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ABSTRACT OF THE DISSERTATION

Predictive Model of the Degradation of Cable Insulation

Subject to Heat and Radiation

by

Yuan-Shang Chang
Doctor of Philosophy in Materials Science and Engineering

University of California, Los Angeles, 2017

Professor Ali Mosleh, Chair

Degradation of cable insulation subject to heat and radiation is modeled by physics-based

chemical, mechanical, and electrical approaches. Experimental data of cross-linked

polyethylene (XLPE), ethylene propylene rubber (EPR), and silicone rubber (SIR) are

incorporated to validate the models.

Chemical approaches divide aging Kkinetics into reaction- and diffusion-controlled

mechanisms rendering homogeneous and heterogeneous cross-sections, respectively. The

degradation profile of a cross-section serves as the base of Dichotomy Model. The model

dichotomizes one bulk material into virtually degraded and non-degraded parts. The quotient

of the two parts is determined by a diffusion theory in diffusion-controlled cases or by an

exponential distribution in reaction-controlled scenarios to predict the lifespan of the cable



insulation. Besides the degradation of the insulation, the migration and decomposition of the

antioxidant in the insulation are also modeled by a reaction-diffusion theory representing the

uphill diffusion of the antioxidant. The uphill diffusion is driven by the unevenly-distributed

activity coefficient linearly proportional to oxygen concentration with a negative slope.

Both mechanical and electrical approaches are derived from Dichotomy Model. The

degradation of mechanical performance is focused on elongation at break (EAB) while that of

electrical property is quantified by resistance. EAB and resistance as functions of time are

deterministically developed. Incubation time is a parameter of the function representing the

time period when the changes of the physical properties are negligible. Drop-off rate is the

other parameter describing the trends of the properties. The values of the two parameters

follow the trends of temperature and dose rates, which makes the functions predictable in

different aging conditions. Unlike the state of the art, this model can accommodate the shape

change of the curves of EAB and resistance along a time axis.

By Bayesian parameter estimation, the deterministic function has been converted into a

probabilistic equation. This method can represent the thresholds of the EAB and resistance in

field application with uncertainty denoting the reliability of cable insulation by expected

lifespan in the form of probability. The approach is the first in the area.
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Chapter 1: Introduction

1.1 Motivation

How long can a nuclear reactor last? This is the title of an article published by Scientific
American on November 20", 2009; the subheading is even more intriguing: industry experts
argue old reactors could last another 50 years, or more [1, 2]. In the viewpoint of materials
science and engineering, during 100 years, objects change as time elapses. The composition
and distribution of the elements in any material are dynamic. How to maintain or replace the
aging components in nuclear power plants (NPPs) to maintain their performance and, most
important of all, the safety of these facilities for such a long time will be challenging. The
makeup of the components in an NPP can be conventionally categorized into four basic groups:
metals, ceramics, polymers, and composites [3]; the fourth can be considered as the
combination of the former three. Among these, materials containing polymers may be most
susceptible to degradation due to external energies such as heat and radiation, which are
ubiquitous in NPPs. Cables are essential parts in any power plants; they transmit power and
signals. The insulation layers of cables are often made from polymers whose degradation can
be affected by the synergistic effects caused by heat and radiation. Besides nuclear reaction,
radiation can also come from the sun. Therefore, approaches or standards that can define and

estimate the life of cable insulations subject to heat and radiation are significant for power



plants operation and safety concern. However, predictive models addressing the degradation of

cable insulation have not been fully developed.

1.2 Background

The oldest commercial NPP in the United States started operation in 1969 [1]. The total

electricity generated in 1971 was 1.6E9 MWh and at that time nuclear provided only about

2.36% of total generated electricity. From 1971 to 2005, the total electricity had steadily

increased 250% to 4.1E9 MWh, and maintained at this level to 2015. The nuclear power share

had been increased about 850% to the ratio of 20% by 1992, and kept at that level until 2015 [4].

Both trends are shown in Figure 1.1. Besides the United States, many other countries depend

on nuclear energy; Figure 1.2 illustrates the nations whose atomic shares of electricity in 2015

were higher than 18%. These statistics indicate that electricity generated from nuclear fuel

continues playing a significant role worldwide.

Cables are necessary components in a power plant. Figure 1.3 schematically illustrates

the structures of three common types of cables. Conductors are for transmitting power and

signals. Besides providing grounding, shields can also prevent the interference from the

electromagnetic waves induced by currents, for example. Both conductors and shields are

made of metals. On the other hand, insulation and jackets are made from polymers which can



be prone to the degradation resulting from the heat and radiation.
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Figure 1.1 Relation between total and nuclear power share of generated electricity [4]
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Figure 1.3 Schematic structures of three common types of cables: (a) a twisted pair shielded

instrumentation cable. (b) a co-axial instrumentation cable. (c) a multi-conductor shielded

control cable. [6]

This research is mainly concerned with the degradation of cable insulation. Table 1.1

lists three major materials which are used to manufacture the insulation layers: XLPE, EPR,

and SIR. The percentages of the NPP units which have the insulation layers of the given

materials are shown in Figure 1.4.

After identifying the types and percentages of the materials mainly used to make cable

insulation Table 1.2 lists the locations at which the degradation of the insulation layers should

be most likely of concern due to temperature and radiation. According to the table, the

temperature range is approximately from room temperature to the boiling point of water; the

range of the dose rates is about from 0.01 to 0.7 Gy/hour.



Table 1.1 Primary insulation materials [7]

Material* Material Type | Insulation Use | Jacket Use
XLPE Plastic Common Limited

EPR Rubber Common Not suitable

SIR Rubber Common Not suitable

*XLPE: cross-linked polyethylene. EPR: ethylene propylene rubber. SIR: silicone rubber

XLPE
EPR/EPDM
SIR
CSPE(Hypalon)
ETFE

PVC

PE

Neoprene
Polyalkene

E-CTFE

0 10 20 30 40 50 60 70 80 90 100

Percentage

Figure 1.4 Percentage of NPPs with the types of the insulation of in-containment

cables [8]



Table 1.2 Typical hot spot areas in NPPs [6]

Reactor i Temperature Radiation Dose Rate
Hot Spot Location
Type (°C) (Gy/hour)
Stream generator box 47-48, max 100 | 0.1
PWR
Primary loop 50 0.7
Drywell neck region 100+5 0.5
BWR Primary steam relief valve region | 705 0.01
Power range monitor region 805 0.24
Feeder cabinet and reactor vault 41-60 0.6-2.1
CANDU
Boiler areas 30-60 0.008-0.2

Table 1.3 Rating temperature of XLPE [9-12], EPR [13-16], and SIR [17-19]

Insulation Material | Rating temperature(°C)

XLPE 90
EPR 105
SIR 250

Since the molecular structures and compositions of XLPE, EPR, and SIR are different,

their field application temperatures at the normal situation, also termed rating temperatures,

are different. Each value is listed in Table 1.3. XLPE and EPR are sometimes rated at the

same temperature: about 90°C, while SIR is more suitable for the applications at a higher

temperature.

Corresponding to voltage levels, the cables in an NPP can be roughly categorized into



three classes: low voltage cables, medium voltage cables, and coaxial cables. Over 90% of
them are low voltage cables [20]. The Institute of Electrical and Electronics Engineers (IEEE)
[21] and Electric Power Research Institute (EPRI) [22] define the voltages below 1000V as
low voltage. American National Standards Institute (ANSI) classifies system voltages at
600V or below to be “low voltage [23].” The detailed classifications of system voltages are
listed in Table 1.4. The materials for the insulation layers suitable for the application of each

voltage categories are listed in Table 1.5.

Table 1.4 System voltage classification [23]

N Lower Limit Higher Limit
Classification
V) V)
Low voltage - 600
Medium voltage 600 69k

High voltage 69k 230k
Extra high voltage 230k 1,100k
Ultra high voltage 1,100k -

Table 1.5 Insulation materials corresponding to voltage levels used in NPPs [24]

Classifications of Cables | Insulation Material
High voltage cable XLPE
XLPE
Low voltage cable EPR
SIR




1.3 Significance

The total length of the cables installed in an NPP can be over 2,000 kilometers [20].

These cables are subject to heat and radiation, which makes the necessity of the replacement

of the cables become an issue due to the degradation of the insulation layers. After all, the

cost of the replacement is at least 10 times higher than that of installation [25].

In application, an insulation layer must have at least two characteristics: high resistivity

to isolate electricity and adequate ductility to absorb mechanical forces. However, research

indicates resistivity decreases due to degradation; one research even reported that XLPE

insulation can lose resistivity several thousand times when it is aging [26]. On the other hand,

as for the ductility, the EAB measured by a tensile test can decrease from more than 500% to

less than 20% when an XLPE specimen is exposed to heat or radiation [20]. Hence,

International Atomic Energy Agency (IAEA) suggested in a technical report that EAB at 0.5

may be defined as the end of the life of cable insulation in the view of ductility [27].

Either the diminishing of the resistivity or the reducing of the ductility can result in short

circuit and cause tremendous financial loss to a power plant, not to mention the possibility of

jeopardizing the integrity of a generator and threatening the safety of nearby residents, whose

values are inestimable. Therefore, the replacement of aging cables should be assessed due to



the high cost of the work [25]. Plans and cautions must be comprehensively taken in advance.

To sum up, a model that can be used to precisely predict the condition of the “health” of
an on-site insulation layer shall be helpful to power plants in scheduling a regular check at a
proper frequency. In addition, if this model is developed, it can also be served as a guideline

for the future design of a new power plant.

1.4 Objective

The objective of this dissertation is to develop deterministic and probabilistic models to
quantify the degradation of cable insulation subject to heat and radiation (y-ray emitted from
%0Co). The definitions of the degradation are based on chemical, mechanical, and electrical
properties which are the oxide and antioxidant distribution, elongation at break, and electrical

resistance, respectively. The materials of the cable insulation are XLPE, EPR, and SIR.
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Chapter 2. An Assessment of the State of the Art

2.1 Overview of the Materials

Three most widely-used materials for cable insulation are XLPE, EPR, and SIR [8]. The
main properties of these materials are discussed in this section. Additionally, the antioxidants
that are commercially added in XLPE are also discussed. The antioxidants can prevent XLPE
matrix from degradation which is mainly caused by the oxidation reaction induced by oxygen

and moisture [28, 29].

2.1.1 XLPE

The molecular structure of polyethylene is illustrated in Figure 2.1. The chains of
polyethylene before cross-linking are schematically represented in Figure 2.2. After the
chains of the polyethylene are cross-linked, each chain becomes a part of the
three-dimensional networks as shown in Figure 2.3. The molecular structure forming the
network is shown in Figure 2.4 where the straight lines between two main chains indicate the
bonds of the cross-link. The degree of cross-linking is usually between 65% and 89%
according to ASTM F876 - 15a [30].

For Low-Density Polyethylene (LDPE), the n value in Figure 2.1 ranges from 1,000 to

10,000; the n value of High-Density Polyethylene (HDPE) ranges from 10,000 to 100,000.
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For Ultra High Molecular Weight Polyethylene (UHMWPE), the n value is larger than
100,000. Most of the XLPE applied to wires and cable application is based on LDPE, which
is focused in this dissertation.

For the XLPE applied to cable insulation, the normal application temperature,
emergency temperature, and short circuit temperature provided by one cable manufacturer are
90°C, 130°C, and 250°C, respectively [31]. In the entire lifespan of XLPE insulation, 1,500
hours is the limit when this insulation is cumulatively working at this emergency temperature
[32].

Mechanical properties are often used to quantify the degree of the aging of a material.
EAB, or ductility, is considered for cable insulation. The EAB of a fresh XLPE insulation can
range from 300% to 500%, while that of a degraded one can be lower than 20% [20].

Besides the mechanical property, the electrical insulating ability is also an important
factor in the estimation an aging progress. Studies revealed that the resistivity of a new XLPE
insulating layer is about 7 x 10'* Q-cm. After aging at 150°C for 500 hours, the resistivity can

drop 1,000 times to 3 x 10* Q-cm [26].

12
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Figure 2.1 The repeat structure of the chain of polyethylene

Figure 2.2 Schematic illustration of the main chains of polyethylene before cross-linking
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Figure 2.3 Schematic illustration of the cross-link of polyethylene
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Figure 2.4 Schematic illustration of the chains of polyethylene after cross-linking

2.1.2 Antioxidant in XLPE

The additives are always doped into an XLPE insulation layer to prevent the XLPE

matrix from degradation. These additives are termed antioxidants. Antioxidant may compete

with the reactions caused by the formation of the free radicals generated by heat and radiation.

Therefore, antioxidants can hinder the subsequent reactions initiated by the free radicals by

reacting with the free radical first. This mechanism makes antioxidants work like a patch,

stopping the bleeding from a wound as an analogy of a free radical site. However, this

antioxidant cannot deter the decrease of the molecular weight of matrix polymers.

Another mechanism rendered by different types of antioxidants can slow down polymer

degradation as well. An antioxidant is considered to being able to delocalize thermal energy,

which can lower the formation probability of free radicals in a matrix. Unlike the first

14



mechanism mentioned in the previous paragraph, this antioxidant can alter degradation

reaction beforehand. As a result, it can prevent the decrease of the molecular weight of a

polymer matrix [33]. One of the second types of the antioxidants is discussed in this

dissertation. Its molecular structure is shown in Figure 2.5, which is a commercially adopted

antioxidant named Nocrac 300 [28, 33].

Nocrac 300
4,4-Thio-bis-(3-methl-6-t-butyl phenol)
Molecular weight: 358
t-Bu t-Bu

HO S OH

CH,  CH,

Figure 2.5 The molecular structure of an antioxidant named Nocrac 300

Antioxidants can diffuse out of a polymer matrix after they were doped in polymers, and

can also decompose due to external energy such as heat. The loss of antioxidants can result in

the acceleration of degradation. However, less quantitative models are developed in the state

of the art to calculate the diffusion and decomposition behavior of antioxidants. Nevertheless,

one paper used Fourier-transform infrared spectroscopy (FTIR) to perform thorough

characterization on the concentration of the antioxidant distributing from the surface to the
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core on the cross-section of a bulk XLPE [34]. In the paper [34], the measured concentration of

the antioxidant during the thermal ageing is lower at the center and higher at the surface

although the antioxidant diffuses outward. In other words, the antioxidant diffuses from low to

high concentration. No explanation has been given by the authors [34]. This dissertation has

developed a physics-based model to justify this unexplained diffusion phenomenon.

213 EPR

The molecular structure of EPR is illustrated in Figure 2.6. In field application, the

weight percentage of ethylene ranges from 45% to 80%. The molecular weight of EPR is

usually between 80,000 and 250,000.

There are two units repeating along one main chain of EPR. Each of the two colors in

Figure 2.7 indicates one of the repeating units in Figure 2.6. Different sequencing

arrangements made by the two repeating units along one polymer chain are possible; they can

be random, alternating, or block copolymers, which are illustrated in Figure 2.7. For the EPR

applied to cable insulation, the arrangement forms a random copolymer.

For the EPR applied to cable insulation, the normal application temperature, emergency

temperature, and short circuit temperature provided by one cable manufacturer are 105°C,

140°C, and 250°C, respectively [14-16]. No maximum time is suggested by the manufacturer
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when it is constantly exposed to the emergency temperature. This dissertation developed a

method to obtain this maximum threshold by a physics-based model.

A fresh EPR possesses certain mechanical properties such as lower Young’s modulus

and high ductility compared to inorganic materials. When an external force elongates an EPR

specimen, input energy can align the polymer chains, which decrease the entropy. As the

external force is removed, entropy spontaneously increase, which makes the specimen retract.

At the same time, the Gibbs free energy of the polymer decreases and heat is released from

the specimen. The process discussed above renders the high EAB of EPR in a tensile test.

Among various mechanical properties, for example, EAB is a good indicator that can

quantify the degree of the aging of EPR. The EAB of a fresh EPR insulation can range from

400% to 500%, while a degraded one can be lower than 10% [20]. This big difference

suggests that the molecular structure before and after aging should be significantly varied.
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Figure 2.6 The repeat structure of ethylene-propylene rubber
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Figure 2.7 Schematic representation of (a) random, (b) alternating, and (c) block copolymers

214 SIR

The molecular structure of SIR is illustrated in Figure 2.8; the value of the n in the figure
can range from 5,000 to 10,000, which means the molecular weight is usually between
370,000 and 740,000 [35, 36]. SIR is often applied to gasket, seals, cable insulation, and hot

gas and liquid conduits [37]. Generally, for the field application of cable insulation, the

18



molecular weight of SIR is greater than 500,000 [38].

Among XLPE, EPR, and SIR insulation, the cables made from SIR can stand the highest
temperature; this is the result of the Si-O bonds in the polymer chain. Unlike the C-C bond in
polyethylene or polypropylene whose bonding energy is about 355 kJ/mol, the bonding
energy of Si-O is about 443 kJ/mol [39-41]. Therefore, SIR cables are suitable for the
application at a higher temperature, which can be close to 250°C [17-19].

EAB can also be used to quantify the degree of the degradation of SIR insulation. Due to
the nature of the Si-O bond providing high flexibility when the polymer chain is twisted or
elongated [42], the EAB of a fresh SIR sample can reach 550%, while the EAB of the

samples subject to heat or radiation can be lower than 10% [20].

