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Many United States nuclear power plants are seeking to renew life licenses to extend
the operational life of the plant to an additional 20 or 40 years. Degradation of
insulation and jacket of cables, which are originally designed for 40 years in the second
round of operation, is a critical issue which can impair the safe and reliable function
of cables and ultimately the plant. The main criterion for assessing the end of life of
these insulations is defined when the elongation at break reaches 50% of its original
value.
However, measuring the elongation at break is done by tensile tests, which are
destructive and need large samples; the feasibility of these tests is significantly limited
on installed cables at nuclear power plants.

A new model was developed to relate the changes in the activation energy

corresponding to EAB in terms of the changes in the activation energies corresponding



to non-destructive condition monitoring, NDE-CM, parameters. The coefficients of the
model are obtained by normalizing the calculated activation energy of each CM

parameter’s changes with the activation energy of EAB changes.

Therefore, it is possible to estimate EAB values, in the present developed
equations, from the substitution of activation energy corresponding to EAB changes
with the correlated activation energy of the non-destructive condition monitoring

parameters.

Cable Polymer Aging database, C-PAD, which is provided by Electric Power
Research Institute, and supported by the U.S. Department of Energy, along with
experimental results done in the University of Maryland, UMD, laboratory was used
as the database. While taking advantage of C-PAD database which contains condition
monitoring parameters of insulation cables such as Elongation at break, Modulus and
Density provided by many U.S. and international research institutes, extensive aging
experimental results on two cables, each with two grades provided us with not only a

database but also a better understanding of the aging mechanism.

The published experimental results of cable insulations are used to validate the
model. A good fit between the experimental and modeled results confirms the validity

of the model.
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Chapter 1: Introduction

1.1 Motivation and Purpose

In Nuclear power plants, NPPs, 1000 km of Instrumentation, control and power cables
are found. Cables’ reliability is crucially important for the safety of NPPs particularly
to extend the lifetime of the NPPs over their normal designed life which requires to
ensure about the cables’ safe operation. Cables’ insulation suffers from degradation
under environmental stresses such as heat, humidity and radiation which affect their
integrity. Currently, the EAB values higher than 50 percent is set as the main criteria
to evaluate cables’ integrity, EPRI 2005. [1] However, EAB values are measured by
the tensile test which is destructive and is not possible to be done on installed cables.
[2]

Therefore, it has been extensive number of research devoted to correlate EAB values
to that of non-destructively measured materials’ property. [3], [4], [5] and [6]
However, these correlations are not universally valid over various environmental aging
conditions of the insulation cables. The main reason for the invalidity of these
correlations is that the EAB values which are correlated to the values of non-
destructively condition monitoring, NDE-CM, parameter changes under different
environmental conditions.

In this thesis, the activation energy corresponding to EAB changes is correlated to the
activation energy corresponding to non-destructively condition monitoring, NDE-CM,

parameter.



Therefore, it is possible to estimate EAB values in the present developed
equations from the substitution of activation energy corresponding to EAB changes
with the correlated activation energy of the non-destructive condition monitoring

parameters. [7], [8] and [9]

1.2 Organization of this thesis

Chapter 2 discusses the theory of the model. Chapter 3 presents experimental and
characterization methods used to construct the data set. Chapter 4 presents and
discusses the results of the experiments. Chapter 5 presents the data set of activation
energies calculated from the CPAD and the experiments performed in this thesis.

Finally, the summary of research, conclusions, and areas to improve and future research

are discussed in Chapter 6.



Chapter 2: Model Theory



2.1 Introduction

The safe operation of NPPs is significantly dependent on the reliable function of cables
which are responsible to transmit electricity and control signals to motors and control
instruments respectively. [10], [11]

Environmental stresses such as heat, humidity, radiation along with mechanical stresses
such as bending can result in cable insulations’ aging over time. It is of great importance
that cables maintain their integrity over normal and accident conditions of operation
at NPPs even when they are aged. [12]

