectra of evolved gases is subjective to knowledge of the sample being analyzed and

the nature of the TGA test being performed.

Research Purpose: TGA/MS analysis was conducted to evaluate the thermo-oxidative degra-

dation mechanism of EPR, gain insight into its composition and quantify the inorganic �ller content.

Thermal degradation kinetics of EPR were also studied to develop a predictive model to determine

EPR lifetime under isothermal conditions. The inuence of the CPE jacket on thermal aging

characteristics of EPR insulation was also investigated by this method.

2.3.3 Di�erential Scanning Calorimetry (DSC)

Working Principle: The heat capacity for a given mass of any substance is de�ned as the

amount of heat required to be provided to produce a unit change in its temperature. For the

purpose of materials characterization, physical and chemical changes occurring in a material as a

function of temperature may be captured by measuring changes in its heat capacity. Di�erential

scanning calorimetry is a thermoanalytical technique that measures changes in the heat capacity of

a material as a function of temperature in a controlled environment. In this method, a known mass
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of a sample is heated or cooled according to a de�ned temperature program, and the changes in

heat ow are tracked to obtain a measure of changes in the heat capacity of the sample. Typically,

changes in heat ow to the sample are measured relative to the heat ow to a reference sample

being tested simultaneously under identical conditions. The fundamental principle underlying this

measurement technique is that, when a sample undergoes a physical or chemical change, more or

less heat will need to ow to the sample than the reference in order to maintain both at the same

temperature. If the change that the sample undergoes is the result of an exothermic process, less

heat must ow to the sample, while for an endothermic process, more heat must ow to the sample.

The resulting output of the experiment is a measure of the heat ux as a function of temperature

(or time).

For the purpose of polymer characterization, DSC analysis is a standard technique employed

to measure sample characteristics such as the glass transition and melting temperatures, percent

crystallinity, thermal and oxidative stability, percent cure and purity. Similar to TGA analysis, the

data obtained from a DSC experiment may be interpreted to gain insight into the compositional

make up of the sample.

Research Purpose: Thermal properties of EPR, including glass transition temperature (Tg)

and melting temperature (Tm) were acquired by DSC analysis.

2.3.4 Dielectric Spectroscopy (DS)

Working Principle: Dielectrics do not easily allow the free ow of charge carriers through

them. Instead, they are able to store electrical energy in the form of an electric �eld. The complex

permittivity of a dielectric is a measure of the electrical storage (real permittivity, � 0) and loss

modulus (imaginary permittivity, � 00) of the material. A measure of the complex permittivity of

a dielectric quanti�es the intrinsic electrical properties of the material that govern its response to

an applied electric �eld. Consider a dielectric placed between the electrodes of a parallel plate

capacitor. When a vector electric �eld,
�!
E is applied across the dielectric, the material becomes

polarized. Polarization mechanisms may be i) electronic (distortion of electron cloud of an atom),



24

ii) ionic (slight displacement of charges from average equilibrium positions within an ionic crystal),

iii) dipolar (orientation of permanent or induced dipoles in the applied �eld direction) and iv) space

charge (accumulation of charge at the interface of two regions within the material). Regardless of

mechanism, the result of polarization is the partial or complete alignment of the polarized species

in a direction opposite to that of the applied �eld. This decreases the e�ective electric �eld between

the electrodes of the capacitor resulting in storage of greater amount of charge between the parallel

plates. The higher the polarizability of a dielectric, the greater is its ability to sustain an electric

�eld. Energy losses may occur if the material allows for even small amounts of free ow of charge

carriers. The complex permittivity of a dielectric provides information on its ability to store

electrical energy (� 0), as well as its tendency to dissipate energy (� 00) on interaction with an external

electric �eld.

Relative complex permittivity of a material ( � r ) is given by,

� r =
�
� o

= � r
0� j� r

00.

Where, � o is the electric permittivity of free space, 8.854� 10� 12 F/m, � is the absolute complex

permittivity of the dielectric, and � r
0 and � r

00are the relative real and imaginary permittivities of

the dielectric medium respectively.

2.3.4.1 Frequency dependence of complex permittivity:

The dependence of the relative complex permittivity on the frequency of the applied electric

�eld may be attributed to the polarization mechanisms that occur within the dielectric. The con-

tributions of the di�erent polarization mechanisms to the frequency response of a dielectric depend

on the size and mobility of the polarized species. When a dielectric is placed in an alternating

electric �eld, the dipoles attempt to maintain alignment with the applied �eld as the polarity of the

electrodes are reversed back and forth. This process requires a �nite amount of time determined

by the polarization mechanism. The frequency at which the dielectric loss factor is at a maximum

for a given polarization mechanism is the relaxation frequency. At frequencies above the relaxation

frequency, the dipoles will no longer be able to keep up with the changing electric �eld and no
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Figure 2.1 Schematic representation of frequency dependence of real and imaginary per-
mittivity for a hypothetical material having interfacial, dipolar, ionic and elec-
tronic polarization mechanisms [1].

longer contribute to the polarization of the dielectric. Figure 2.1 illustrates the frequency depen-

dence of real and imaginary permittivities for a hypothetical dielectric in which all four polarization

mechanisms (interfacial, dipolar, ionic and electronic) are present.