"
Si 0

|
ch, ‘N

Figure 2.8 The repeat structure of silicone rubber

The values of the rating, emergency, and short circuit temperatures of XLPE, EPR, and
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SIR can be a guideline for the initial conditions in accelerated aging experiments. There is

also some acceptable duration suggested by the manufacturers and researchers for each

material when it is exposed to certain temperature levels for a period of time. However, few

physics-based models are built to demonstrate the relation between aging temperature,

radiation dose, and the degree of the degradation of these polymer insulations. Furthermore,

the rate of decomposition and diffusion of an antioxidant are not quantitatively estimated in

the state of the art. Therefore, this research aims to develop equations to represent these

phenomena.

2.2 Degradation Mechanisms

2.2.1 FTIR Characterization

The chemical reactions in polymer degradation subject to heat and radiation are often

characterized by Fourier Transform Infrared Spectroscopy (FTIR) [43-45]. FTIR can both

qualitatively and quantitatively analyze the chemical property of a polymer sample [46-54].

Therefore, some experimental data used to validate the proposed model in this dissertation is

measured by this characterization equipment. In this section, a basic introduction to FTIR is

presented.

When electromagnetic waves pass a molecule, they can interact with the chemical
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bonding. The bonding structures in different molecules are not equal, which varies the

transmission, reflection, and absorption patterns of the incident electromagnetic wave at

different wavelengths. Besides infrared, FTIR can be equipped with visible and UV light

sources providing wide ranges of analyses [55]. To simplify the concept of one measurement

process, one can imagine when an infrared ray at a specific wavelength is irradiated on a

sample, the intensity of the reflection or transmission is recorded by a detector. Similarly,

other wavelengths are applied to the sample for detecting corresponding transmission and

reflection intensity.

Because the major components of an FTIR machine include an interferometer, a beam

splitter, and a computer that can perform Fourier transform, signals composed of multiple

wavelengths can be processed at the same time. Hence, it is named FTIR. Therefore, in reality,

multiple wavelengths are simultaneously irradiated on a sample to save the time of one

measurement [55].

2.2.2 Chemical Reaction

Based on literature review, this section discusses the forming progress and measuring

methods of cross-linking, chain scission, and oxidation in XLPE, EPR, and SIR, which are

degraded due to heat and radiation. Relative chemical reactions are introduced. Moreover, the
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absorption peaks of FTIR signals corresponding to these reaction species are elaborated.

2.2.2.1 XLPE Degradation

Polymer degradation subject to heat and radiation can be attributed to the reconstruction
of molecular bonds such as cross-linking or chain scission [56-58]. The former increases
molecular weight, while the latter works oppositely. These two reactions occur
simultaneously in XLPE degradation [56, 59].

When exposed to radiation such as y-ray emitted from ®Co, XLPE can significantly
cross-link [56]. Gel fraction (Eq. 2.1) and swelling ratio (Eq. 2.2) are two methods which are

able to measure the degree of the cross-linking in polymers.

Gel fraction = %

0

Eq. 2.1

Swelling ratio = 1 + % x £ Eq. 2.2

W is the dried insoluble part after extraction; Wy is the initial weight of a sample; W;s is an
insoluble swollen part; p is the density of the solvent; po is the density of polymer [60].
Radiation can increase the concentration of free radicals and the probability of cross-linking

reaction; therefore, gel ratio increases. Meanwhile, the space between cross-linking decreases,

22



which results in the decrease of swelling ratio. In other words, the increase of gel fraction
indicates the increase of cross-linking, while the decrease of swelling ratio indicates the
decrease of the space between cross-linking.

As XLPE is heated or irradiated, the chain scission from carbon-hydrogen bonds can
produce alkyl radicals. These free radicals react with one another forming cross-linking, or
react with oxygen forming peroxy radicals. Alkyl radicals and peroxy radicals in
polyethylene can form esters, ketones, hydroperoxides, and new free radicals; the new free
radicals may react with oxygen forming peroxy radicals and starting a chain reaction as

shown in Eq. 2.3 and Eq. 2.4.

ROO® + RH — ROOH + R* Eq. 2.3

R® + 0, — ROO® Eq. 2.4

Hydroperoxides may further rearrange themselves to form ketones, or decompose to form

new free radicals inducing other reactions as shown in Eq. 2.5 and Eq. 2.6 [56].

ROOH — RO* + *OH — ketone + H,0O Eq. 2.5

ROOH — RO® + *OH — ROH or H,O +R*® Eq. 2.6
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FTIR is extensively used to quantify the product of the degradation reaction subject to
heat and radiation in polyethylene and XLPE [43, 44]. The products reported by previous
studies include carboxylic acid, ketone, ester, and aldehyde [57, 58]. Table 2.1 shows the
position of the wavenumbers of some species in the FTIR spectrums of XLPE degradation.
For a long time, it has been believed that ketones are the major oxidation products [61].
However, a recent research indicates that carboxylic acid is the major product according to
the analyses based on the FTIR spectrums; anhydride and ester are secondary products
converted from a carboxylic acid by thermal energy [57]. Relative reactions are represented

from Eq. 2.7 to Eq. 2.10 [57].

Table 2.1 Wavenumber of oxidation products

Product Wavenumber (cm™)
Carboxylic acid 1713 [57]
Ketone 1735 [58]
Ester 1738 [57]
Aldehyde 1720 - 1740 [62]
Carboxylic groups 1200-1300 [34]
Carboxylic anhydride 1779 [57]
Methylene 725, 1460, 2850, 2925 [57]
P (polymer) — R*® (polymer radical) + H Eq. 2.7
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R® +4 O, — 2R-COOH (carboxylic acid) + CO; + H,0 Eq. 2.8
RCOOH + R’0OH — R-CO-OR’ (ester) + H,0 Eq. 2.9

RCOOH — R-CO-O-CO-R (anhydride) + H,0 Eq. 2.10

2.2.2.2 EPR Degradation

The degradation of EPR subject to heat and radiation can be analyzed by FTIR. For
fresh EPR, there are absorption peaks at 1690 and 1730 cm™ and the intensities of these
peaks change when EPR is exposed to heat and radiation; on the other hand, the absorption
peaks of the oxidation product in EPR are at 1760 - 1770 cm™ [63]. Studies pointed out that
C=0 in EPR can absorb IR at 1720 cm™; the intensity is a function of radiation dose and dose
rate [64, 65]. Research also indicates that the absorption band centered at 1730 cm™ is caused
by the formation of the carbonyl group, which is a convenient evidence of the oxidation
reaction in both XLPE and EPR [66]. For quantification, the absorption band centered at
1720 cm™ can be normalized by the absorption peak at 1740 or 1150 cm™ [67]; the
absorption band centered at 1730 cm™ can be normalized by the absorption peak at 720 or

1155 cm™ [66].
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2.2.2.3 SIR Degradation

Studies have indicated that the degradation of SIR subject to heat and radiation is
significantly different from those of XLPE and EPR [68-71]. Before degradation, the
cross-linking between the main chains is illustrated in Figure 2.9. R is the representation of
CnHan. R versus Si by number ratio is about 0.01, for example. When heat or radiation is
applied, the Si-CHj3 in the main chain can form Si-CH,® radicals and induce subsequent
reactions. For example, in oxygen sufficient environment, oxidation reaction can cross-link
two silicon atoms that were not bonded, which is shown in Figure 2.10. In addition to the
occurrence of cross-linking, heat and radiation can also introduce the decomposition of the

original cross-link shown in Figure 2.11 [71].

oo ik

Sli 0—Si—oO Sii O oo Sii o)

CH, CH, CH,
R
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CH, CH, CH, CH,

Figure 2.9 lllustration of the cross-linking of SIR before degradation
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Figure 2.10 Crossing-linking forms during oxidation reaction in SIR
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Figure 2.11 The decomposition of the original cross-linking between two main chains in SIR

during thermal or radiation aging

The FTIR spectrum of an SIR shows the absorption peaks: CH3 at 2960 and 2870 cm™,
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Si-(CHs), at 1259 cm™, and Si-O-Si at 1065 cm™ [71]. However, this research pointed out
that the degradation of SIR samples cannot be followed up by the FTIR signals which are
usually applied to the analysis of the chemical reaction in XLPE, EPR, and the antioxidant
subject to heat and radiation; the reason of this unavailability is not detailed in the paper [28,
33, 71].

According to the discussion above, it is worth noting that the chemical reactions due to
heat and radiation in XLPE, EPR, and SIR cannot be easily and individually considered.
Radiation factors such as dose rate and accumulated dose, degradation environment such as
ambient temperature and oxygen concentration, and even the recipe of a polymer such as the
type of antioxidant can tremendously affect degradation rate. Owing to the complexity, this
dissertation invented a method to bypass all these difficulties and developed a physics-based

model which can intuitively estimate the aging rate of XLPE, EPR, and SIR.

2.2.3 Degradation Kinetics

In the degradation Kkinetics of cable insulation subject to heat and radiation, an aging
progress can be viewed as the combination of the three aspects, which are:
a. The amount of the products of the reactions in a finite system

b. The distribution of the product from a sample surface to the core
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c. The evolution of a. and b. when time elapses

How to model a. b. and c. by physics-based methods requires the understanding of the

degradation kinetics. Polymer degradation is the result of chemical reactions when time

elapses. Degradation kinetics may be basically divided into two categories: reaction control

and diffusion control.

In order to initiate a chemical reaction, multiple steps may be required. For example,

first, sufficient reactants must diffuse from a free surface to the reaction interface. Second, at

the reaction surface, enough energy is required to overcome an energy barrier.

Reaction control means that the bottleneck, or the slowest reaction step, is at the

interface of a chemical reaction. In other words, the supply of the reactant, or the first step, is

faster than the consumption of the reactant at an interface. Take oxidation reaction for

instance, when it is reaction control, homogeneous oxide concentration along a sample

cross-section can be represented by Figure 2.12 (a). In this condition, a sample degrades as a

whole. The insignificant difference of oxide concentration from the surface to the core is

illustrated in Figure 2.13 (a) [72, 73]. This phenomenon observed on a cross-section is named

homogeneous oxidation.

On the other hand, in diffusion control, the bottleneck for a reaction is determined by the

transportation speed of reactants. When oxidation occurs inside a sample, oxygen molecules
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must travel from the surface toward the core of a sample by diffusion mechanism. If diffusion

is slower than the chemical reaction at a reaction interface, the process is termed diffusion

control whose oxide concentration and schematic illustration are shown in Figure 2.12 (b) and

Figure 2.13 (b), respectively [72, 73]. In other words, the concentrations of oxide and oxygen

molecules along the cross-section of a sample shall be unevenly distributed, or often termed

heterogeneous degradation.

Two of the goals of this research are to develop physics-based models to represent the

reaction- and diffusion-control degradation of cable insulation, and to connect the models to

material properties such as mechanical and electrical properties in order to define and

determine the remaining life of cable insulation.
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2.2.4 Effect of Antioxidant

Antioxidants are added in cable insulation to prevent the polymer from degradation [28,

33, 34] which is mainly attributed to oxidation reactions [58]. For oxidation to occur under

the surface of cable insulation, oxygen molecules need to migrate from a free surface toward

the core of the polymer. This migration takes many steps (long distance) and seems more

difficult than the reaction at polymer/oxygen interface where the reaction only takes one step

(short distance) to happen. Therefore, intuitively, diffusion control should dominate; in other

words, it is common to have diffusion control resulting in heterogeneous oxidation as shown

in Figure 2.12 (b) and Figure 2.13 (b) [74]. However, studies have reported that antioxidant at

sufficient concentration in a polymer can significantly decrease the probability of the

occurrence of the oxidation reaction, which renders reaction control and homogeneous

oxidation as shown in Figure 2.12 (a) and Figure 2.13 (a) [33, 34]. It is worth noting that

antioxidant may diffuse out of a polymer and also decompose in the polymer due to external

energy such as heat and radiation, which leads to the deficient of antioxidant whose

concentration was originally high enough. A qualitative research had been conducted to study

the loss of antioxidant in the literature review [34].
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2.3 Definition of Degradation

The definition of the degradation of cable insulation can be based on the deterioration of

the performance of the polymer as a function of time when heat and radiation are applied.

The performance of cable insulation is usually focused on two aspects:

a. Mechanical properties

b. Electrical property

Both properties are corresponding to the chemical properties resulting from the chemical

reactions in the polymers.

2.3.1 Chemical Property

In the studies of polymer degradation, oxidation index (OI) measured by FTIR is the

most widely-used indicator that can quantify the degree of aging when chemical properties

are considered [34, 54]. Ol increases during the aging of an insulation layer. In the

degradation of polyethylene, Ol can be determined by Eq. 2.11 [54, 75] or Eq. 2.12 [34].

Agi

0ly = —= Eq. 2.11
A

or, = —2 Eq. 2.12
Ab2
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In the first equation, A, is the triangular area under the peak of the reaction product of

interest such as carbonyl species; Aa is the triangular area under a reference peak, which is

for normalization. In the second equation, Ab; is the height of the absorption peak; Ay is the

thickness of a sample in a transmission measurement, which is also for normalization. The

concept of both equations is to connect the absorption intensity of FTIR and the amount of

the product rendered by chemical reactions.

2.3.2 Mechanical Property

The mechanical property used to define the degree of the degradation of cable insulation

is ductility. Ductility decreases during the degradation. When cables are subject to

mechanical force, enough ductility can prevent the insulation layer from breaking or peeling

off which can cause a short circuit. Therefore, IAEA suggests 0.5 be the lowest acceptable

value for the ductility of cable insulation. In relative research, ductility is usually represented

by EAB defined by Eq. 2.13 [3, 20, 24]. EAB measurements show good repeatability, which

is one of the reasons makes EAB become a widely-accepted criterion for quantifying the

degree of the aging of cable insulation in the filed applications [76].

I — 1
EAB = — % Eq.2.13
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It is the length of a sample at fracture in a tensile test. Iy is the original length of the sample.

2.3.3 Electrical Property

Resistivity is used as an indicator to quantify the degree of degradation when cable
insulation is exposed to heat and radiation. Studies indicate that resistivity decreases when
aging occurs [26, 77-79]. Resistance is measured by I-V curves; usually about 100 - 1,000
voltage is applied. 1-V curves can determine resistance by Eq. 2.14 and then resistivity is

calculated by Eq. 2.15.

v=1xR Eq. 2.14

v is voltage; | is current; R is resistance.

p is resistivity; A is the area of the cross-section of a sample; | is the length of a sample.

2.4 State of the Art in Model Development

A theoretical model that can calculate the remaining life of cable insulation
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corresponding to the degree of chemical reaction has not been developed to date. Similarly,

we have not found a method that can predict the resistivity as a function of time in the

literature review. However, two empirical models which are able to plot the EAB as a

function of time have been proposed. They are Superposition of Time Dependent Data model

(TDD) and Superposition of Dose to Equivalent Damage Data model (DED) [20, 80]. In

order to obtain the values of the parameters in these two models, the first step is to conduct

several accelerated aging experiments at different temperature and dose rate. In the second

step, activation energy can be estimated by the accelerated aging experiments at different

temperatures. These two steps and the two models are sequentially discussed in this section.

2.4.1 Accelerated Aging Experiment

Discernible or significant degradation of cable insulation in the conditions of field

applications may take several years or even decades to be noticeable. In order to measure the

degree of aging in limited time, accelerated conditions are developed. Arrhenius equation (Eq.

2.16) is the fundamental concept used in the models derived from accelerated aging

experiments.

—-AG
kT

v = vy X exp( ) Eq. 2.16
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where v is the success rate of an event in a short period of time whose unit is [1/time]. vo IS @
constant termed attempt frequency whose unit is [1/time]. AG is activation energy. k is

Boltzmann constant. T is absolute temperature.

Basically, accelerated aging experiments are performed at a higher temperature at which
the success rate of a reaction is higher so detectable reaction product can be observed sooner.
By using Eq. 2.16, repeating the experiments at multiple temperatures (T), and measuring the
corresponding reaction rates (v), the vo and AG can be determined. When vy and AG are
acquired, by plugging them back into Eq. 2.16, the reaction rates (v) at a lower temperature,
application temperature, for example, can be estimated. It is worth noting that in real
experiment procedures, Eq. 2.16 is usually rewritten in logarithm form (Eg. 2.17), which can
be plotted in Figure 2.14 with In(v) on the y-axis and (1/T) on the x-axis. By linear fitting the
measured data, AG and v, can be determined from the slope and intercept of the line.

1
Inv = ( T ) + Inv, Eq. 2.17
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In(v) o-

(1/7)

Figure 2.14 Determine the activation energy (AG) in Arrhenius equation by linear fitting

where the slope is (-AG/Kk)

Though the foundation of accelerated aging experiments is based on the correlation
between different temperatures via Arrhenius equation, in the literature review, other
degradation factors such as accumulated dose and dose rate are also applied by this concept
[80, 81]. By establishing the relation between radiation and temperature, Arrhenius equation
has been applied empirically. In other words, Arrhenius equation is used to incorporate other
degradation factors besides temperature [6, 20, 24, 80, 82]. Examples will be elaborated in

the following paragraphs.

2.4.2 Activation Energy

Before discussing the empirical degradation models, this section gives an example of
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how the activation energy of XLPE is determined in a literature review. The activation energy

here is apparent activation energy representing the sum up of the overall effects in the

degradation reactions in a polymer, which is different from the physicochemical activation

energy [24].