The degradation state assessment of cables is even more important in renewing the
license of NPPs after 40 years of operation which requires the lifetime estimation of
cables. [13] The end of life of a cable polymeric insulation is defined by reaching its
50% elongation at break, EAB, of the tensile test, which is a destructive test and
requires large amounts of insulations. [14] Lifetime estimation of cable insulations
performed either by accelerated aging tests or condition monitoring assessments both
face challenges as the former method is dependent on EAB measurement of the
destructive tensile test and the latter is dependent on a non-invasive control method

which is different from the main defined criteria of end of life assessment. [15]



2.2 NPP Cables

Historically, the development of insulation cables refers to 1941 when polyethylene,
PE, was employed in cables as insulators. Although the manufacturing process was
costly, there were no concerns about as the lifetime of PE cables was expected to be
around 100 years. In the early 1970s, it was revealed that “water tree” is a common
phenomenon in PE cables which results in the early failure of cables. By 1976, PE
cables’ early failure was confirmed by the utility reports and EPRI results. On the other
hand, crosslinked polyethylene, XLPE, revealed failure rate much lower that of PE
cables. By 1980, ethylene propylene rubber, EPR was also introduced to the market. It
was discovered that it is possible to reduce the EPR production costs by using the same
XLPE manufacturing process for the specific EPR grade. It was found out by 1980 that
jackets can protect cables from water treeing by reducing the water penetration to the
cable. The progress in the manufacturing process of EPR and XLPE led to removing

EP cables from market by 1995. [16]

2.2.1 Cable Constructions

The purpose of employing cables, either control or power, is to transmit current to
different spots or instruments. [17] At NPPs, power cables are responsible to transmit
high energy levels, 120 V to 15 kV, while control cables are employed to convey low
energy levels, millivolts to 120 V. [13]

While power cables require special features to deal with amounts of energy, different
layers in control cables are needed to protect them from environmental stresses such as
mechanical stress, sunlight and chemical attack. [13], [17]

Figure 1.
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Figure 1-(a) Typical MV power cable (b) Typical LV power cable



2.2.2 Cable Elements
Cables generally contain elements including conductor, insulation, jackets, and
semiconductor screen. These elements will be discussed in more details in the
following;

e Conductor
Conductors are used for the purpose of current transmission. Copper is the metallic
conductor that is used at NPPs due to several reasons such as low electrical resistivity
and high mechanical properties. For instance, Silver’s electrical conductivity is higher
than that of Copper , however, it is compromised by its softness which makes it an
unsuitable choice as cable conductor. [18]
The standard unit for measuring solid conductor sizes in North America and Canada is
established as American Wire Gauge (AWG). The conductor #36 AWG has the
diameter of 0.005 inches while the conductor #4/0 AWG has the diameter of 0.46
inches. The diameter of stranded conductors over than #4/0 AWG are measured by
Circular Mils ( cmils or CM). One circular mil is defined by an area of a circle which
has the diameter of 1 mil or 0.001 inch. [18], [19]

e Semiconductor Screen
A semiconductor screen is a black , less than 1 mm thickness, layer which keeps the
electric field the same by smoothing out the protrusions of the conductor. Any small
protrusions increase the electrical field which enhances localized electrical stress over
the insulation and ultimately results in insulation failure by exceeding its breakdown

strength over time. [16], [20]



Shields mainly serve to decrease electrostatic noise in the cable. The
smoothness of shields is significantly important to protect the insulation from
high electric stress due to the protrusions in the interface. Shields also protect
the insulation from mechanical damages on the jacket such as crack
propagation. [21]

Semiconductors are elastomeric copolymers which are compounded with
conducting carbon black. They are also crosslinked in the manufacturing
process and extruded over the conductor and insulation. The smoothness of the
interface between insulation and shield is mostly dependent on the dispersion

of carbon black in the compound. [22]

e Insulation
Before explaining different types of insulations, the concept of energy band
structure should be described.
= Energy Band Structure
Insulators are one of the three categorical solids based on their band structures.
Figure 2 shows three types of solids at 0 K based on their band structures which contain

insulators, semiconductors, and metals. There is a large band gap between the conducti
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Figure 2- Electron band structures of insulators, semiconductors, and metals

Crosslinked Polyethylene (XLPE)

XLPE is produced when polyethylene is crosslinked by undergoing

chemical reactions to join different polymeric chains.

There are three different methods for the crosslinking process;

1- Incorporating dicumyl peroxide in the extrusion process. After
extrusion, the insulation enters a curing tube where the
decomposition of dicumyl peroxide happens under high
temperature.