Broadband dielectric spectroscopy (BDS) provides insight into the insulating properties of a

dielectric and the underlying mechanisms that govern the electrical response of the material. It is

a highly e�ective technique to investigate dielectric properties of insulation materials. Typically, a

at sample is placed between the electrodes of a parallel plate capacitor and a frequency sweep of

applied electric �eld is carried out to obtain the frequency-dependent dielectric response.

Research Purpose: DS measurements were conducted on EPR and CPE to evaluate electrical

properties of the insulation and jacket. Further, dielectric response of EPR was investigated as a

function of thermal aging to characterize insulation performance. Changes in relative real permit-

tivity of EPR were evaluated and employed as inputs to a model to predict the remaining useful

life of EPR as an e�ective cable insulator. Dielectric spectroscopy studies were also performed on
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jacketed cables using interdigital capacitive electrodes (IDCs) to investigate changes in complex

permittivity of EPR and CPE when thermally aged in the intact cable geometry.

2.3.5 Dielectric Breakdown (DB)

Working Principle: As mentioned in section 2.3.4, free ow of charge carriers is not easily al-

lowed by a dielectric material. However, when a high enough voltage is applied across an electrically

insulating material, a conducting pathway is burnt through it. This process is known as electrical

breakdown or failure of the dielectric. Typically in an insulator, the band gap between the valence

and conduction bands in so large that the electrons do not have su�cient energy to cross over.

However, when a su�ciently large electric �eld is applied across the dielectric, the valence electrons

gain enough energy to cross the band gap and move into the conduction band, resulting in the ow

of current. The voltage of the applied �eld at which breakdown occurs is known as the breakdown

voltage (Vb) of the dielectric. Electrical breakdown strength (Edb) of a material is de�ned as the

highest electric �eld intensity it can withstand prior to undergoing electrical breakdown, and is

given by,

Edb = Vb=d (2.1)

where, d is the sample thickness.

Good insulators are characterized by high dielectric strength. For cable insulation materials,

high dielectric strength is a highly desirable characteristic. Macroscopic electrical breakdown is

the result of complex physical and chemical changes occurring within the material microstructure.

Consequently, changes in chemical composition and microstructure strongly inuence the dielectric

breakdown characteristics of an insulator. Further, the breakdown strength for identical samples of

a material is not a de�nite value, but is rather scattered over a range of values owing to imperfections

and heterogeneity in the material. Therefore, dielectric breakdown strength of a material is better

represented as a distribution over a range of values.

Breakdown studies are standardized tests conducted to evaluate the electrical strength of di-

electrics. Typically a sample is placed between a high voltage and a low voltage electrode and the
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applied electric �eld is increased at a constant ramp rate until current ow is detected. The voltage

at which current ow occurs is recorded as the measured breakdown voltage of the sample, from

which the dielectric strength is calculated using equation 2.1.

Research Purpose: The dielectric strength of EPR insulation was measured for a variety of

applied voltage ramp rates to assess its performance as an insulator for medium voltage cable

applications. Changes in dielectric strength were tracked as a function of aging to develop a

kinetic model that predicts electrical breakdown in EPR as a function of thermal aging at various

temperatures.

2.3.6 Elongation at Break (EaB) tensile test

Working Principle: Elongation at break is a measure of material ductility, or its ability to

be extended. If a given test specimen (having initial length,L ) subject to a uniaxial tensile load

applied at a constant stress rate _� , undergoes breakage after elongation by �L , the elongation at

break EaB is given as,

EaB =
�

� L
L

�
� 100

The measurement quanti�es the ability of a material to undergo signi�cant deformation prior

to mechanical failure. Materials with higher elongation at break are said to exhibit higher ductility.

Materials with low ductility are typically brittle and undergo fracture prior to signi�cant deforma-

tion. The macroscopic deformation and mechanical failure of a material is strongly dependent on

its chemical make up and physical properties.

EaB testing is a destructive technique which requires permanent deformation and fracture of the

test specimen. It is a widely accepted standard measure in the industry for quantitative assessment

of the mechanical properties of rubber compounds.

Research Purpose: Changes in mechanical properties and thermal lifetime of EPR aged at

various isothermal temperatures was evaluated by EaB studies. Further, EaB measurements were

compared and contrasted with electrical property changes to evaluate the e�ectiveness of mechanical

and electrical condition monitoring techniques to track EPR aging.
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Figure 2.2 Backscattered Electron (BSE) image of EPR at 1500� magni�cation as imaged
via SEM. The white rectangular inset marks the region of the sample selected
for EDS analysis.