The concept is to inverse the frequency term in Eg. 2.16 because the authors of the

papers assumed the required degradation time can be represented by the inverse of the

frequency, though this concept is not strictly physics-based [24, 80]. By this assumption, the

degradation time can be represented by Eq. 2.18 and its logarithm form is Eq. 2.19, which is

applicable to the curve-fitting method similar to Eq. 2.17 and Figure 2.14.

AG
= Eq. 2.18
t tog X exp ( T ) q
AG 1
Int = K (T) + Inty Eg. 2.19

where t is the time required to reach a certain degree of degradation; t, is time constant.

The following example is excerpted from Fig. 2.1-1 of a report [24]; the XLPE was

subject to thermal aging and no radiation was applied. At 100°C, it took 10,730 hours for the

sample to reduce its EAB to 400%. At 110°C, it took 3,664 hours for the sample to reach the

same EAB value. In order to apply Eqg. 2.19, (1/T) on x-axis and In(t) on y-axis are plotted.
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(x1,y1) and (Xxp,y2) from the above data are equal to [1/(273+100), In(10,730)] and

[1/(273+110),In(3,664)], respectively. The slope of the line connecting these two points is

15,350. For one mole polymer, the AG is equal to (k x Np x 15,350 = 128 kJ/mol) where Ny is

Avogadro constant.

The method used to determine activation discussed above hints that activation energy is

independent of temperature. However, some studies suggest that activation energy decreases

as temperature decreases, which can lead to the overestimation of the lifespan of cable

insulation when Arrhenius equation with constant activation energy is directly applied [6, 20].

2.4.3 Superposition of Time Dependent Data (TDD)

The first empirical degradation model in literature review is Superposition of Time

Dependent Data (TDD) model [6, 20, 24, 82] used to predict the degradation of cable

insulation subject heat and radiation. It is extensively discussed in the studies [6, 20, 24,

80-83]. There are other names for this approach such as time-temperature superposition [80,

83] and time-temperature-dose rate superposition [81].

TDD model may be suitable only for the application in the environment with very low

dose rate [20]. The central concept of TDD model is based on a shift factor, denoted “a” in

Figure 2.15, establishing the relation between two curves, one of which is the master curve at
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a reference temperature (Tef) With zero radiation. In other words, the master curve is the base

of the prediction. By multiplying a shift factor to a master curve, the EAB curve at a specific

temperature and dose rate can be determined. The shift factor represented by Eq. 2.20 and Eq.

2.21 is a function of temperature and dose rate; k and x are empirical parameters; E is

activation energy. For example, when point p in Figure 2.15 is multiplied by the shift factor

a(T,D)=ay, point g is determined. k and x can be determined by the following method.

Test conditions Master curve Field application
T=T1 T=T2 T=T1 T=Tref T=Trea|
—~ | D=D. D=D, D=D, D=0 D=Dreal
2 N, N N, ‘e
()
Q
n . .
S Y 3=a. "
8 a=a; g
.E P \ < a=QAeql
b
(2]
<
w

log(time)

Figure 2.15 The illustration of Superposition of Time Dependent Data (TDD)

= o[ )]
AT P ITRT\273 4T 273 + Tt

E x 1 1
14k DX [ ( - )]} henT % T
{ TR e I O T 273 4 Ty when T # Tref

Eq. 2.20

41



a= 1+kD* when T = Tp.ef Eq.2.21

a: Shift factor with no unit

E: Activation energy [kJ/mole], which can be determined by Eq. 2.18

R: Gas constant = 8.314 [J/mol - K]

T: Evaluation Temperature [°C]

Trer: Reference temperature [°C]

D: Evaluation dose rate [Gy/time]

In order to determine parameters k and x, simplifying the notation in Eg. 2.20 by Eq. 2.22

facilitates the calculation.

—E 1 1
A= - Eq. 2.22
“PTR <273 +T 273+ Tref>] q

Therefore, Eq. 2.20 can be represented by Eq. 2.23
a=A(1+kD* A™) Eqg. 2.23

EQ. 2.24 is the rearrangement of Eq. 2.23.
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2 q= k(E) Eq. 2.24
Express Eg. 2.24 into the form of logarithm, Eq. 2.25 is obtained.

a D
log (T - 1) = xlog (T) + log(k) Eq. 2.25

Perform multiple sets of experiments at different temperatures and dose rates. Plot [log(D/A)]
on the horizontal axis and corresponding [log(a/A-1)] on the vertical axis of a Cartesian
coordinate. Run linear regression to obtain a straight line. The slope determines the value of

the parameter x and the intersection determines the value of the log(k) [20].

2.4.4 Superposition of Dose to Equivalent Damage Data (DED)

The second empirical degradation model in literature review is Superposition of Dose to
Equivalent Damage Data (DED) model. It is discussed in the studies [20, 24, 80, 82]. The
schematic illustration and the empirical equation used in this model are shown in Figure 2.16
and Eq. 2.26, respectively. It should be noticed that the method used to determine the

activation energy (E) in Eq. 2.26 is different from that used in TDD model. The E in DED
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model is determined by trial and error [80], though it is possible to obtain an E value of DED

model close to that determined by TDD model [82]. The procedures for performing DED

model are as follows:

a. Only one value of the degree of the degradation is plotted in one DED plot. For example,

all the data points in Figure 2.16 represent EAB = 100%.

b. The vertical axis in Figure 2.16 is Dose to Equivalent Damage (DED) whose value equals

to [(time) x (dose rate)].

c. Perform multiple sets of experiments at different temperatures and dose rates. Obtain data

points denoted by the hollow circles, squares, and rhombus in Figure 2.16, for example.

d. The points in hollow symbols are shifted to a reference temperature (Tyf) by Eq. 2.26.

The activation energy (E) can be determined by trial and error [80] in order to form a

smooth curve determined by the solid symbols at the left of Figure 2.16.

e. Finally, degradation time can be predicted at the reference temperature (Tref)

corresponding to different dose rates scaled by the horizontal axis of Figure 2.16.

When dose rate is very small, the effect of radiation becomes insignificant; thermal

energy should dominate the whole degradation. For example, at a certain temperature, when

dose rate is 0.002 Gy/hour, it takes 50,000 hours for EAB to decrease from 500% to 100%,

which makes DED; = 0.002 x 50,000. If dose rate is 0.001 at the same temperature, it should
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take roughly the same duration of time (50,000 hours) to reach the same degree of
degradation, which makes DED, = 0.001 x 50,000. Therefore, DED; is linearly proportional
to DED as a function of dose rate when the dose rate is very small. This relation is illustrated

by the dashed straight line denoted by T in Figure 2.16.

Thermal ageing (dose rate = 0)at T =T,

a(90)
a(100) /9 080°C
090°C
$100°C

/
/
/
/
/
/
/
z
/

Log[Dose to Equivalent Damage (Gy)]

log[Dose rate (Gy/hour)]

Figure 2.16 The illustration of Superposition of Dose to Equivalent Damage Data (DED)

_E 1 1
a(T) = exp [ R (273 YT 273+ Tref)] Eq.2.26

a: Shift factor with no unit
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E: Activation energy [kJ/mole], which is determined by trial and error [80, 82]
R: Gas constant = 8.314 [J/mol - K]
T: Evaluation Temperature [°C]

Trer: Reference temperature [°C]
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Chapter 3: Mechanical Degradation

3.1 Degradation Mechanism
3.1.1 Diffusion Control

Research indicates that the degradation of cable insulation is mainly caused by the
oxidation of the polymer [28, 33, 34, 63, 80]. In a polymer, if there is no or limited amount of
antioxidant, the polymer has an insufficient capability to deter the oxidation at reaction
interfaces [34], so the oxidation kinetics can be controlled by the speed of the movement of
oxygen diffusing from a free surface to the core of the insulation. In other words, the oxidation
is diffusion-controlled rather than reaction-controlled. In diffusion Kinetics, the profile of
oxygen concentration at the cross-section of a polymer must obey Eq. 3.1 and Eqg. 3.2, which

are Fick’s 1 and 2™ laws, respectively [84, 85].

J]=-D—— Eqg. 3.1
J: flux = [#/(area-time)]
D: oxygen diffusivity in a polymer = [length?/time]
c: concentration = [#/volume]

x: the length from the surface to the core on a cross-section.
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ac d%c
=D Eq. 3.2

t: time

The boundary conditions of these partial differential equations are:

a. Attimet=0and 0 < x <L, the oxygen concentration c(x,t) is zero. L is the thickness of a

sample.

b. ¢(0,t) =coandc(L,t) =co

c. c(X,0) =c¢yp

Moreover, by two mathematic techniques: d and e, Eq. 3.3 is obtained.

d. Separation of variables to separate space and time

e. Fourier series

The profile of the oxygen concentration on a cross-section can be represented by Eq. 3.3 [84,

85]. x is the distance from a surface; t is aging time; co is the oxygen concentration at the

surface. L is sample thickness. 1o is the time point when the concentration of the oxide

becomes discernible. Usually, to is zero. (t-t9)=0. Diffusivity D depends on Arrhenius

equation which can predict c(x,t) at different temperatures.

c(x,t) =cy— Eqg. 3.3
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4 ¢, 1 @j+Dx (2j+ Dn ZD(t )
T 2+ 10T L exp L fo

Since cable insulation is solid, the concentration of polymeric molecules is constant.
When oxidation reaction is diffusion-controlled, the concentration of oxide shall be
proportional to that of oxygen. Hence, Eq. 3.3 can also represent the concentration profile of
oxide if cg is the oxide concentration at a sample surface. The oxidized ratio in insulation is

the integral of Eq. 3.3 multiplied by a constant.

3.1.2 Reaction Control

In reaction-controlled degradation, virtual degradation ratio (Vg) can be obtained by the
concept of exponential distribution, which is detailed in Appendix A. In other words, Vy is the
same to the concept of Eq. a. 15. The meaning of v corresponds to that of A in Eg. a. 15 and
Eg. a. 20. To be more specific, within a limited volume, v part of the material is degraded
during a short time interval. Therefore, the accumulated degraded part can be represented by

the CDF of an exponential distribution, shown in Eq. 3.4 [86] where t is time.

Vg=1—exp(—vXt) Eq. 3.4
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3.2 Modeling Elongation at Break

3.2.1 Trend of Elongation at Break

In related research [20, 80], experimental data of EAB is conventionally plotted against

a logarithmic time axis as shown by the squares in Figure 3.1(a). In order to analyze the

dynamic drop-off rate of the EAB as a function of time, a linear x-axis is plotted in Figure

3.1(b), which visually shows that the squares form a long tail with a gradually decreasing

slope. Studies and experiments indicate that the entire EAB trend should be similar to an

S-shaped curve similar to the “sketched line” in Figure 3.1(a) & (b) [20, 24].

Modeling an S-shaped curve may require parameters to define the curvatures of the

concave section, convex section, and the inflection point. More parameters lead to more

assumptions, which should not be pragmatic in field application. Besides, this research

focuses on the long-term EAB where the dynamic curvature of EAB is convex with a

gradually decreasing slope. In other words, the shape of the tail of the S curve is more

important than that of the front in the application. Therefore, this study models the S curve by

a combination of one horizontal section and one convex section, as shown by the dashed and

dotted lines in Figure 3.1, which requires only two parameters. The first parameter is the

length of incubation time (to), which is denoted by the length of the line y = 0 in Figure 3.2.
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The second parameter is drop-off rate (v), which is represented by the length of the vertical

line in Figure 3.2. Combining multiple discrete domains to approximate one continuous

phenomenon is a common approach which has been used for a long time in many areas

[87-89]. The length of the horizontal section in Figure 3.1 is incubation time (to), which is the

same to the section of y = 0 in Figure 3.2. The dynamic curvature of the dotted line in Figure

3.1 can be determined by a function of v, which is the drop-off rate denoted by the length of

the vertical line in Figure 3.2. Larger v means that the dotted line in Figure 3.1 is steeper.

It is worth noting that the dash and dot lines in Figure 3.1 are plotted by 6=1 and

equation Eq. 3.20 developed by this research with 1o = 2150 hours and v = 6E-4 /hour. The

modeling approach comprising these two parameters will be detailed in this section and the

section on validation.

Experimental data [20, 80] usually shows that when aging temperature or dose rate

increases, incubation time (o) or the length of the dash lines decreases, as shown in Figure

3.3; in the same conditions, the dot lines in Figure 3.3 “usually” drop faster, which means v is

larger. Both trends indicate that higher inputted energy may result in higher reaction rate. The

evolutions of 1y and v corresponding to the change of aging temperature and dose rate are not

random. The logic of this research is to find the trends of 1o and v to determine EAB as a

function of time.
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It should be emphasized that the v here is not measured by chemical reaction; it is
characterized only by the drop-off rate of EAB. It is also worth noting that the increase of
drop-off rate is not always resulted from the increase of dose rate. One exception is EPR [20].

To sum up the logic of this approach, an EAB function with a variable t (time), a
parameter v (drop-off rate), and a parameter 1, (incubation time) will be derived in this
chapter to represent the dotted line in Figure 3.1. By fitting v and 1, to experimental data
plotted by the squares in Figure 3.1, the EAB as a function of time can be determined. The

logic of this fitting approach is a method commonly used in many areas [88-91].

= =0
o (@
[ J
208 - .
06 1 O 99Gyh90°C
N ] Sketched line
C_EG 0.4 *** Modeled
5 ] Incubation time
Z 02 ]
0 ] T T T T T T T T T T T T T T T T
100 1,000 10,000

Ageing time (h)
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Figure 3.1 Normalized EAB of FR-EPR (company A) as a function of time represented by (a)

logarithmic x-axis, and (b) linear x-axis. Squares are experimental data [20]. The dotted line

is plotted according to Eq. 3.20. The x-axis of (a) and (b) are the same for comparison.

Linear (drop-off rate)

Linear (ageing time)

Figure 3.2 Modeled drop-off rate before and after incubation time.

53



—

I

|

|

|

|

1

|

|

|

1

|

|

1

|

|

s
—
£

‘e
.
g
‘e
.
.
hLT

-~ ©

Linear(Normalized EAB)
o
|

‘e,
.
"~
-----
.
--------
-----
...........................

Linear(hour)

Figure 3.3 An example of the trends of incubation time (dash lines) and dynamic drop-off

rate (dot lines) at (a) lower, (b) medium, and (c) higher aging temperature or dose rate

3.2.2 Dichotomy Model

The concept of this model is based on the virtual amount of the yield of a degradation

reaction. This degradation reaction is modeled by EAB but not measured by any chemical

approach [92-94].

For a tensile test, a specimen in any shape can be modeled by the combination of an

infinite number of identical unit cubes shown in Figure 3.4(a). Each unit cube can be further

divided into m equal subcubes, shown in Figure 3.4(b) & (c).
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Figure 3.4 Illustration of Dichotomy Model

Antioxidant is added when cable insulation is manufactured. Sufficient antioxidant
converts oxidation reaction from diffusion control to reaction control [34]. Diffusion control
renders a heterogeneous cross-section while reaction control results in a uniform
cross-section. Hence, this model assumes the degradation occurs uniformly. Another paper

also reported that homogeneous oxidation exists [80].

In each unit cube, the volume ratio of the “virtually” degraded part is V4. Among m
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subcubes, there are n subcubes which are degraded, or m-n subcubes are not degraded. The side

length (d) of one subcube can be represented by Eq. 3.5.
(1/3)
d= (E) Eq. 3.5

In a unit cube, along one line parallel to the elongation direction, there are k degraded
subcubes. This number K is represented by Eg. 3.6 and shown in Figure 3.5 whose d denotes

degraded subcubes while p means non-degraded polymer.

k = n/3) Eq. 3.6
pl pz dl p3 p4 d2 lllllllllllllllllllll pi_l pi dk
) Unit length §

Figure 3.5 One of the rows along the elongation direction in a unit cube after aging but before

a tensile test (colored cubes represent the degraded part)

a. The Elongation at Break before degradation (EAB,) for a unit cube can be represented by
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Eq.3.7.

EAB =ax1-1 Eq. 3.7

where a is termed elongation factor, which is a real number not less than 1.

b. After aging, only the non-degraded parts, p1, p2, ...pi, maintain their elongation factor at the
original value a, which mainly contributes to the elongation in a unit cube. The value of the
elongation factor of the degraded part o4 is assumed to be very close to one, which will be
validated in the section on validation. The Elongation at Break after degradation (EAB)

for a unit cube can be represented by Eq. 3.8.

EABy=a(1-2d)+og(Zde)-1 Eq. 3.8

where Xdk can be calculated by Eqg. 3.5 and Eq. 3.6, shown by Eqg. 3.9.

>di = n? (VTd)W?’) Eq. 3.9

Plug Eqg. 3.9 into Eq. 3.8, Eq. 3.10 can be obtained.
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EAB; =a[l-Vg¥1+04Vy -1 Eq. 3.10

The ratio of EAB (8) after and before aging can be obtained via dividing Eq. 3.10 by Eq. 3.7,

which is shown by Eq. 3.11.

1
3
a[l—Vd

Eq. 3.11

1
3
-1
EABy _ o _ +adlvd]
EAB;, ax1-—1

Since ayq is very close to one, Eg. 3.11 can be simplified as a function of Vg, shown by Eq. 3.12.