2- lonizing radiation is used to form free radicals. The reaction of free
radicals will produce cross-links.

3- The polyethylene chains are linked to alkoxysilanes. Siloxane
reactions between different chains will produce cross-link the

chains.



The XLPE chains in the amorphous regions are coil while they are aligned in
the crystalline areas. While crosslinking is mainly responsible in keeping the
shape and mechanical properties in insulations, the degree of crystallinity has a
significant contribution in this matter. The stressors such as mechanical load,
temperature and ionization can reduce the degree of crystallinity.

On the other hand, contaminants, ions, and moisture reside mostly in
amorphous areas. As it was stated, under the stressors over the aging period, the
amorphous regions extend to crystalline areas which leads to the loss of

mechanical properties. [22]

= Ethylene Propylene Rubber (EPR)

Ethylene Propylene Rubber (EPR) is manufactured by polymerization of ethylene and
propylene monomers in the extruder. The chemical structure of ethylene and propylene

monomers are shown in  Figure 3.

—€CH2—CH25—<~CH2—CH
A

CH,
m
Figure 3- Ethylene Propylene Rubber (EPR) chemical structure
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The degree of crystallization depends on the ratio of combining these monomers.
Higher ratio of propylene reduces the inherent tendency of ethylene monomers to align
and form crystallites. However, it facilitates manufacturing process as higher propylene
content increases ductility. EPR and XLPE both are classified as semicrystalline
materials because they contain amorphous and crystalline regions in their structure.
Before aging, the insulation contains higher content of crystalline areas and therefore
higher mechanical properties. However, the crystalline regions will be decomposed to
amorphous areas under the stress of heat, electrical and ionization which results to the
loss of mechanical properties. Ultimately, the progress of crosslinking reactions in the
amorphous areas will result in the brittleness of the cable and electrical failure of the
cable due to short curcuit by crack propagation. [23], [22]

The importance of crystalline areas from the cable perspective is that chain
motion is limited in these areas which results in less polarization and lower dissipation
factor. When the chains are confined in crystalline areas, they have less chance to move
towards electrodes with opposite charge which results in lower energy loss in the form
of heat, defined as dissipation factor.[22]

Although it was stated that ions and contaminants are mostly found in amorphous areas,
the “imperfection” lies also in the crystalline regions from the manufacturing process
such as occurrence of oxidation under high temperature in the extruder. That’s why a
slight polarization happens in crystalline areas too.

EPR insulations also are crosslinked in the manufacturing process. Sometimes a diene
monomer is added to the compound to facilitate cross-linking process by high ionizing

radiation method, the product of which is called EPDM. [22]

11



Jacket

Jackets are insulating polymers which are extruded over cable insulation,
semiconductor and wire. Jackets” main purpose is to protect cable from water
and ions. Some examples are Hypalon (Chlorosulfonated polyethylene
(CSPE)), neoprene (Polychloroprene (CR)) and CPE (Chlorinated Polyethylene

Elastomer). [22], [24]

Hypalon

46 CH, CH ﬁ CH, CHza—e CH, CH )
| m n | k

Cl SOCI
Neoprene
Cl h
CPE
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2.3 Degradation

Before classifying different kinds of degradation, the basic forces on cables will be
explained.
Electric field, E, is a physical field that exerts force, F, on particles with electrical

charge, g. The relationship is shown equation 2.1.

F=gq.E (2.1)
€, D =¢FE (2.2)
The dielectric permittivity represents the potential of the dielectric to be polarized
under the electric field. The relationship between dielectric constant, k, and dielectric

permittivity, €, is shown equation 2.3.

k=c¢/e (2.3)

€o represents vacuum dielectric constant in equation 2.3. [25]

Dielectric constant can be visualized as dielectric capability to hold charges. A good
cable insulation as low dielectric constant and low dissipation factor, energy lost as
heat. When cables are under AC electric field, the charges in the insulation, coming
from ions and oxidized groups from manufacturing, move towards the electrodes
according to the frequency. The changes in the direction of charged particles’ strain
and motion produces heat which degrades the insulation, as a result, the dielectric

constant and dissipation factor will increase over time.