2.4 Preliminary Characterization Studies on EPR

The key results of preliminary studies conducted to evaluate EPR composition and dielectric

properties are presented below. It must be noted that the EPR insulation studied in this work is

a production-grade compound with a proprietary formulation. The objective of characterization

studies presented in this section is to gain a working knowledge of the main constituents of the

system and its dielectric properties as an insulator.

2.4.1 Evaluation of composition and morphology by SEM/EDS analysis

SEM imaging of EPR was carried out to assess the morphology and identify the nature and

size of the inorganic �llers included in the compound. Figure 2.2 is a back scattered electron image

of the ion-milled surface of EPR. The surface of the sample was coated with iridium to minimize

charging due to the incident electron beam. The SEM image shows that an enormous quantity of

reinforcing �llers are present in EPR. The particle size of the �llers varies over a wide range roughly

between 80 nm to about 20� m. As with size, the geometry of the added �llers is also seen to have




	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ACKNOWLEDGMENTS
	ABSTRACT
	1. GENERAL INTRODUCTION
	1.1 Chapter Overview
	1.2 Motivation - The Big Picture
	1.3 Dissertation Overview
	1.4 Background and Literature Review
	1.4.1 Cable function and failure
	1.4.2 Cable insulation and jacket materials
	1.4.3 An introduction to Ethylene Propylene Rubber (EPR)
	1.4.4 Thermal degradation in cable insulation

	1.5 Hypothesis
	1.6 Approach
	1.7 Research Objectives
	1.8 References

	2. MATERIALS AND CHARACTERIZATION METHODS
	2.1 Chapter Overview
	2.2 Materials
	2.2.1 Ethylene Propylene Rubber (EPR) insulation
	2.2.2 Jacketed EPR/CPE power cable

	2.3 Characterization Methods
	2.3.1 Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS)
	2.3.2 Thermogravimetric Analysis (TGA)
	2.3.3 Differential Scanning Calorimetry (DSC)
	2.3.4 Dielectric Spectroscopy (DS)
	2.3.5 Dielectric Breakdown (DB)
	2.3.6 Elongation at Break (EaB) tensile test

	2.4 Preliminary Characterization Studies on EPR
	2.4.1 Evaluation of composition and morphology by SEM/EDS analysis
	2.4.2 Investigation of electrical properties

	2.5 Accelerated Isothermal Aging
	2.5.1 Aging temperature and methodology
	2.5.2 Time-Temperature (t-T) superposition studies

	2.6 Conclusion
	2.7 References

	3. KINETIC MODELING OF THERMAL MODELING OF THERMAL DEGRADATION IN ETHYLENE PROPYLENE RUBBER (EPR)
	3.1 Abstract
	3.2 Introduction
	3.3 Materials and Sample Preparation
	3.4 Methods
	3.5 Results and Discussion
	3.5.1 Thermal degradation in EPR
	3.5.2 Kinetic modeling

	3.6 Conclusion
	3.7 References

	4. A KINETIC MODEL FOR DIELECTRIC BREAKDOWN IN THERMALLY AGED ETHYLENE PROPYLENE RUBBER (EPR)
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and Methods
	4.3.1 Materials and sample preparation
	4.3.2 Characterization methods

	4.4 Theoretical Development
	4.4.1 Formation of a conducting submicrocrack
	4.4.2 Submicrocrack propagation and dielectric breakdown

	4.5 Results and Discussion
	4.5.1 Relative permittivity of EPR as a function of aging
	4.5.2 Measured dielectric breakdown strength of EPR
	4.5.3 U and gamma as empirical functions of permittivity
	4.5.4 Dielectric breakdown strength prediction at various temperatures

	4.6 Conclusion
	4.7 References

	5. CHARACTERIZING THERMAL DEGRADATION IN ETHYLENE PROPYLENE RUBBER (EPR) INSULATION AGED ALONGSIDE CHLORINATED POLYETHYLENE (CPE) JACKET IN POWER CABLES
	5.1 Abstract
	5.2 Introduction
	5.3 Materials and Methods
	5.3.1 Sample preparation
	5.3.2 Characterization methods

	5.4 Results and Discussion
	5.4.1 Optical Microscopy - interaction layer growth
	5.4.2 SEM/EDS Analysis - changes in elemental composition
	5.4.3 TGA/MS Analysis - characterizing thermal degradation behavior

	5.5 Conclusion
	5.6 References

	6. MEASURING DISSIPATION FACTOR OF THERMALLY AGED EPR/CPE JACKETED CABLES USING INTERDIGITAL CAPACITIVE SENSORS
	6.1 Abstract
	6.2 Introduction
	6.3 Materials and Methods
	6.3.1 Materials
	6.3.2 Accelerated aging and sample preparation
	6.3.3 Methods

	6.4 Results and Discussion
	6.4.1 Measured dissipation factor (D)
	6.4.2 Comparison of dissipation factor and indenter modulus

	6.5 Conclusion
	6.6 References

	7. GENERAL CONCLUSION
	7.1 Proposed Directions for Future Work