] EABy;
Normalized EAB = § = ———— = 1 — (V)3 = f(V) Eq.3.12
EAB,

Eqg. 3.12 is named d-function since normalized EAB is symbolized & in this research. This
approach is named Dichotomy Model because virtually degraded and virtually fresh subcubes
are modeled in Figure 3.5. It is worth noting that according to the mathematic derivation of this
model, the size of the subcubes can be infinitely small, which can model a specimen in any
shape such as a cylindrical cable insulation in field application. The following sections discuss

how to determine V.
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3.2.3 Dichotomy Model - Diffusion Control

The oxidation reaction itself can be represented by Eq. 3.13 and Eq. 3.14.

P+0, - PO, Eq. 3.13
[PO,]
k= ———— Eq. 3.14
[P] x [0] a

P, O,, and PO, denote polymer, oxygen, and oxide, respectively. The bracket denotes the

concentration of each species. K is the reaction rate constant [95].

Since the matrix is a solid polymer, the concentration [P] can be assumed constant. Hence,
according to Eq. 3.14, [PO_] is linearly proportional to [O,]. Therefore, it is proper to use Eq.
3.3 to represent both of the concentration trends of oxide and oxygen. Finally, the V4 in Eq.

3.12 can be determined by Eqg. 3.15, which is based on the integration of Eq. 3.3.

[} c(x,t) dx
co XL
. n . @i + D]’ Eqg. 3.15
j +
=1+ = z((zj 1) [cos((2j + 1)m) — 1] x exp <—[ ) T n] Dt))

j=0

d:

Since Vg is obtained, the EAB ratio () should be calculated by plugging Eqg. 3.15 into Eq.

3.12. However, because the degraded part caused by diffusion Kinetics is not uniformly
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distributed along the radius direction of cable insulation, which does not completely conform
to the concept of Dichotomy Model. Besides, oxidation reaction cannot represent all the
degradation reactions in the polymer bulk. Therefore, one empirical factor B is required to

modify Eq. 3.12. Finally, Eg. 3.16 is obtained.

1

EAB; ) { f) e(x, t)dx}§

Eq. 3.16
EAB, o X L

where B can be obtained by curve-fitting the EAB data from experiments.

3.2.4 Dichotomy Model - Reaction Control

For the horizontal segment plotted by the dashed line in Figure 3.1, the drop-off rate is
negligible and assumed zero. As for the curve, the behavior of the drop off can be modeled by a
function of drop-off rate v. From Arrhenius equation, this drop-off rate v can be represented by

Eq. 3.17.

—AG
vV =V, exp( RT ) Eq. 3.17
or
AG \ /1
= () () o
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vo: attempt frequency = [/time], which is assumed constant in this research

R: ideal gas constant = 8.314 J/mol-K

T: absolute temperature = [K]

AG: the energy barrier of the reaction = [J/mol], which could be assumed constant if the

temperature range is small.

In reaction control, EAB ratio () can be calculated by plugging Eg. 3.4 into Eq. 3.12,

shown by Eq. 3.19.

EAB ratio = EABy
ratio = EABI

=8=1-[1-exp(—vxt)]¥3 Eq. 3.19

Due to the horizontal segment of the dashed line in Figure 3.1, tin Eqg. 3.4 and Eq. 3.19
can be replaced by (t-to), shown by Eq. 3.20. This term (t-to) must be equal or larger than zero.
The 1o stands for the length of the horizontal dash line in Figure 3.1. In other words, the drop
off of the EAB begins after the end of 1o. When there is no incubation time, 1o is zero. Eq. 3.19

and Eq. 3.20 are the same.

EAB
EAB ratio = ——— = § = 1 — [1 — e™V(t-)]""° Eq. 3.20

EAB,
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3.2.5 Validation - Diffusion Control

The discrete patterns in Figure 3.6 are the experimental data measured by FTIR
representing relative oxide concentration at 135°C for 0~400 hours [34]. The continuous lines
are plotted according to Eq. 3.3 with co, 7o, L, n, and D at 5, 0, 2mm, 100, and 2.4E-13m?/s,
respectively. Modeled curves fit experimental data well, which means Eq. 3.3 is valid.

The discrete pattern in Figure 3.7 is experimental data [34] which is compared with the
modeled curves plotted according to Eq. 3.16. Before the empirical factor B is considered (p=1),
the modeled curve fits the long-term experimental data better. This is because, for long-term
aging, the oxidation profile becomes more uniform. As for the short-term d, because the origin
of Eq. 3.16 is based on uniform degradation, empirical factor  should be applied. p = 0.75 can

fit both the short- and long-term experimental data.
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Figure 3.6 Experimental (discrete patterns) and modeled (continuous lines) oxidation profiles.
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Figure 3.7 Experimental (discrete pattern) and modeled (continuous lines) EAB at 135°C.

63



3.2.6 Validation - Reaction Control
3.2.6.1 XLPE in Thermal Degradation

The experimental data is from the white core samples of the FR-XLPE made by
company B discussed in a JNES report [20]. The EAB before aging is 558.6%. Eq. 3.20 with
parameters listed in Table 3.1 is plotted by the continuous lines to model the experimental
data plotted by the discrete patterns in Figure 3.8. The XLPE samples in Figure 3.8 are

subjected to thermal aging with no radiation.

Table 3.1 Modeled parameters of FR-XLPE (thermal aging)

Dose rate (Gy/h) Temperature(°C) 10 (h) vx1E5 (1/h)
0 100 21,000 7.5
0 110 11,000 13
0 120 5,800 33
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Figure 3.8 Normalized EAB of FR-XLPE vs. aging time (thermal)

The modeled drop-off rates at different aging temperatures in Figure 3.8 are plotted in
Figure 3.9. The same data points are further plotted in the form of Eg. 3.18 and shown by the
discrete pattern in Figure 3.10. After linear fitting is applied, the slope is (-10.841).
Corresponding to Eq. 3.18, the AG can be calculated by (-slope x R), which is 10.841*8.314

=~ 90 KJ/mol.
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Figure 3.9 Drop-off rate vs. aging temperature of FR-XLPE (thermal)
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Figure 3.10 Arrhenius plot of FR-XLPE in thermal aging

The incubation time in Figure 3.8 is the length of the horizontal segment determined by the
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intersection of 6 = 1 and Eq. 3.20. Each value at its aging temperature is illustrated in Figure

3.11.

25,000
20,000
15,000

10,000

Incubation time (h)
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Figure 3.11 Modeled incubation time vs. aging temperature in thermal aging (FR-XLPE)

3.2.6.2 XLPE in Radiation Degradation

When the same XLPE samples are exposed to heat and radiation simultaneously, Eqg.
3.20 with parameters listed in Table 3.2 is plotted by the continuous lines to model the
experimental data plotted by the discrete patterns in Figure 3.12. Set 1 and set 2 in Figure
3.12 are exactly the same except their x-axes. The linear x-axis can more intuitively express
the trends of the drop-off rates corresponding to the change of aging temperature and dose

rate. The logarithmic x-axis is plotted for the comparison of this research to the figures in the
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report [20] providing the experimental data.

Table 3.2 Modeled parameters of FR-XLPE (simultaneous aging)

Dose rate (Gy/h) Temperature(°C) () vx1E5 (1/h)
3 80 18,500 6.8
3 90 12,500 9
3 100 10,500 15.8
17 80 6,700 13
17 90 5,700 22
17 100 4,900 36
98 80 2,200 26
98 90 2,100 40
98 100 1,900 68
1.00 — o 3Gy/h80°C 1.00 ] —
i Modeled 3Gy/h 80°C ] i
20.80 o O 3Gy/h90°C 2080 1 Q ol
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Figure 3.12 Normalized EAB of FR-XLPE vs. aging time with radiation

The relations among the drop-off rate, incubation time, aging temperature, and dose rate
are plotted in Figure 3.13, Figure 3.14, Figure 3.15, and Figure 3.16. When all the data points
along their x-axis directions are connected by straight lines, Figure 3.17 and Figure 3.18 can

be plotted.
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Figure 3.13 Modeled drop-off rate vs. aging temperature (FR-XLPE)
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Figure 3.14 Modeled drop-off rate vs. dose rate (FR-XLPE)
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Figure 3.15 Modeled incubation time vs. aging temperature (FR-XLPE)
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Figure 3.16 Modeled incubation time vs. dose rate (FR-XLPE)
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Figure 3.17 Modeled drop-off rate vs. aging temperature and dose rate of FR-XLPE

72



1.85x10"
1.68x10*
1.52x10*
1.35x10"
" 1.19x10*
1.02x10*
- 8.54x10°
" 6.88x10°
5.22x10°
3.56x10°
1.90x10°

Incubation time (h)

Figure 3.18 Modeled incubation time vs. aging temperature and dose rate of FR-XLPE

3.2.6.3 EPR in Thermal Degradation

The experimental data is from the white core samples of the FR-EPR made by company
A discussed in a JNES report [20]. The EAB before aging is 415.8%. Eq. 3.20 with
parameters listed in Table 3.3 is plotted by the continuous lines to model the experimental

data plotted by the discrete patterns in Figure 3.19. The EPR samples in Figure 3.19 are

subjected to thermal aging with no radiation.
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Table 3.3 Modeled parameters of FR-EPR (thermal aging)

Dose rate (Gy/hour) ~ Temperature (°C) 70 (h) v¥10* (1/h)
100 4,700 6.5
0 110 2,600 18
120 950 30
1.0 1 : '
ca 1 4
» 08 1 '
0 1 ' 0100C
50.6 1 ': ;
S 1 ¢ ! & 110°C
(] u H ]
= 1 A :
- i o
o ] : '
<02 - \
E \
0.0 A e eu—
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Ageing time (h) @ 0 Gy/h

Figure 3.19 Normalized EAB of FR-EPR vs. aging time (thermal)
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Figure 3.20 Drop-off rate vs. aging temperature of FR-EPR (thermal)

The modeled drop-off rates at different aging temperatures in Figure 3.19 are plotted in

Figure 3.20. The same data points are further plotted in the form of Eq. 3.18 and shown by the

discrete pattern in Figure 3.21. After linear fitting is applied, the slope is (-11.248).

Corresponding to Eqg. 3.18, the AG can be calculated by (-slope x R), which is -11.248*8.314

=~ 94 KJ/mol.
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Figure 3.21 Arrhenius plot of FR-EPR

The incubation time in Figure 3.19 is the length of the horizontal segment determined by

the intersection of 6 = 1 and Eq. 3.20. Each value at its aging temperature is illustrated in

Figure 3.22.
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Figure 3.22 Modeled incubation time vs. aging temperature (FR-EPR)

3.2.6.4 EPR in Radiation Degradation

When the same EPR samples are exposed to heat and radiation simultaneously, Eg. 3.20

with parameters listed in Table 3.4 is plotted by the continuous lines to model the

experimental data plotted by the discrete patterns in Figure 3.23.

Table 3.4 Modeled parameters of FR-EPR (simultaneous aging)

Dose rate (Gy/hour) | Temperature (°C) 7o (h) v¥10* (1/h)
80 9,350 2.6
3
90 7,900 4.0

77



Ageing time (h)

Figure 3.23 Normalized EAB of FR-EPR vs. aging time with radiation
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The relations among the drop-off rate, incubation time, aging temperature, and dose rate
are plotted in Figure 3.24, Figure 3.25, Figure 3.26, and Figure 3.27. When all the data points

along their x-axis directions are connected by straight lines, Figure 3.28 and Figure 3.29 can

be plotted.
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Figure 3.24 Modeled drop-off rate vs. aging temperature (FR-EPR)
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Figure 3.26 Modeled incubation time vs. aging temperature (FR-EPR)
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Figure 3.28 Modeled drop-off rate vs. aging temperature and dose rate of FR-EPR
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Figure 3.29 Modeled incubation time vs. aging temperature and dose rate of FR-EPR

3.2.6.5 SIR in Thermal Degradation

The experimental data is from the SIR samples made by company A discussed in a JNES

report [20]. The EAB before aging for black, white, and red core samples are 352.8, 356.8,

and 346.5%, respectively. Eq. 3.20 with parameters listed in Table 3.5 is plotted by the

continuous lines to model the experimental data plotted by the discrete patterns in Figure 3.30.

The SIR samples in Figure 3.30 are subjected to thermal aging with no radiation. All the

continuous lines in Figure 3.30 are organized in Figure 3.31 for the comparison of incubation

time and drop-off rate at different aging temperatures.
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Table 3.5 Modeled parameters of the SIR (thermal aging)

Dose rate (Gy/hour) ~ Temperature (°C) 10 () v¥10° (1/h)
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Figure 3.30 Normalized EAB vs. aging time of SIR (thermal)

T
=08 \ ——0.Gy/h-135°C
a1 '

o e 0Gy/h 155°C

506 | Y
E \ ------ 0 Gy/h 175°C
B04 Aty
£ [N
o N \
Z0.2 R

0 e

0 10,000 20,000 30,000 40,000 50,000

Ageing time (h) @ 0 Gy/h

Figure 3.31 Comparison of modeled EAB of SIR vs. aging time (modeled by Eq. 3.20)

The modeled drop-off rates at different aging temperatures in Figure 3.30 are plotted in

Figure 3.32. The same data points are further plotted in the form of Eq. 3.18 and shown by the
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discrete pattern in Figure 3.33. After linear fitting is applied, the slope is (-4.608).
Corresponding to Eq. 3.18, the AG can be calculated by (-slope x R), which is 4.608*8.314 =

38 KJ/mol.
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Figure 3.32 Drop-off rate vs. aging temperature of SIR (thermal)

85



2.2 2.25 2.3 2.35 2.4 2.45 2.5
'8.2 r— r 111 11111 r 11 1.1 1.1 °1 11 1.1 1T 7 1T T T T1

-8.4 o
] y=-4.60822 x + 1.81766
-8.6 - R?=0.98025

In(drop-off rate)

1000/Kelvin @ 0 Gy/h

Figure 3.33 Arrhenius plot of SIR

The incubation time in Figure 3.30 is the length of the horizontal segment determined by

the intersection of 6 = 1 and Eq. 3.20. Each value at its aging temperature is illustrated in

Figure 3.34.
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Figure 3.34 Modeled incubation time vs. aging temperature (SIR)

Besides the examples of the thermal degradation, SIR subject to heat and radiation is

discussed in the next section by both deterministic and probabilistic approaches.

3.2.7 Probabilistic Model

Eq. 3.20 is a deterministic model predicting the normalized EAB as a function of time.

However, experimental data shows uncertainty with respect to the predicted value. Bayesian

parameter estimation, Eq. 3.21, can be used to calculate the uncertainty of the drop-off rate. It

allows one to consider prior information about the parameters of a model along with the

likelihood function which presents the probability of observed data corresponding to the

model.
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Pr(Data | 0) Pr(0)

Pr(01 Data) = [ Pr(Data | 6) Pr(6)d6

Eq.3.21

The measured data in this research are aging time (tj) and normalized EAB (5;), such as

the discrete data points in Figure 3.30. Estimating the probability distribution of the

parameters 0 by the given observed experimental data is the goal. If the data (t;, ;) can be

represented by the regression equation Eq. 3.20, it is reasonable to assume that the

experimental data 6; is normally distributed around the regression line. That is:

8~ N (ug, 62) Eq. 3.22

The mean p; follows the regression function Eq. 3.20 and can be represented by Eq. 3.23.

g =1 — (1 —eVH1/3 Eq.3.23

The unknown parameter (0) of the model consists of the regression parameter v and the

variation of the fitted model 6. The likelihood function then can be represented by Eq. 3.24.
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1 (8i — us)?
2 1
Pr(8|us, 0°) = — exp (— gz Eq. 3.24

Based on Eq. 3.23, the likelihood function Eg. 3.24 can be rewritten into Eq. 3.25.

1172
1 <8i_(1_[1_exp(_VXti)]§)>
V2mo? €Xp| ~ 202

Pr(8|t,v,0?)= Eq. 3.25

This approach is used to determine the probability of the drop-off rate of SIR subject to heat

and radiation in the next section.