13



Dielectric strength is defined as the limiting voltage of insulation electrical beyond

which electrical failure happens. [22]

2.3.1 Degradation Mechanisms

There are several electrical failure mechanisms of insulations which will be discussed

in the following;

e Partial Discharge (PD)

The presence of voids and cavities in the insulation provides the weakening sites in the
insulation. As seen in Figure 4, the electric stress is higher in the air bubble than in the
insulator. The dielectric strength of voids is much less than that of insulations, 50 to
100 times. Therefore, when the operation electric field exceeds the voids’ breakdown
voltage, 3 kV/mm, it results to their decomposition, defined as partial discharges, PD

[26].

N
air bubble

Figure 4- The electrical field in the insulator and air bubble(a) PD propagation in the
insulation (b)
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After PD, the emitted electrons from gas atoms bombard the insulation in the direction
of positive electrode which erodes the insulation by ionization. [25]

The ionization of the insulation after PD, will produce chemical degradation of the
insulation which will be extended into the insulation and ultimately lead to a short

circuit [25].

2.3.1.1 Free radical formation and oxidation reactions

Oxidation reactions have been known as the most detrimental insulation degradation

mechanism. [27], [12], [2], [10]

In these reactions, free radicals initially are formed by partial discharges, ionizing
radiation or thermal energy leading to the formation of voids and cracks due the
insulation bond breakage. As a result of the thermal, mechanical stress, and ionizing
radiation, mainly, ruptures or scissions occur along the backbone of the chain, which
lead to the formation of the C-centered free radicals and subsequent decrease in the
number average molecular weight (NAMW). Obviously, the decrease in the NAMW
leads to the loss of mechanical properties. The scission along the backbone of the chain
can take place in both the crystalline and amorphous regions of the polymer chains.
Those thermally, mechanochemically, radiolytically produced C-centered radicals
react with the dissolved molecular oxygen in the polymer very rapidly to produce the
corresponding peroxyl radicals. These reactions are very fast with relatively very low
activation energies due to the reductive nature of the C-centered radicals. It is also

worth mentioning that the reaction of the C-centered radicals with oxygen occurs

15



mainly in the amorphous region, and at the interfaces between the amorphous and the
crystalline region. The C-centered free radicals along the backbone of the chain move

to the interface area through H-hoping mechanism. [28], [29], [30], [31], [32]

e Free radical Formation

Reaction (2.4) represents C-H bond of a polymeric chain to break which forms a
secondary alkyl free radical, (2.6), and hydrogen atom. Reaction (2.5) represents the
breakage on the backbone of the polymer which produces two primary alkyl free

radicals.

R
RH—— R+ H (2.4)

/ ' A
RRF —— R + R (2.5)

Reaction (2.4) represents C-H bond of a polymeric chain to break which forms a
secondary alkyl free radical, (2.6), and hydrogen atom. Reaction (2.5) represents the
breakage on the backbone of the polymer which produces two primary alkyl free

radicals.

In the case of reaction (2.4), the secondary alkyl free radical can convert to allyl, (2.7),
and polyenyl radicals, (2.8) via hydrogen transfer along the chain which are stable

radicals due to the presence of the conjugated bonds in the chain. [31]

H CH—— .
CH, cH Secondary Alkyl Free Radical (2.6)
16



—— CH=—CH——CH—— Allyl Free Radical (2.7)

—CHZfC_—CHj*.CH—
H
n Polyenyl Free Radical (2.8)

Besides, secondary alkyl radicals can undergo termination reactions via crosslinking,
Figure 5, where two free radicals are recombined or disproportionation reactions,

Figure 6, where a hydrogen atom is abstracted by the acceptor chain and a conjugated

bond forms on the donor chain.