3.2.7.1 Validation - SIR in Radiation Degradation

The experimental data is from the SIR samples made by company A discussed in a JNES
report [20]. The EAB before aging for black, white, and red core samples are 352.8, 356.8,
and 346.5%, respectively. The samples are exposed to heat and radiation simultaneously. In
Figure 3.35, Figure 3.39, and Figure 3.40, the discrete patterns are the experimental data
while the continuous solid, dashed, and dotted lines are plotted according to Eq. 3.20 with the
parameters determined by Bayesian parameter estimation. The parameters are organized in

Table 3.6. How to determine these parameters will be demonstrated in this section.
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Table 3.6 Modeled parameters of SIR by a probabilistic approach (simultaneous aging)

Dose rate Temperature T Mean of v Percentile of v
SD of v
(Gy/h) (°C) (h) (1/h) 2.5% 25% 50% 75% 97.5%
3 100 7,000 1.479E-05 1.050E-05 1.319E-05 1.440E-05 1.585E-05 2.118E-05 3.231E-06
3 115 5,800 2.015E-05 1.766E-05 1.937E-05 2.010E-05 2.087E-05 2.290E-05 1.321E-06
3 135 4,300 4.305E-05 3.742E-05 4.151E-05 4.277E-05 4.421E-05 5.033E-05 3.103E-06
18 100 2,100 7.872E-05 7.084E-05 7.630E-05 7.859E-05 8.099E-05 8.772E-05 4.112E-06
18 115 1,700 1.009E-04 9.168E-05 9.801E-05 1.007E-04 1.037E-04 1.108E-04 4.829¢e-06
18 135 1,000 1.603E-04 1.478E-04 1.562E-04 1.602E-04 1.643E-04 1.738E-04 6.546e-06
104 100 700 4.155E-04 3.295E-04 3.830E-04 4.072E-04 4.390E-04 5.499E-04 5.342e-05
104 115 550 5.104E-04 4.035E-04 4.762E-04 5.070E-04 5.413E-04 6.411E-04 5.697e-05
104 135 300 5.429E-04 4.602E-04 5.167E-04 5.396E-04 5.648E-04 6.525E-04 4.423e-05
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Figure 3.35 Normalized EAB vs. time (SIR at 3 Gy/h)

An example used to demonstrate how to obtain the parameters in Table 3.6 is based on
the data points in Figure 3.35(c). Last nine data points in the figure with an aging time longer
than 16,000 hours are considered since the EAB close to 50% is interested [6]. The prior for v
is assumed to be a uniform distribution between 0 and 0.0001. Since the error term ¢ must be
a positive value, lognormal distribution is used for the prior with the mean at 0.02 and
variance at 2. The result of the estimation is detailed in Table 3.6. The probability
distributions of the drop-off rate (v) and (1/c%) are plotted in Figure 3.36 and Figure 3.37,

respectively.
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Figure 3.37 The PDF of (1/6%) of SIR at 3 Gy/h 135°C

Based on rearranging Eg. 3.20, Eqg. 3.26 is obtained. Since absolute EAB at 50% is
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interested in this research [6], and the average EAB of non-degraded SIR is 352%, (6 = 50%

+ 352% = 0.14) is plugged into Eqg. 3.26. Different v values at 3 Gy/h and 135°C

corresponding to each percentile in Table 3.6 are plugged into Eq. 3.26 to estimate the lifespan

of the insulation shown in Figure 3.38.
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fe (h)
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10,000
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Figure 3.38 Predictive lifespan of SIR at 3 Gy/h, 135°C, and EAB=50%

‘o In[1— (1 -3§)3]

= +
—v To
JUBL LG
Fol 28,366......27,806. 7,979
5 24,515
22 25 50 75 97.5

Percentile (%)

Eq. 3.26

According to the approaches discussed above, corresponding to Figure 3.35, degradation

curves in other aging conditions are plotted in Figure 3.39 and Figure 3.40.
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The modeled drop-off rates at different aging temperatures and dose rates in Figure 3.35,

Figure 3.39, and Figure 3.40 are plotted in Figure 3.41. The same data points are further

plotted in the form of Eq. 3.18 and shown by the discrete pattern in Figure 3.42. After linear
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fitting is applied, the AG can be calculated by (-slope x R) based on Eqg. 3.18. The values of
the AG corresponding to each dose rate are plotted in Figure 3.43. Other relations among
drop-off rate, incubation time, aging temperature, and dose rate are shown in Figure 3.44,
Figure 3.45, and Figure 3.46. When all the data points in Figure 3.35, Figure 3.39, and Figure
3.40 along their x-axis direction are connected by straight lines, Figure 3.47 and Figure 3.48

can be plotted where their relations are shown in 3D forms.
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Figure 3.41 Drop-off rate vs. aging temperature (SIR simultaneous aging)
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3.2.7.2 Validation - XLPE in Diffusion Control

Bayesian parameter estimation can also be applied to the calculation of the distribution
of D in Eq. 3.3. The following are the steps. Set 1o = 0. The measured concentration &(x,t) of
the carboxylic groups on a cross-section can be obtained by FTIR [34]. c(x,t,D) calculated by
Eqg. 3.3 is deterministic, which can predict the concentration. However, there is always
uncertainty between the measured and predicted values. It is reasonable to assume that §(x,t)

is normally distributed around pc. pc is the average of c(x,t,D) at a given position and time.

Therefore, the average can be represented by Eq. 3.27.

u.(x,t,D) = Eq.3.3 Eq. 3.27
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The probability of normally distributed &(x,t) can be represented by Eq. 3.28.

exp (— m) Eq. 3.28

Pr(§|uc'02) = 262

1
V2no?

Based on Eq. 3.28, the likelihood function of Bayesian parameter estimation can be

represented by Eq. 3.29 where D and o are the priors.

Pr(¢(x,t)|D, 6?) = Eq. 3.29

262

< (a<x,t)—uc<x,t,D))2>
xp| —

G2

By Eq. 3.29 and Bayesian parameter estimation, the distribution of D can be calculated.
On the other hand, the time (t) required to reach the failure can be determined by an
experiment. After plugging the t and the mean of D into Eq. 3.15, the value of Vjy
corresponding to the timing of the failure can be defined. In other words, V4 can serve as an
indicator of the failure caused by the oxidation controlled by the diffusion of oxygen.
Moreover, by the defined V4 and the distribution of D, the distribution of t can be calculated

according to Eq. 3.15, which renders the uncertainty of the lifespan of cable insulation.
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The experimental data used to validate Eq. 3.3 and Eq. 3.15 are from the XLPE-1B sample
at 135°C discussed in a published paper [34]. The thickness of the sample (L) is 2 mm. In order
to calculate the uncertainty of D in Eq. 3.3, the likelihood function expressed by Eq. 3.29 is
applied to Bayesian parameter estimation whose concept is represented by Eq. 3.21. The priors
for D and o are assumed to be uniform distributions. D ranges from 10™* to 102 & ranges from
0to 1. The experimental data are the concentration of the oxide, which is plotted by the discrete
patterns in Figure 3.49. After applying Bayesian parameter estimation, the distribution of D
and o are determined and plotted in Figure 3.50 and Figure 3.51, respectively. The continuous
lines in Figure 3.49 are plotted according to Eqg. 3.3 where the value of D is the mean value
listed in Table 3.7. Figure 3.49 shows that Eq. 3.3 based on the diffusion of oxygen fits the
concentration of the oxide measured by FTIR. Therefore, it proves that the concentration of
oxide is linearly proportional to the concentration of oxygen in a bulk XLPE, which is an

assumption discussed in the section of modeling.
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Figure 3.49 The comparison of the concentration of the oxide between experimental data [34]

and modeled curves plotted by discrete patterns and continuous lines, respectively
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Table 3.7 Diffusivity x 10 m?/s

Average  2.5% 25% 50% 75% 97.5%
2.284 2.107 2.222 2.283 2.344 2.468

Vy is an indicator of the degree of the degradation with respect to diffusion-controlled

oxidation. The threshold of V4 can be defined by the following steps. IAEA suggests that 0.5

to be the minimum of the absolute EAB for the insulation used in a power plant [6]. XLPE

samples adopted by this research show that when the ageing time reaches 400 hours, the

absolute EAB is 0.5 [34]. After plugging t = 400 hours and the mean value of D listed in

Table 3.7 into Eqg. 3.15, the threshold of Vg4 can be defined at 0.64. When the value of Vj is

fixed, corresponding to the distribution of D listed in Table 3.7, the uncertainty of t in Eq.
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3.15 can be calculated and plotted in Figure 3.52. This figure represents the reliability of the

XLPE insulation controlled by the diffusion oxygen.
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Figure 3.52 The expected lifespan of the XLPE insulation under diffusion control

3.3 Discussion of Mechanical Degradation

The purpose of the empirical factor B is to modify Eq. 3.12 and Eqg. 3.15 since the
concept of the two equations is based on uniform degradation. Diffusion-controlled oxidation
is not uniform especially when aging time is short. Therefore, short-term & shall be corrected
by B. On the other hand, the absolute value of & at long-term must be small; therefore, B does
not significantly affect the value of 6 when the time is long at which the oxidation profile

approaches uniform. Hence, empirical factor B can pertinently modify the whole 6 curve. High
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oxide concentration possesses low ductility. When a tensile test is applied, cracks may easily

occur at a surface and deteriorate the EAB. This can be one of the reasons making the

experimental data drop faster than the predicted curve does in Figure 3.7. Moreover, the

purpose of this research is to model the long-term 8. The curves corresponding to different 3

values converge when the time is long at which B makes little effect on a 6 curve, which means

Eq. 3.16 is pertinent.

Being able to model the shape change [83] of the data trend is an important requirement

for a time-dependent EAB model. One main purpose of the validation section of EPR is to

show that Dichotomy Model can accommodate the shape change of the data trend when the

insulation is subject to different external conditions, such as temperature- and

radiation-dominated environment. Temperature-dominated reaction occurs at high temperature

and low dose rate, while radiation-dominated reaction takes place in the opposite conditions.

Figure 3.53 shows two of the aging conditions in Figure 3.23. The x-axis of Figure 3.53(a) is

logarithmic while Figure 3.53(b) is a linear plot which can express the drop-off trends in a

more intuitive way in order to show the shape change between two opposite conditions. The

shape change means equation Eq. 3.30 holds.
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ty t3

where t, are the intersections of the horizontal lines and modeled curves in Figure 3.53.
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The shape change of the EAB trends is not achievable by TDD approach since its shift
factor horizontally connects every paired data points at the same EAB value between two
environmental conditions [80]. In other words, TDD can be applied to the materials only
when their EAB behavior follows Eg. 3.31 rather than Eq. 3.30. However, for many cable
insulations such as EPR and SIR, the shapes of the trends follow Eq. 3.30, as shown in the
section on validation. The shape change may be caused by different forms or rates of

chemical reactions when an aging temperature or dose rate is varied.

:—j = i—‘; Eq. 3.31
Drop-off rate v is a concept of ratio per unit time, which is the same as the parameter of
an exponential distribution. v determines the rate of the increasing Vg4, which is the same to
the concept of CDF represented by Eq. a. 15. According to Eq. 3.4, Eq. 3.12, and Eq. 3.20,
when v increases, the curvature of EAB as a function of time becomes steeper. It must be
emphasized that v is based on EAB only. It is not equal to chemical reaction rate. Usually, v
increases as the temperature is raised, as shown in Figure 3.13 and Figure 3.41. However, as

for the effect of radiation on v, the trend is not monotonic. For instance, the v of the silicone
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rubber in the paper [20] increases when dose rate is increased, but the v of the EPR in the

same paper decreases when dose rate is varied from 18 Gy/h to 99 Gy/h. Another paper also

reports similar phenomenon [96]. In other words, the increase of dose rate is not always

accompanied by the increase of v. Radiation-induced cross-linking can decrease EAB, for

example. However, the formation of cross-linking requires different reactions consisting of

bond scission, chain migration, and recombination [97]. Radiation may unevenly contribute

to these reactions and affect the efficiency of cross-linking.

In the incipiency of the degradation caused by radiation or heat, experimental data

shows there is a period of time when the decrease of EAB is not significant [20, 80]. In this

research, the period of time is termed to represented by a zero drop-off rate, which is

determined by the intersection of 6=1 and Eq. 3.20, and shown in Figure 3.1. In the section on

validation, though the EAB within 1o only slightly decreases, the length of 1o significantly

decreases when an aging temperature or dose rate is raised. It may suggest chemical reactions

are in process although the EAB does not significantly change. One of the reasons can be the

overall effect contributed by both mechanical and chemical cross-linking when the polymer is

subject to radiation. Polymer chains are tangled and threaded with one another to increase the

entropy, which can restrict their relative movements. This is mechanical cross-linking since

the effect is not contributed by covalent bonds between chains. When radiation is applied, the

111



effect of mechanical cross-linking is replaced by that of chemical cross-linking rendered by

radiation, but the overall effect on the EAB is not significantly changed within to. Figure 3.16

and Figure 3.46 are also evidence indicating that radiation effect is important to 1. When

dose rate is increased from 3 Gy/h to 98 Gy/h in Figure 3.46, the differences of 1o among

80°C, 90°C, and 100°C become very small. This suggests radiation dominates the chemical

reactions when dose rate is high while temperature effect becomes much insignificant.

When EPR is in a radiation-dominated condition, the curve of the EAB as a function of

time is close to a straight line. This linear relation is shown in the circle pattern of Figure

3.53(b). One straight line from point (0,1) can be plotted to fit the circles. However, the

authors of this article would like to explain this “linear fit” in a different way. A linear fit may

not be proper since when the time is long, the slope of the EAB experimental data shall

gradually become smaller and approach to a horizontal line. A linear fit cannot provide a

curve with a dynamic slope to fit the experimental data. In this newly proposed model, when

radiation is strong, o becomes shorter and v gets larger, which makes an EAB vs. time curve

steeper and look like a straight line at the beginning of degradation. After Vg is large enough,

the slope of an EAB curve becomes smaller and approaches to a horizontal line. The

newly-proposed model may be more pertinent to the long-term behavior of EAB compared to

a linear fit when EPR is in a radiation-dominated condition.

112



According to the modeling definition and physical significance of drop-off rate and

incubation time, and the modeled result in Figure 3.41, Figure 3.44, Figure 3.45, and Figure

3.46, the values of v and 1, follow the trends corresponding to aging temperature and dose rate.

Therefore, by Eq. 3.20, =1, and the trends of these two parameters, the EAB as a function of

time can be established. The parameters of this predictive model within the ranges of these

experimental conditions are illustrated by 3D plots shown in Figure 3.47 and Figure 3.48.

Neither TDD nor DED has tackled the uncertainty of the EAB. This research starts with

a physics-based approach by building the relation between the EAB and the integral of v to

derive a deterministic function represented by Eg. 3.20. Then the EAB equation as a function

of time is converted into a probabilistic model represented by equation Eg. 3.21 and Eq. 3.25

to quantify the uncertainty of v shown in Figure 3.36. Accordingly, the curve of the EAB

against a time axis can be represented by the form of probability such as the lines in Figure

3.35. The uncertainty of v renders the distribution of the expecting lifespan of cable insulation

shown in Figure 3.38. This unprecedented approach introduces a viewpoint of probability

addressing the degradation of cable insulation subject to heat and radiation.
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Chapter 4: Electrical Degradation

4.1 Trend of Electrical Resistance

Due to thermal degradation, the trend of the electrical resistance or resistivity of XLPE
plotted against time is shown in Figure 4.1 [26, 77, 78]. Ry is the resistance of non-degraded
XLPE. After XLPE is exposed to heat for a long time, its resistance approaches a “degraded
final” value Rg4. In phase 1, the slope of the solid line gradually decreases. After t;, there is a
sudden drop whose drop-off rate subsides as time approaches t;. The transition phase is
defined by the dashed line between t; and t;. After t;, the convex curve approaches a
horizontal line, which is named phase 2, represented by the chain line. When degradation is at
different temperatures, the trend is illustrated in Figure 4.2. The slope of phase 1 becomes
steeper and the length of the transition phase is shorter as the aging temperature is raised.
When the temperature is high enough, the phases denoted by solid, dash, and chain lines
seem merged, as shown by the dotted line in Figure 4.2.

The logic of this model starts from deriving the resistance as a function of time (t) and
drop-off rate (v), where t is a variable and v is a parameter. To be more specific, the
differential of this function with respect to time, or the slope against the time axis, becomes
steeper as v increases. The solid line in Figure 4.2 can be represented by this function. Also,

as the aging temperature is increased, the three phases merge and this function can represent

114



the whole process shown by the dotted line in Figure 4.2. Different values of v are tested to fit
the experimental data shown by the solid and dotted lines in Figure 4.2. It should be
emphasized that v is measured by the behavior of the resistance but not the chemical reaction
rate. It is worth noting that this fitting approach is a well-established method in modeling in

many areas [88-91].
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Figure 4.1 Trend of the resistance of XLPE in thermal degradation
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Figure 4.2 Trend of the resistance of XLPE degraded at lower and higher temperatures

Application of Dichotomy Model

The degradation of XLPE cable insulation represented by phase 1 denoted in Figure 4.1

and Figure 4.2 is assumed to be homogeneous. Therefore, similar to section 3.2.2, a piece of

cable insulation can be regarded as the combination of a large number of small cubes.

Virtually degraded cubes are uniformly distributed among the virtually non-degraded cubes.

degraded part (V) is represented by Eq. 4.1.

_ The volume of all virtually degraded subcubes

d= Eqg. 4.1

The volume of all subcubes
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Vg in Eq. 4.1 as a function of time can be obtained according to exponential distribution,

which is detailed in Appendix A. In other words, V4 follows the same function as Eq. a. 15.

The meaning of v corresponds to that of A in Eq. a. 15 and Eq. a. 20. In other words, within a

limited volume, v fraction of the material is degraded during a short time interval. Therefore,

the accumulated degraded part V4 can be represented by the CDF of an exponential distribution,

shown in Eq. 3.4 [86]. V4 is termed virtual degradation ratio, similar to the Vq in section 3.1.2.

4.3 Percolation

Besides the total of the accumulated degraded material, or Vq, the distribution of the

degraded parts can also dominate the electrical conductivity since their electrical resistivity is

much lower than that of the non-degraded portion. Hence, this research considers the

percolation phenomenon caused by the degradation reaction. As shown in Figure 4.3, in the

beginning, to, Vg is zero. As time elapses, some of the material is degraded; the circles

represent the degraded parts which are evenly distributed in a bulk. In this model, the

increase of V4 follows Eq. 3.4. When V4 reaches a certain amount denoted by t3 in Figure 4.3,

degraded parts start to form a continuous channel for a current to flow from the upper surface,

through the degraded material, to the bottom surface as voltage is applied to the electrodes, as

shown by the rectangles attached to the upper and bottom surfaces. This degraded part can
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introduce a path for a current with low electrical resistance, which is termed percolation. The
current is represented by the solid line at t3 in Figure 4.3. Percolation is the cause of the
sudden drop of the resistance represented by the transition phase in Figure 4.1 and Figure 4.2.
Before the onset of percolation, in phase 1, our model assumes that all the currents uniformly
flow through a non-degraded or partially degraded bulk, which is shown in Figure 4.4 where

the arrows mean currents.

(c) (d)

Figure 4.3 Illustration of the formation of percolation
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Figure 4.4 Illustration of uniform current flow

4.4 Model for Phase 1

The derivation in this section aims to determine the electrical resistance of a bulk material

subject to uniform degradation. To calculate the resistance before the onset of percolation, a

specimen is modeled as a unit cube shown in Figure 4.5(a). The unit cube is further divided into

a large number of equal subcubes. Currents denoted by the darker arrow evenly flow via each

column piled up by the subcubes whether the column is non-degraded or partially degraded,

shown in Figure 4.5(b) and (c), respectively. The degraded part is denoted by the darker

subcubes which are evenly distributed in each column. The darker subcubes decrease the

resistance of a column due to the lower resistivity of the degraded subcube compared to that of

the non-degraded subcube.

119



jjJ v

(a) (b) (c)

Figure 4.5 (a) A unit cube specimen divided into an infinite number of equal subcubes. (b)

One of the columns before, and (c) after aging.

The resistance and resistivity of a material can be calculated by Eq. 4.2, Eq. 4.3, and Eq. 4.4.

v=1IxR Eq. 4.2
A

p=Rx7T Eq. 4.3

R=px- Eq. 4.4

_p A . .

where v is applied voltage; | is current; R is resistance; p is resistivity; A is the area of the

cross-section of a specimen perpendicular to a current; | is the length of a specimen parallel to a

current.
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A unit cube is composed of nxnxn = n® equal subcubes shown in Figure 4.5(a). The side
length of a subcube is (1/n). The resistance of a non-degraded subcube R, and a degraded

subcube Ry can be derived from Eq. 4.4, and represented by Eq. 4.5 and Eq. 4.6, respectively.

1

Ry = p, X fll =p, XN Eq. 4.5
()?
1

Ra = py ¥ fll =py XN Eq. 4.6
()?

where po and pq are the resistivity of the non-degraded and degraded parts of a material,

respectively. In this research, po is much larger than py.

The numbers of the non-degraded subcubes, Ny, and the degraded subcubes, Nq, in one
single column shown in Figure 4.5(c) can be calculated by Eq. 4.7 and Eq. 4.8, respectively. Eq.
4.9 represents the resistance of one column in Figure 4.5(c), which is R¢. By plugging Eqg. 4.5,

Eqg. 4.6, Eq. 4.7, and Eq. 4.8 into Eq. 4.9, Eq. 4.10 is obtained.

1 1
No = [(1 = Vg) x n®]3 = n(1 — Vy)3 Eq. 4.7

1 1
Ny = [Vyg X n3]3 = n(Vy)3 Eq. 4.8
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Rcl = RONO + Rde Eq 4.9

1 1
Ra =n? [po(1 = Vy)3 + pa(Vy)3 Eq. 4.10

Since a unit cube can be viewed as the combination of n® columns parallel to one another, the
total resistance of a unit cube, Ry, can be determined by plugging Eq. 4.10 into Eq. 4.11 and
represented by Eq. 4.12. Vg in equation Eq. 4.12 can be represented by equation Eg. 3.4.

Finally, Ry becomes a function of v and t, shown in Eq. 4.13.

! 2 ! Eqg. 4.11
= n? x q. 4.
Ry Ra
i 1 Eq. 4.12
Ry = po(1 —Vy)3 + pa(Vy)3 q. 4.
1 1
Ry = poe™)3 + pg(1—e™)3 =4 4.13

The Dichotomy Model applied to the electrical resistance of phase 1 is represented by Eq. 4.13,

which is used to plot the solid lines and the dot lines in Figure 4.1 and Figure 4.2.

45 Model for Transition Phase

The transition phase starts and ends at t; and t; as shown in Figure 4.1. This region is

caused by percolation illustrated in Figure 4.3. Percolation renders a steep drop of electrical
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resistance because of the formation of a direct channel for currents. During percolation, the
majority of the currents does not flow via the mixture composed of degraded and non-degraded
materials, but dominantly goes through the channel due to the low resistivity of the degraded
part. The range of this transition phase on y-axis can be defined by the resistance at the end of
phase 1 and the start of phase 2. The range of the transition phase on x-axis can be defined by
the value of Vy(t) represented by Eq. 3.4 where the drop-off rate v can be determined by fitting
experimental data. The values of V4 at ts and t; will be calculated in the section on validation.
The resistance-versus-time curve of the transition phase may be simply modeled by a straight

line connecting the two circular points at ts and t; in Figure 4.1.

4.6 Model for Phase 2
After a direct channel caused by percolation is formed by the degraded material shown in
Figure 4.3, the additional degraded material can broaden the cross-section area or shorten the
length of the channel. It does not significantly decrease the resistance by several orders as
percolation does. Empirically, the resistance in phase 2 can be modeled by Eq. 4.14.
ty

Ru_(m+1) = Run X r— Eq. 4.14

n+1
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Ry is the resistance; n in Ry p starts from the first measured point in phase 2 in Figure 4.1.
Rtl_(n+1) means the next value of the resistance in phase 2. Therefore, Ry_1 is the first

resistance value measured by experiments in phase 2. In this model, Ry_1 is assumed to be

independent of aging temperature to estimate the resistance at different aging temperature.

4.7 Complete Resistance Curve
This section describes the steps connecting the curves of phase 1, transition phase, and
phase 2:
a. po in Eq. 4.13 can be determined by measuring a non-degraded material, while p4 can be
represented by the last point in phase 2 in Figure 4.1 according to experimental result.
b. The v value corresponding to its aging temperature can be determined by fitting Eq. 4.13 to
the experimental data in phase 1.
c. When v is thermally activated, it can be represented by Eq. 4.15. It means that drop-off rate

at different temperature can be predicted by Arrhenius equation.

—AG
_ Eq. 4.15
V=V exp( RT ) q
—-AG\ 1
Inv = (T)T + Invy, Eqg. 4.16
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Eq. 4.16 is the logarithmic form of Eq. 4.15 facilitating linear fitting. The discrete data

points in Figure 4.6 can be obtained by plot the inverse of aging temperatures versus In(v).

The solid line is linear fitting, while the dashed line is polynomial fitting.

The intercept and slope of the linear fitting can determine vy and AG in Eq. 4.16.

With AG, vy, and Eq. 4.15, the v corresponding to different aging temperature can be

calculated.

Determine ts and t; by identifying the start and end of the transition phase shown in Figure

4.1. Vq4(ts) and Vy4(t;) can be calculated by Eg. 3.4.

. With v, po, pa, Va(ts), Va(ty), EQ. 4.13, and Eq. 4.14 the resistance of a degraded material

can be plotted as a function of time. In this model, the values of Vq4(ts) and Vq(ts) are

assumed to be independent of aging temperature. For example, when V(t;) is determined at

80°C, t; at 100°C can be calculated by Eq. 3.4 by plugging the V4 of 80°C and the v of

100°C. The v of 100°C can be determined by Eq. 4.15.

It will be shown in the section on validation that when an aging temperature is above a

certain value, phase 1, the transition phase, and phase 2 become indistinguishable. Then, a

resistance-versus-time curve can be modeled by only Eq. 4.13 without using the equations

of the transition phase and phase 2.
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Figure 4.6 Arrhenius plot of drop-off rate

4.8  Validation of Electrical Model
Three sets of XLPE samples subject to thermal degradation are discussed in this section.

They are labeled as set A [77], B [78], and C [26].

481 Casel

The experimental data of set A samples are from the Figure 3 of reference [77]. Since the
data is in the form of resistivity, it is independent of the geometry of a specimen. Therefore, this
research starts with discussing the resistances of the specimens by setting that the specimens
are unit cubes whose volume is one, for the simplicity of calculation. As shown by Eq. 4.4,

under this condition, the values of resistance and resistivity are equal. The discrete patterns in
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Figure 4.7 are experimental data [77], which can be used to determine the resistivity of
non-degraded po and degraded pg XLPE in Eq. 4.13. The values are shown in Table 4.1. The
values of the drop-off rates v are tested and plugged into Eq. 4.13 to fit the experimental data
and listed in Table 4.2. It is worth noting that when Eq. 4.13 is used to fit the experimental data
in Figure 4.7, for the data points at 80 and 100°C, only the points in phase 1 are used, while for

the data points at 120 and 140°C, all the data points in each temperature set are used.
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Ageing time (h)

Figure 4.7 Experimental data of sample A XLPE compared with Eq. 4.13 and Eq. 4.14

Table 4.1 Parameters for Eq. 4.13

Resistivity 80°C 100°C 120°C 140°C
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Po

2.0E14

1.0E14 3.2E13

1.95E13

Pd

1.0E12

1.0E12 1.9E12

1.54E12

By using the data in Table 4.2 to plot Figure 4.8 and applying linear fitting, the slope can

be used to determine the activation energy AG based on Eq. 4.16 where slope = -AG / R. Here

the slope is -7696; R = 8.314 J/mol-K. Therefore, AG = - slope x R = 64 kJ/mol, which is close

to the value in a literature review [20] though different approaches are used. On the other hand,

because the curve in Figure 4.8 is convex, if a second order curve fitting is applied, the slope

decreases as temperature decreases. This implies that at a lower temperature, the life of the

material can be overestimated if the activation energy is determined by an accelerated

Table 4.2 Modeled drop-off rate of sample A XLPE

Temperature (°C) Drop-off rate (1/h)
80 8.5E-4
100 1.0E-3
120 9.0E-3
140 1.4E-2

experiment at higher aging temperature.

128




1000/absolute temperature

23 25 2.7 2.9
-4
272 y=-7.696 x + 14.415
= R?=0.876
-6 T
[ y=8.236 x2-50.976 x + 71.080
74 R?=0.891 o o
-8

Figure 4.8 Arrhenius plot of sample A XLPE

In order to determine the timing of percolation, or the ts and t; of the transition phase at a
certain temperature, the following steps can be applied:

a. InFigure 4.7, for 80°C and 100°C sample sets, the drop of the resistance starts at ~3500 and
~3000 hours, respectively, and ends at ~4000 and ~3500 hours, respectively. This
determines the t; and t; in Figure 4.1.

b. By the corresponding v values at 80 and 100°C in Table 4.2 and Eq. 3.4, it can be
determined that for the two aging temperature, the Vq(ts) and Vq4(t) are ~0.95 and ~0.97,
respectively. Vq(ts) and Vq(tr) are assumed to be independent of temperature.

c. After the v at a lower temperature is determined by Eq. 4.15, the start time t; and end time t;
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of the resistance drop at that temperature can be predicted by Eq. 3.4 since the V4 and v are
known.
d. The resistance value Ry 1 corresponding to t; can be determined from the first experimental
data point in phase 2.
These procedures are suggested by this research to predict the life of an XLPE sample in
the view of the loss of electrical resistance.
As for the model representing the decrease of the resistance in phase 2, empirically, Eq.
4.14 can be applied. Take the data sets at 80°C for example and set Ry 1 at 1.9E13 ohm, Ry »
becomes (1.9E13 ohm x 4000 hours / 45000 hours), which is the second value of the modeled

resistance in phase 2 at 80°C in Figure 4.7.

48.2 Case?2

In this case, specimens are labeled as set B. The experimental data is from Figure 5 of
reference [78] and plotted by the circles in Figure 4.9. Modeled data is represented by the dash
lines. In this case, the lines of phase 1 and phase 2 are overlapped with respect to time axis due
to the huge undulation of the experimental result. This undulation causes uncertainty in
distinguishing the boundary between phase 1 and phase 2.

As for the modeled line of phase 1, the po and pq of Eq. 4.13 in Figure 4.9 are set at 1.5E14
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and 1.29E12 ohm-cm, respectively. The drop-off rate v is determined at 1.1E-3 1//h in phase 1.

1E+15 ;

1E+14 ;

é

Resistance ()

1E+13 ;

1E+12 — T

0 2000 4000 6000
Ageing time (h)

Figure 4.9 Experimental data of sample B XLPE compared with Eq. 4.13 and Eq. 4.14

For the model of phase 2, for instance, the Ry 1 is set at 4E12 ohm corresponding to the
aging time at 2160 hours estimated by experimental data points. By Eq. 4.14, Ry » at 2405
hours becomes (4E12 ohm x 2160 hours / 2405 hours). By repeating these steps, the dashed

line of phase 2 in Figure 4.9 can be plotted.

483 Case3

In this case, specimens are labeled as set C. Experimental data is marked by discrete

points in Figure 4.10 from the figure 1 of the research [26]. Despite the experimental data
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which should be composed of phase 1, the transition phase, and phase 2, only Eq. 4.13 is used
to model the experimental results.

The resistivity of non-degraded po and degraded pq XLPE is read from Figure 4.10 and
listed in Table 4.3. The values of the drop-off rate v are tested and plugged into Eq. 4.13 to fit
the experimental data. The result is listed in Table 4.4. The values derived by Eq. 4.13 are

plotted by the continuous lines in Figure 4.10.

1E+16
[190°C
1E+15 O 135°C
g 1E+14 A 150°C
3
§ 1E+13 .
g oo s O - 0
v 1E+12 BB R T
1E+11 A
1E+10 - T T T T T .
1000 1500

Ageing time (h)

Figure 4.10 Experimental data of sample C XLPE compared with Eq. 4.13

Table 4.3 Parameters for Eq. 4.13

resistivity 90°C 135°C 150°C
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Po 7.0E14

Pd 1.5E12 7.0E11 4.0E11

Table 4.4 Modeled drop-off rate of sample C XLPE

Temperature (°C) Drop-off rate (1/h)
90 0.031
135 0.042
150 0.057

By using the data in Table 4.4 to plot Figure 4.11 and applying a linear fitting, the slope

can be used to determine the activation energy AG of set C samples based on Eq. 4.16 where

slope = -AG / R. Here, the slope is -1414. R = 8.314 J/mol-K. Therefore, AG is about (1414 x

8.314 = 12) kJ/mol, which is significantly lower than that of set A samples. However, this value

is expected when the drop-off rate of the resistance shown in Figure 4.10 is compared with that

plotted in Figure 4.7.
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Figure 4.11 Arrhenius plot of sample C XLPE

4.9 Discussion of Electrical Degradation

Unlike the previous studies using one single resistivity value to represent the electrical

degradation of a bulk XLPE [26, 77, 78], this research models a bulk material by two parts: the

non-degraded and the degraded, as shown by Eq. 4.13 based on Eg. 4.15 and Eq. 3.4. This

newly proposed concept quantifies the electrical degradation of XLPE in three phases whose

progresses are visualized by Figure 4.3. In phase 1, it is the progress before the occurrence of

percolation; electrical current uniformly flows within a specimen. Instead of considering a bulk

XLPE as a whole, this model views a partially degraded specimen as a non-degraded matrix

embedded with uniformly distributed subcubes which have been degraded, as shown in Figure

4.5. The novelty of this approach is that it models the amount of degraded part by Eq. 3.4 with
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a kinetics approximation known as Arrhenius equation shown by Eq. 4.15. These equations

become the basis of the prediction of the lifespan of XLPE cable insulation with respect to the

loss of electrical resistance.

The t; and t; denoted in Figure 4.1 define the transition phase, which is the region between

phase 1 and phase 2. It is the duration that is required to form a direct channel whose

cross-section is wide enough for most of the currents to flow from one surface to the opposite

surface of a specimen via the channel. At percolation, currents concentrate in the vicinity of a

channel. In other words, as for the distribution of currents in XLPE, they tend to choose the

direct route paved by the degraded material, whose resistivity is several orders lower than that

of the non-degraded part via which currents do not flow after percolation. At the beginning of

percolation, the channel is so thin that the measured resistance is the effect of the combination

of the whole bulk and the thin channel. As time elapses, the cross-section of the channel is

getting wider due to the further degraded material, which renders sudden drop of resistance

during measurement. In other words, after the channel caused by percolation forms, the further

degraded material can be viewed as “broadening” the cross-section of a channel.

In phase 2, the channel formed by degraded part is already wide enough, so most of the

currents flow only via the channel. An insignificant amount of currents goes through the

mixture of non-degraded and degraded parts. Further degraded material shortens the length or
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widens the cross-section of a channel. This can be justified by adopting Eq. 4.4. The progress

can only slowly decrease the resistance measured by a current-versus-voltage (I-V) experiment.

Unlike percolation, the decrease of the electrical resistance in final phase is caused by the

increase of A or the decrease of | in Eq. 4.4, while the drop of the resistance due to percolation

is rendered by the formation of a channel made from another low resistivity material whose

property is significantly different from the non-degraded material.