H H -
—CHy— C— CH,—/— —CHy——C—— CH,
‘
‘ a C CH
CH2 ﬁ \,Hz CHZ H 2

Figure 5- Crosslinking reactions of secondary alkyl radicals

H
CH; C— CH, H,C CH, CH,
e
CH, c CH— C——cH CH,

Figure 6- Disproportionation reactions of secondary alkyl radicals

The product of hydrogen atom in reaction (2.4) can be also detrimental to the polymer
by forming secondary alkyl free radicals via extracting hydrogen atoms located in both

crystalline and amorphous regions. It is attributed to the fact that the hydrogen atom is
17



very small in size which gives it the possibility to diffuse to crystalline regions too. The

exothermal reaction, AH=-30 kJ/mol, will produce heat which will be dissipated in the

polymer by chain movements, morphology changes and bond breakage which all are

detrimental processes. [31], [30]

Finally, the primary free radical formed in reaction (2.5) are short-lived radicals, less
than 24 hours, due to the recombination reactions in both amorphous and crystalline
regions. However, the primary alkyl radicals in the crystalline region may not
recombine due to the confinement and axial chain stress which results in converting to

secondary alkyl radicals via hydrogen transfer, Figure 7, or, hydrogen hop, Figure 8.

Hydrogen-transfer mechanism happens along a polymer chain, Figure 7, whereas a
hydrogen atom is abstracted from adjacent polymer chains in hydrogen-hopping

mechanism, Figure 8. [32], [30], [31]

Figure 7- Hydrogen-transfer mechanism

18
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Figure 8- Hydrogen-hopping mechanism

The secondary alkyl radicals may migrate to amorphous regions where oxygen is more

available or, as discussed above, may form stable polyenyl and allyl radicals.
e Oxidation reactions

The presence of oxygen along with alkyl radicals will produce a series of reactions that
leads to the formation of hydrophilic products such as carboxylic acids, ketones and
alcohols which drop the dielectric property of the insulation. Besides, the increase of
water penetration along with loss of mechanical properties and crack propagation will

deteriorate insulation cables. [22], [31]

Oxygen is initially introduced to polymers in the manufacturing process, while later the

diffusion of oxygen to the amorphous region enhances the oxygen concentration.

Alkyl radicals will combine with oxygen through thermodynamically favorable

peroxidation reactions, (2.9), which produce peroxyl radicals, RO, [31], [30]

19



*RH + O2 — RHO2* Peroxidation (2.9)
There are three important reactions of peroxyl radicals with polymeric chain, (2.10),
which proceeds propagation reactions as well as with alkyl radical, (2.18) and another
peroxyl radical, (2.19), which are termination reactions.

e Peroxyl radical reaction with polymeric chain
Peroxyl radicals, RHO:* can initiate chain reactions by abstracting H, which results in
the formation of new C-centered radicals and hydroperoxides.

HRO2* + RH — RO2H + °R (2.10)

The abstraction reaction is by far much slower than the peroxidation reaction, and with

much higher activation energy.

Hydroperoxides decompose to hydroxyl, OH , alkoxyl, R.O , radicals as well as ketone,

R2CO, and water in reactions (2.11) and (2.12) respectively.

[ ] ]
+
ROOH——> RO T HO (2.11)

o)

u H,0

The hydroxyl, OH ,aIkoxyI,R.O, radicals are highly reactive products and are

considered as important propagation reactions.

@) )

Co + CH3

——CH;—CG——CH— —>  —CH,

(2.13)
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0]

—CH,—Ce —> —CH, + CO (2.14)

Alkoxyl, R.O , radicals will produce alkyl and carbon monoxide in reactions (2.13) and
(2.14) which have a very low activation energy.

The other possible reaction of alkoxy radicals is abstraction of hydrogen from
polymeric chains which forms new alkyl radicals and alcohol products, (2.15). [31],

[32], [28]

RO® + R'H — ROH + °R/ (2.16)

The other highly reactive product of reaction (2.11) is hydroxyl radicals, O.H, which
can abstract a hydrogen atom from a polymeric chain to produce a new alkyl radical
and water, (2.17).
HO® + R'H — H20 + *R/ (2.17)

e Peroxyl radical reaction with alkyl radical
The reaction of peroxyl radicals with alkyl radicals produces peroxides, (2.18).
ROO* + *R’/ — ROOR/ (2.18)
These reactions are one of the terminations reactions and thermodynamically feasible
due to the migration of alkyl radicals along the polymeric chain and ultimate reaction
with peroxyl radicals. [31], [28]

e Peroxyl radical reaction with Peroxyl radical
The other termination reaction of peroxyl radicals is their reaction with peroxyl

radicals, (2.19), which produces tetraoxide.
21



HRO>* + HRO2* — HROOOORH (2.19)