By combining the three phases discussed above, Figure 4.7 in the first case study and

Figure 4.10 in the third case study can be further analyzed since multiple aging temperatures

are performed in the corresponding experiments. At lower aging temperature, the resistance

curve shows an obvious transition phase, which is a drop of resistance along the time axis. For

example, it can be found in the 80°C and 100°C curves of the set A samples in Figure 4.7. Phase

1 with a smaller slope is followed by a transition phase with a steep trend, and the curve returns

to a nearly horizontal slope in phase 2. On the other hand, when the aging temperature is higher,

such as the 120°C and 140°C curves of the set A samples in Figure 4.7, or when the activation

energy is lower, such as the set C samples in Figure 4.10, the resistance drop so fast in phase 1

whose resistance approaches to the value of phase 2 shortly. In these conditions, the time

required to accomplish the transition phase is comparatively short and the transition phase

becomes indistinguishable. In brief, the resistance trends from lower to a higher temperature
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can be represented by a schematic plot shown in Figure 4.2. The curves from the top to the

bottom represent the increase of an aging temperature or the decrease of activation energy.

From the top to the bottom, the section of the transition phase becomes steeper and shorter and

finally indistinguishable. When the transition phase shows, phase 1 and phase 2 can be

represented by Eq. 4.13 and Eq. 4.14, respectively. While aging temperature is higher or

activation energy is lower, Eq. 4.13 along can be used to represent the entire progress, which is

plotted by the lowest solid line in Figure 4.2.

It is worth noting that all the trends of electrical degradation in this research are plotted

and discussed in the unit of resistance instead of resistivity for two reasons. First, during the

experiments used to measure the electrical degradation of a bulk XLPE, a

current-versus-voltage plot is adopted to determine the resistance of a specimen. Therefore, the

value of the resistance is a direct reading from the measurement. Second, unlike the previous

studies [26, 77, 78], they considered a bulk XLPE specimen as a whole and using one single

resistivity value to represent the degradation of the electrical property in average. On the

contrary, in this newly proposed model, a specimen is considered degraded when the volume

ratio of the degraded part relative to the whole specimen is increased. The conductivity of two

different materials contributes to the trend of resistance. To be more specific, one XLPE bulk is

modeled by two materials with different resistivity values, the non-degraded and degraded
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parts, which are the parameters of the model but not a direct reading from the measurement.

Hence, the changing of the resistance instead of resistivity is measured during experiments for

estimating the degree of degradation. This approach facilitates a person to assess the electrical

resistance of a bulk XLPE by connecting the yield of the degradation reaction and the

degradation rate modeled by Arrhenius equation.

Besides quantifying the relation between aging temperature and electrical resistance, one

of the most useful results in this research is that the value of the activation energy representing

the decrease of electrical resistance can be anchored. The value of activation energy is an

essential parameter in an accelerated aging experiment at a higher temperature which is used to

predict a thermally activated reaction taking place at a lower temperature. The approach is by

plotting Eq. 4.16 as shown in Figure 4.6, Figure 4.8, and Figure 4.11. The slope can be used to

determine the activation energy. There is one point that should be emphasized: in the thermal

degradation of XLPE, activation energy can be lower at a lower temperature. This makes the

curve in the plot may be better fitted by a convex polynomial than a linear relation, as shown in

Figure 4.6 and Figure 4.8. If this nonlinear relation is significant but ignored, the life of a

material will be overestimated.

The main goal of this model is to design a method to estimate the life of XLPE cable

insulation. In consideration of the resistance degradation, this research suggests that either the
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start or the end of the transition phase caused by percolation can be viewed as the threshold if

the resistance of phase 2 is lower than the requirement of field application.

139



Chapter 5: Uphill Diffusion of Antioxidant

5.1 Introduction to Uphill Diffusion

In reference [34], the measured concentration of the antioxidant during the thermal ageing
is lower at the center and higher at the surface although the antioxidant diffuses outward. In
other words, this paper shows the antioxidant diffuses outward against the concentration
gradient. Hence, the authors of the paper stated the trend of the concentration of the

antioxidant is “unexpected”, as shown in Figure 5.1 [34].
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Figure 5.1 The experimental data of the relative concentration of the antioxidant (Nocrac-300)

published in Figure 7 of reference [34]

Figure 5.1 shows the distribution of the antioxidant (Nocrac-300) along the cross-section
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of a 2-mm thick XLPE sheet with various durations in the thermal ageing at 135°C [34]. The

distribution is convex instead of concave, which is characterized as “unexpected” by the paper

[34]. In other words, the convex profile indicates the antioxidant diffuses from the center

(lower concentration) to the surface (higher concentration) against the concentration gradient.

There is a specific term called uphill diffusion [98] describing this phenomenon: diffusion

species moves from lower to higher concentration against the concentration gradient because

the chemical potential [99] determined by activity is relatively lower at the location with higher

concentration, and a matter always migrates from the position with higher activity to the

location with lower activity. To understand and quantify the “unexpected” trend of the

antioxidant in XLPE, the activity of the antioxidant is discussed in this research. Basing on

Fick’s Law, we have developed a model to bridge the activity and the concentration of the

antioxidant by introducing a dynamic activity coefficient, which is a function of oxygen

concentration. Besides, this model provides an algorithm to quantify the decomposition rate of

the antioxidant. It represents the decomposition ratio of an antioxidant exposed to external

energy for a given period of time. With this model, the diffusion behavior and decomposition

rate of the antioxidant in a bulk XLPE can be quantified.
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5.2 Modeling Uphill Diffusion

To model activity coefficient as a function of oxygen concentration, first, the trend of the

activity coefficient with respect to the oxygen concentration in XLPE must be established.

The second step is to model the profile of the activity of the antioxidant. Third, the profile of

the oxygen concentration need be formulized. The last step is finding the correlation between

the activity coefficient and oxygen concentration.

5.2.1 Trend of Activity Coefficient

The concept of this model is based on the difference of activity rather than the gradient of

concentration. Activity, but not solely concentration, determines the driving force making a

diffusion species migrate. The relation between the activity (C,) and the concentration (X) of

the antioxidant can be represented by Eq. 5.1 [100].

Ca=7vX Eq.5.1

where v is the activity coefficient of the antioxidant.

Since the molecules of the antioxidant move from the core toward the surface and

evaporate out of an XLPE specimen, the activity at the center must be higher than the activity
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near the surface. In Figure 5.1, X at the surface is relatively high while the activity shall be

lower. Therefore, according to Eq. 5.1, y must be small near the surface. By the same token, the

value of y at the center shall be higher.

The physical significance of the y represents the interaction between the antioxidant and

the environment in a matrix. The concentration of oxygen is a factor making the environment

inhomogeneous in a bulk XLPE. Oxygen in the air can diffuse into the bulk by diffusion. This

diffusion process renders higher oxygen concentration at a sample surface [84, 85] where vy is

small. On the contrary, lower oxygen concentration occurs near the core of the XLPE sample

where vy shall be higher. The correlation between oxygen concentration and y makes the major

assumption of this article, which is represented by Eq. 5.2 and has been proven in the section on

validation.

v = y(oxygen concentration) Eq.5.2

In summary, Eq. 5.2 states vy is a function of oxygen concentration, and the decrease of y is

caused by the increase of oxygen concentration resulting from the diffusion of the oxygen in

the atmosphere.
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5.2.2 Profile of Antioxidant Activity
The antioxidant dissipates out of XLPE by diffusion. This suggests the profile of the
activity of the antioxidant shall follow Fick’s Law, which is represented by Eq. 5.3.
aC, 02C,

—2 = p,— Eq. 5.3

where t is time, D, is the diffusivity, and x is the position on a cross-section.

Besides diffusing out of a bulk XLPE, the antioxidant can decompose due to thermal
degradation. In other words, the activity of the antioxidant can be compromised by thermal
ageing. Therefore, according to reaction-diffusion theory [101], Eqg. 5.3 cannot pertinently
represent the behavior of the antioxidant and shall be further modified into Eq. 5.4.

aC, 02C,

e =D, oz {c, Eq. 54

where ( is the decomposition rate of the antioxidant in the unit of [1/time]. The value of  shall

be between 0 and one.

The boundary conditions for Eq. 5.4 are: C4(x,0) = Cy, C4(0,t) =0, C4(L,t) =0, and C,(X,0) =

0. Cy is the initial concentration of the antioxidant. L is the thickness of a sample. By
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applying separation of variables and Fourier series [84, 85], the solution of Eq. 5.4 can be

represented by Eq. 5.5.

n

(
4 Cao {l

. 2
T L exp (— [@l Da—(>t
7=0

Sin

1 o @j+Dnx o
2j+1 L

1
C,(x,0) = } Eq. 5.5
I
)

To visualize the trend of the activity (C,), Eq. 5.5 is plotted in Figure 5.2 where C,0 =6.93, L =

2 mm, D, = 2.3x10™ m%s, and { = 3.4x107 /s, for example.

Oh 200h == -400h === 600h *==--- 800h

Relative activity (Ca)
o = N w S [6;] D ~ [e0]

0.0 0.5 1.0 15 2.0
Position (mm)

Figure 5.2 An example of the activity of the antioxidant plotted according to Eq. 5.5

145



5.2.3 Profile of Oxygen Concentration

The profile of the oxygen concentration in a bulk XLPE can be measured by analyzing the
concentration of the carboxylic groups, or the oxidation products, [34, 57] on the cross-section
of an XLPE sample. To be more specific, in the section on validation the experimental data of
the oxidation products [34] shows that the profile of the oxidation products is linearly
proportional to the oxygen concentration modeled by Fick’s Law. In other words, the diffusion
profile of oxygen modeled by Fick’s Law and the concentration profile of the oxidation
products are of the same trend. Experimentally, the relative concentration of the oxidation
products can be measured by FTIR [34, 57]. As for the diffusion of oxygen in a bulk XLPE,
Fick’s Law in the form of Eq. 5.6 can represent the concentration profile of oxygen (Cy).

0Cy 02Cy

—% = D= Eq. 5.6

where Dy is the diffusivity.

The boundary conditions for Eg. 5.6 are: Cx(x,0) =0, Cx(0,t) = Cyxo, Cx(L,t) = Cxo, and C,(X,0)

= Cyxo. Cxo Is the concentration of oxygen at the surface of a sample where x =0 or L. Cy is

fixed by the constant ingredient of the atmosphere. L is the thickness of a sample. By applying

separation of variables and Fourier series [84, 85], the solution of Eq. 5.6 can be represented by
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Eq.5.7.

4Cy 1 (2j+Dnx 2j + Dnl? o Eq. 5.7
- l2j+181n L l exp —[—L l Xt

In the section on validation, it has been proved that the profile plotted according to Eq. 5.7 is

linearly proportional to the distribution of the oxidation products measured by FTIR.

5.2.4 Activity Coefficient Function
To solve y function represented by Eq. 5.2, X(x,t) and Cy(x,t) in Eqg. 5.1 shall be
determined. Applying FTIR is one method to measure X(x,t). C4(x,t) can be modeled by Eg.

5.5. Therefore, according to Eq. 5.1, y(x,t) can be expressed by Eq. 5.8.

C.(x,
Y1) = Xéftt))

Eq. 5.8

Since the goal of this section is to prove Eq. 5.2, the oxygen concentration in the equation
must be calculated. Eq. 5.7 can model the oxygen concentration in the parentheses of Eq. 5.2.

Moreover, Eq. 5.7 can also be validated by using FTIR to measure the distribution of the
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carboxylic groups on the cross-section of an XLPE sample [34, 57]. The reason and proof are

stated in section 5.2.3 and 5.3.2, respectively. The final step is to use a Cartesian coordinate to

plot the values of y(x,t) determined by Eq. 5.8 on the y-axis, and the corresponding values of

the oxygen concentration calculated by Eq. 5.7 on the x-axis. After the value of { in Eq. 5.5 is

determined, it can be shown that y is a function of the oxygen concentration in XLPE but

independent of time, which justifies that y is the driving force rendering the uphill diffusion

of the antioxidant. Detailed processes of these calculations have been demonstrated in the

section on validation.

53 Validation

In this section, the experimental data used to validate our models are from a published

paper [34]. The antioxidant is Nocrac-300 [34]. For the observation of the behavior of the

antioxidant, the XLPE matrix is doped with the antioxidant at 1 phr under 135°C thermal

ageing for 800 hours. For the measurement of the oxidation products, the same XLPE matrix is

adopted but no Nocrac-300 is added. The oxidation products had been measured after 135°C

thermal ageing for 400 hours.
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5.3.1 Antioxidant Activity Profile

The activity of the antioxidant can be modeled by Eq. 5.5. In order to be consistent with

Figure 7 of reference [34], Cyo is set at 6.93 since this value is the initial concentration (X) of

the antioxidant in the figure. Then, according to Eq. 5.8, y = (C4 = 6.93) + (X =6.93) = 1. In

other words, the maximum value of y is one because y decreases when oxygen concentration

increases during ageing. Other initial values for y will not alter the result of the modeling.

Setting the initial value of y at one is for the convenience of the calculation. The thickness of

the XLPE sample is 2 mm. n is set at 100 for approximation. Mathematically, when j is larger

than 5, the summation terms in Eq. 5.5 become indiscernible. Therefore, setting n at 100 is

pertinent. As for D,, values should be tested to make the value of C,(1mm, 200h) calculated by

Eq. 5.5 slightly less than the corresponding experimental result in Figure 7 of the paper [34] at

x = 1mm and t = 200h, which is emphasized by the dotted-line circle in Figure 5.3. This is

because, as shown in Figure 11 of the paper [34], oxide concentration at (x = 1mm, t = 200h) is

still low. Therefore, it can be assumed that the value of y in Eq. 5.1 is only slightly less than 1

since the oxygen concentration at the center is still relatively low at the beginning of the

experiment. In other words, the activity of antioxidant has not been compromised too much at

the center of the cross-section when the concentration of oxygen is still low. To visualize this

approach, Figure 5.3 shows the lines plotted according to Eq. 5.5. In this condition, D, in Eq.
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5.5 has been determined to be 2.3 x 10™*® m%s. C is tentatively set at 0 and will be corrected later.
v(X,t) can be calculated by Eq. 5.8 based on the values of C,(x,t) and X(x,t) read from Figure

5.3.
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Figure 5.3 Continuous lines: modeled activity plotted according to Eq. 5.5. Discrete patterns:

the concentration of the antioxidant measured by FTIR [34]

5.3.2 Profile of Oxygen Concentration

The functional form of y(x,t) was determined in Section 5.3.1. To find the correlation

between y and oxygen concentration, EQ. 5.7 can be applied to quantify the oxygen

concentration. The discrete patterns in Figure 5.4 are the experimental data of the distribution
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of the oxidation products in the XLPE sample measured by FTIR [34]. The concentration of the
oxidation products measured by FTIR is not equal to the concentration of the oxygen modeled
by Eq. 5.7. However, continuous lines plotted according to Eg. 5.7 can fit the experimental data
denoted by the discrete patterns shown in Figure 5.4. This result means the concentration of the
oxidation products is linearly proportional to the concentration of the oxygen diffusing in a
bulk XLPE. In other words, in the XLPE where the antioxidant is deficient, the oxidation
reaction is controlled by the diffusion kinetics of the oxygen migrating from the atmosphere
into the core of the sample.

The thickness (L) in Eqg. 5.7 is 2 mm. The value of the extrapolation of the experimental
dataatx =0 mmand x =2.0 mm in Figure 5.4 is 5. To be consistent with the experimental data,
Cxo in Eq. 5.7 is set at 5. Setting Cy at 5 is only for the convenience of the calculation. Cy at
different values do not alter the trend of Eq. 5.7 since it is a proportional constant in the
equation. When j in the equation is larger than 5, the summation terms are too small to be
discernible. Hence, setting n at 100 is pertinent for the approximation. After testing different
values of Dy, continuous lines plotted according to Eq. 5.7 with Dy at 2.28 x 10 m?/s can

properly fit the experimental data denoted by the discrete patterns shown in Figure 5.4.
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Figure 5.4 Continuous lines: modeled data plotted according to Eg. 5.7. Discrete patterns: the

experimental data from Figure 11 of reference [34] (Specimens with no antioxidant at 135°C

thermal ageing)

5.3.3 Activity Coefficient Function

Section 5.3.1 determined the values of y(x,t). Section 5.3.2 quantified Cy(x,t) on the

cross-section of the bulk XLPE. This section correlates y with Cy by starting with the linear

fitting in Figure 5.5.
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Figure 5.5 The correlation between activity coefficient (y) and modeled oxygen concentration

(Cyx) before the decomposition rate ({) is anchored

Four sets of experimental data are plotted with respect to different ageing time in Figure
5.5. Linear fitting has been applied to each data set. The coefficients, a and b, of the linear
functions representing the straight lines in Figure 5.5 are listed in Table 5.1. The R? of each
linear fitting is also shown in the table. High values of R® suggest a strong correlation between
vy with Cx. Negative slopes of the linear functions indicate the activity coefficient of the
antioxidant decreases when the oxygen concentration increases. However, Figure 5.5 reflects y
is a function of oxygen concentration and time, which does not conform to the preliminary: y is
a function of only oxygen concentration. This is because the value of { in Eq. 5.5 has not been

determined. In other words, all the previous calculation has tentatively set { = 0.
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Table 5.1 The coefficients, a and b, of the linear equation: y = a - X + b corresponding to each

straight line in Figure 5.5

Aging time (h) a b R?
200 -0.2350 1.1564 0.9999
400 -0.2815 1.3802 0.9985
600 -0.3451 1.6890 0.9973
800 -0.5295 2.5926 0.9953

To determine the correct { value, a y-Cx plot similar to Figure 5.5 shall be plotted.
However, different from Figure 5.5, all the discrete points (squares, triangles, circles, and
rhombuses) in Figure 5.5 are combined into one data set shown in Figure 5.6(b) ~ (d) where
different C values from 0 to 1 are plugged into Eg. 5.5 to determine the corresponding y
calculated by Eqg. 5.8. In each new y-C plot such as Figure 5.6(b), one linear fitting is applied
to all the points in order to obtain an R? value. Each ¢ value corresponds to one R? value,
which is shown in Figure 5.6(a). When ¢ =3.2 x 107 /sec, the highest R? value is located,
which is shown in Figure 5.6(c). In this condition, y as a function of oxygen concentration is

represented by Eq. 5.9.

y = —0.18398 Cx + 0.90287

Eq. 5.9
R? = 0.99341 a
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This result directly concludes that the activity coefficient (y) is linearly proportional to the

oxygen concentration (Cy) with a negative slope. Hence, Eg. 5.2 has been solved and can be

rewritten as Eq. 5.9.
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Figure 5.6 Testing different { values to maximize R?

54 Discussion
The experimental data shown in Figure 5.1 indicate that the amount of the antioxidant

decreases when the XLPE matrix is under thermal ageing. There are at least two root causes:
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the diffusion of the antioxidant molecules and the decomposition of the antioxidant. Diffusion

makes the antioxidant migrate from the center to the surface of the matrix, and dissipate in

the air. On the other hand, the antioxidant molecule can decompose; the decomposed

molecule may react with a substance in the matrix, such as oxygen inducing oxidation. Either

diffusion or decomposition makes FTIR detect less antioxidant left in the XLPE matrix.
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Figure 5.7 Illustration of 1-D diffusion mechanism

Diffusion Kinetics can be modeled by Fick’s Law. At the very beginning of the

derivation of 1-D Fick’s Law, diffusion species can be represented by the dots in Figure 5.7

[74]. The lines in the figure mean planes whose normals are perpendicular to the normal of

this paper. If each dot has the same probability to migrate from one plane to the adjacent

planes, the net flux of the dots shall be from plane A to plane D since the concentration of the

dots is higher in plane A and decreases from plane A to plane D. This process renders
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diffusion from high to low concentration. In other words, diffusion goes from the left to the

right of Figure 5.7. However, this diffusion direction is certain only when the matrix is

homogeneous, or the jumping probability of each dot is the same. In other words, if the

jumping probability of the dots in plane D is high and gradually decreases from plane D to

plane A, the net flux of diffusion may become from the right to the left, which is termed

uphill diffusion [98]: diffusion from low to high concentration.

The physical significance of the jumping probability means the interaction between the

diffusing species and the matrix. From the energy viewpoint, when the dots in plane A of

Figure 5.7 are stable, the jumping frequency of the dots shall be low. For instance, if the

density of certain defects is high in plane A and decreases from plane A to plane D, diffusing

species may move from the right to the left. This is a very common phenomenon in material

science since a defect always provides a site with a lower energy state.

In thermodynamics, one way to quantify the jumping probability is to introduce the

concept of activity. Activity can be regarded as “effective” concentration. As shown in Eq. 5.1

[100], activity (C,) is based on the concentration (X) and modified by activity coefficient (y).

The role of y is to determine the “effective” concentration contributing to the change of Gibbs

free energy. In other words, while the dots in plane A of Figure 5.7 are trapped by the high

density of certain defects, it renders low jumping probability to the dots, which means the
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“effective” concentration of the dots in plane A is low. Fewer dots per unit time can migrate

away from plane A and contribute to the diffusion.

To extend the concept of Figure 5.7 to Figure 5.1, the migration of the dots can be

regarded as the diffusion of the antioxidant in the XLPE matrix. In Figure 5.7, plane A is like

the location near the surface while plane D is analogous to the position at the core of the

XLPE sample corresponding to Figure 5.1. The concentration of the dots (representing the

antioxidant molecules) in plane A is higher than the concentration in plane D. Although the

concentration of the antioxidant is higher near plane A and decreases from plane A to plane D,

the net flux of the antioxidant can still flow from plane D to plane A against concentration

gradient as long as the concentration of oxygen in plane A is higher. This is because oxygen

can lower the jumping probability of the antioxidant molecule. In other words, the activity of

the antioxidant near the surface is significantly compromised by the molecules of the

diffusing oxygen from the air. In other words, the antioxidant near oxygen has a lower energy

state compared to the antioxidant far from an oxygen molecule. This correlation is formulized

by Eg. 5.2 and quantified by Eqg. 5.9. Based on the concept of activity derived from the

migration behavior of a diffusing species, the nominators of Fick’s Law represented by Eq.

5.2 have been denoted by activity (C,) instead of solely concentration, which means the

“effective” concentration shall be considered.
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Besides diffusion driven by activity, the loss of the antioxidant can also result from the
decomposition of the antioxidant itself. The ageing temperature discussed in this study is
135°C. The melting temperature of the antioxidant is 150 - 165°C. Hence, the molecular
chains in the antioxidant can decompose and react with oxygen, XLPE, or other species in the
environment. Therefore, Eq. 5.3 shall be modified by the reaction-diffusion theory
represented by Eq. 5.4 [101]. The value of  in Eq. 5.4 has been determined at 3.2 x 107 /sec
in section 5.3.3. It means in every second, { portion of the antioxidant decomposes. Without
diffusion, the amount of the decomposition ratio (V) in the first 100 hours can be calculated by

Eq. 5.10 [86].

Vy=1—e Eq. 5.10

where t = 100 x 60 x 60 seconds.

Eg. 5.10 means in the first 100 hours, if there is no diffusion, 11% of the original
antioxidant is decomposed due to the thermal ageing. When both the diffusion and the
decomposition contribute to the loss of the activity of the antioxidant, the accumulating loss of
the activity can be determined by integrating Eq. 5.5, the solution of Eq. 5.4.

In Section 5.2.3 and 5.3.2, we have shown that the concentration of the oxidation
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products is linearly proportional to the diffusion profile represented by Eq. 5.7, which is the

solution of Fick’s Law expressed by Eqg. 5.6. In this study, the diffusion species of Eq. 5.6 is

assumed to be oxygen although other diffusion species can be modeled by this equation as

well. However, since oxygen is an essential reactant in oxidation reactions and oxygen can be

constantly supplied from the atmosphere, the assumption based on the diffusing oxygen shall

be pertinent.

The main objective of this chapter is quantifying the uphill diffusion of the antioxidant

based on the activity. The activity is determined by the activity coefficient (y), which has

been shown to be linearly proportional to the oxygen concentration with a negative slope.

This correlation means when the antioxidant and oxygen are spatially close to each other,

their total energy becomes lower. A study provided a result conforming to our research.

According to reference [33] reported, in the vicinity of the antioxidant molecule, the

probability of the oxidation reaction caused by oxygen and the polymer matrix decreases.

This may suggest that the antioxidant can increase the total energy between oxygen and the

polymer, or, on the other hand, the energy between oxygen and the antioxidant is lower than

the energy between oxygen and the polymer. In other words, the antioxidant is competing

with the polymer in order to attract oxygen. Moreover, the antioxidant has been reported to

spontaneously oxidize [102] and combustible [103] in the air, which means the antioxidant
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tends to attract oxygen. This is evidence indicating that the activity of the antioxidant

decreases when oxygen presents.
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Chapter 6: Summary and Conclusion

Predictive models as functions of time, temperature, and dose rate are important for
power plants to estimate the lifespan of cable insulations. However, to the best of our
knowledge, a model with these variables had not been developed before this dissertation. To
tackle this issue, three approaches have been taken in this research to quantify the
degradation of cable insulation. Experimental data have been incorporated to validate the

developed models.

6.1 Chemical Degradation

Physics-based equations derived from the degradation mechanisms serve as the base of
the models representing mechanical and electrical degradation. The mechanisms are
categorized into reaction-controlled and diffusion-controlled Kkinetics, which are
homogeneous and inhomogeneous degradation, respectively. In reaction-controlled
degradation, the virtual degradation ratio is the integral of the virtual degradation rate; the
concept is the same as the CDF of an exponential distribution. In diffusion-controlled
degradation, the oxidation reaction is used to represent the trend of degradation; the virtual
degradation ratio is proportional to the integral of the diffusion profile of oxygen migrating in

a bulk material. The diffusion profile is controlled by diffusivity, which determines the virtual
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degradation ratio. Both the virtual degradation rate in reaction control and the diffusivity in

diffusion control are temperature-dependent on Arrhenius equation facilitating the prediction

of mechanical and electrical degradation at different temperatures. Moreover, the virtual

degradation rate is further related to dose rate, which extends the prediction from temperature

domain to radiation domain.

The loss of the antioxidant in XLPE can accelerate the degradation caused by the

oxidation. One the one hand, the loss of the antioxidant is driven by uphill diffusion. Uphill

diffusion is caused by the unevenly distributed activity coefficient in the matrix. The

coefficient is linearly proportional to the oxygen concentration with a negative slope. On the

other hand, the loss of the antioxidant results from the decomposition of the antioxidant itself.

A reaction-diffusion theory is used to model the profile and the amount of the antioxidant left

in an XLPE matrix.

6.2 Mechanical Degradation

On a linear Cartesian coordinate, the experimental data of the EAB as a function of time

is similar to an S shape, which is modeled by two parts: a period of insignificant decrease

followed by a section with a gradually subsiding slope. The period is modeled by incubation

time (to). The section is modeled by an equation with a parameter: drop-off rate (v). The
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equation is derived from a physics-based approach dichotomizing one material into two parts:

virtually degraded and virtually fresh subcubes. The ratio of the degraded subcubes can be

used to model the EAB both in reaction- and diffusion-controlled degradation.

Unlike the TDD approach, the shape of the EAB curve in this model is flexible. In other

words, there is no shift factor framing a curve in this newly-proposed method. The model can

fit both temperature- and radiation-dominated conditions since no assumption is made

corresponding to reaction types. There are only two parameters, to and v, in the model. The

simplicity makes this model practical in the filed applications. 1o and v are of physical

significance and their trends are related to aging temperature and dose rate. Therefore, by

following the trends among 1o, v, aging temperature, and dose rate, three-dimensional figures

are plotted to establish a predictive model representing the EAB as a function of time, which

can predict the remaining life of cable insulation.

Bayesian parameter estimation is applied to convert the deterministic model into the

probabilistic model addressing primarily the uncertainty of drop-off rate, which renders the

distribution of expected lifespan. Therefore, the degradation of cable insulation can be

represented in the probabilistic form. This aspect of our model is also new.
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6.3 Electrical Degradation

In additional to being applied to mechanical degradation, Dichotomy Model can

represent the electrical degradation of cable insulation. The degradation of the resistance can

be divided into three phases: phase 1 with a uniform current, transition phase caused by

percolation, and phase 2 paved by the degraded part whose resistivity is much lower than that

of the non-degraded part. Phase 1 is modeled by the Dichotomy Model. Transition phase and

phase 2 are empirically calculated.

Either at lower or higher temperature, the curve of phase 1 can be used to determine the

drop-off rate and activation energy affecting the decrease of the resistance. This approach

offers an advantage since the activation energy is an essential factor in Arrhenius equation,

which is a method widely used to predict the life of a material from an accelerated aging

experiment.

At lower aging temperature or higher activation energy, the transition phase is longer and

can be discerned. Three phases of the resistance degradation are discrete. However, in the

opposite conditions, the curves of the transition phase and phase 2 are not much different

compared to the data point calculated by the equation of phase 1. Therefore, at high

temperature or low activation energy, the equation of phase 1 can model the entire degradation

progress.
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6.4 Degradation Portfolio

Three aspects are considered in this research to quantify the degradation of cable

insulation. In the field application, the accumulated virtual degradation ratio of each category

can be simultaneously monitored along a time axis by the corresponding model. Once one of

the ratios exceeds its threshold, an alarm shall be triggered at discretion.

6.5 Future Work

According to the chemical degradation model, the increase of degradation ratio is

calculated by the CDF of an exponential distribution or the diffusion profile. Other kinetics

such as linear degradation has not been considered. Dichotomy Model may be compatible

with different reaction kinetics as long as the environmental conditions are given.

As for the mechanical degradation model, besides EAB, strength is another important

physical property of the structural materials such as aviation. However, limited research and

experimental data have been published addressing the tensile strength, yield strength, or

Young’s Modulus of a polymer in relation to degradation. Dichotomy Model may also be

pertinent to the development of such models.

The theories of the homogeneous degradation and percolation in the electrical
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degradation model may be used to quantify the degradation of the polymer in electronic

packaging. Homogeneous degradation can be used to represent the change of the dielectric

properties of the package. Percolation is another major phenomenon rendering the diffusion

of moisture. Since Dichotomy Model is generic, it may be applicable to the prediction of the

degradation of electronic devices, particularly in space applications.
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Appendix

A. Introduction of Exponential Distribution

Since an exponential distribution is used in this dissertation to construct one of the major
parts of the degradation models, a detailed derivation of the distribution from a very
fundamental aspect is introduced in this section. It starts from a geometric distribution, which

serves as the beginning of the derivation of an exponential distribution.

A.l  Geometric Distribution

Let Y be the random variable of a geometric distribution [104]. There are n’ trials. The
result of the next trial is not affected by the previous trials; In other words, each test is a lack
of memory. For each trial, the success and the failure probabilities are p’ and (1-p’),
respectively. The probability of the occurrence of the first success after n’ trials can be

represented by Eq. a. 1, which is a function of a discrete random variable.

PY=n)=p - (1-p)®-1 Eq.a. 1

A.2  Exponential Distribution

Exponential distribution has a continuous probability distribution function (PDF), which
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can be derived from geometric distribution. In other words, as n’ in Eq. a. 1 approaches

infinity, geometric distribution becomes exponential distribution. The following is the

derivation process.

Assume an event can occur in every hour with a probability A. Here the unit “hour” is

chosen in order to be in accordance with the experimental data of this dissertation. Other time

units are certainly applicable. If one hour is divided into n parts where n is a very large

non-zero integer, the probability of the occurrence of the event p in this very small time

interval can be represented by Eq. a. 2.

p=— Eg.a. 2

Let X be the random variable of an exponential distribution with a parameter A. Let Y be the

random variable of a geometric distribution with a parameter (A/n). After b hours, the

probability of the occurrence of an event can be represented by Eq. a. 3.

P(X<b)=P(Y<Db-n) Eg.a. 3

In order to calculate the right-hand side of Eqg. a. 3, the summation algorithm in Eq. a. 4 is
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introduced.
bn

P(YSb-n)zZP(sz) Eq. a. 4
k=1

Plug the p in Eg. a. 2 into the p’ in EQ. a. 1; then plug the result into Eqg. a. 3 and Eqg. a. 4.

These steps can result in Eg. a. 5 and Eq. a. 6.

bn
A A
P(YSb-n)zZ(l——)k‘l- -~ Eq. a. 5
e n n
2 bn-1 1
- . 1 ——k Eg.a. 6
Y (- g

The summation algorithm in Eqg. a. 6 is a typical form of the summation of a geometric
progression, which can be calculated by Eqg. a. 7, whose parameters can be substituted by Eq.

a. 8 and Eq. a. 9 in order to be in accordance with Eq. a. 6.

i 1_am+1
ak = —— Eg.a. 7
] 1—a
m=b-n—1 Eg.a. 8
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A
=(1-— Eg.a. 9
a=( - ) q
The equations above can lead to Eq. a. 10, Eqg. a. 11, and Eqg. a. 12.

1_(1_ A)m+1

A n_
PY<b-n)=—"- Eg. a. 10
n 1-(1-2
n
A 1Ly
PY<b-n)= — - n Eqg. a. 11
n 1-(1-2
n
A
— 1 — " Nbn
=1-(1 - )
y) b
—1_ _ 2 n Eg.a. 12
1-la--o| q
By the bridge provided by Eg. a. 3, Eq. a. 12 can be approximated to Eq. a. 13.
2 b
P(XSb)zl—[(l—T)”] Eg.a 13

Since the n in EqQ. a. 13 is a very large integer, which means the time interval is very small,
the concept of limitation algorithm can be introduced to Eqg. a. 13, so Eg. a. 14 and Eqg. a. 15

can be obtained.

171



b
P(Xsb)=rlli£130{1—[(1—%)”]} Eg. a. 14

-1~ {am[o-27)

=1 - (e?)’

b

=1— e *b Eg.a. 15

Finally, the cumulative distribution function (CDF) of an exponential distribution is shown by
Eqg. a. 15 [86]. Followed by the steps from Eg. a. 16 to Eq. a. 19, and by the premise that no

event occurs when the time is not larger than zero, Eg. a. 20 can be obtained.

b
P(X<b) = j fx (x) dx Eq. a. 16
o
P(X <b) = f fx (x) dx Eq.a. 17
0
dPX<b— dfb (x)d Eq. a. 18
db(_)_dbofxxx g.a.
d d
a _ % b Eq. a 19
o, Pxsh) = — (1 — e*P) q
fx(b) = A -e™*P Eq. a. 20

Eqg. a. 20 is the PDF of an exponential distribution [86], which is the final goal of the

derivation in this section.
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