This bimolecular termination reaction, (2.19), is not a favored reaction and will
decompose to hydrophilic products, i.e. aldehyde and alcohol, which increases polarity,
the likelihood of moisture ingress and insulation failure;

HROOOORH — R’ OH + R OH+ O (2.20)

In the absence or at low concentration of oxygen, and increase in the number of free
radicals over aging , C-centered radicals can undergo crosslinking reactions. [29], [33],

[34]

The oxidation reactions are summarized in Figure 9.
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Figure 9- Oxidation reactions of polymeric chains in the amorphous region, Copied
from Figure 25 of [31].
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2.4 End of life criterion

The end of the life is defined as reaching elongation at break in tensile test, EAB,
parameter to 50% of its original value. [35] This criterion has been chosen based on the
importance of mechanical integrity in electrical failure of cable insulations. Indeed,
aging promotes loss of flexibility, crack propagation and ultimately electrical failure.
Measuring EAB is performed by tensile tests for which large samples of cable

insulations must be cut and taken to laboratory for tensile test measurements.

e Ductility
One of the important parameters that is evaluated in tensile test is ductility. Ductility
represents the level of plastic deformation in materials. As shown in Figure 10, the
degree of ductility is very low in brittle materials. From atomistic perspective, plastic
deformation corresponds to the lack of freedom of atoms and molecules to return to the
original place after the removal of stress. Indeed, atoms form new bonds with their
adjacent atoms after breaking bonds between original atoms under stress. Elongation

at Break, EAB, in equation (2.9), is a quantitative expression of ductility. [36]

Brittle

Ductile

- .

Stress

Strain

Figure 10- Typical stress-strain plot of brittle and ductile materials
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%EAB = (L=2) x 100 (2.21)
l

0
where %EAB is percent plastic elongation, I is fracture length (m) and [, is the original

length (m).

Two other parameters of mechanical properties are Ultimate Tensile Strength, UTS,
and Elastic Modulus. UTS is the maximum stress and EM is the slope of the linear

region of the stress-strain plot.

2.5 Conventional approaches for lifetime estimation

NPPs still maintain their attractiveness as a sustainable and secure energy resources,
which do not produce greenhouse gas emission effect. [37] In order to make NPPs more
affordable energy production resource, Nuclear Regulatory Commission (NRC)

renews life licenses of plants. [38], [39]

This involves continued operation of plant’s structures, components, and systems
beyond their originally designed life. Therefore, extra attention should be dedicated
towards maintaining the safe and reliable function of aged assets among which the
integrity loss of cable insulation and jackets can pose a significant threat to the safety
system of the plant. Since the total replacement of cables is both time consuming and
expensive, the useful lifetime of cables has been verified by several approaches and

models.
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e Accelerated aging tests
Accelerated aging tests are widely used to estimate the conservative lifetime of in-
service cables by aging tests at accelerated conditions. [40] The first accelerated aging
methodology, IEEE Standard 323, was developed in 1974. Accelerated tests were used
to reach the end of life of cables faster than the operational in-service conditions.
However, there are limitations where the morphology, volatility and solubility of the
stabilizers are fundamentally different from below to higher the transition temperature

range. [2]

The main assumption is that the degradation behavior remains the same in accelerated
and in-service conditions. The results of accelerated aging were used to estimate the
end of life by the Arrhenius method. While since then international groups such as
Conference International des Grands Reseaux Electriques, CIGRE, International
Atomic Energy Agency, IAEA, etc. were extensively devoted a lot of research to
establish a reliable methodology to estimate the degradation behavior of ambiently
aged cables, deviations from the expected lifetime of naturally aged cables proved more
research must be done. It was found out that the in-service cables’ degradation behavior
is different from that of accelerated aged cables. [41] Several reasons may account for
the observed non-Arrhenius behavior. First, degradation mechanisms which are
assumed in aging models do not match those happen at field. For instance, Arrhenius
model which is widely used to extrapolate accelerated aging test results to ambient
temperature is based on identical activation energy of degradation reactions at different
temperature zones. [42] However, the observation of non-Arrhenius behavior at lower

temperatures brings about a curvature in Arrhenius plot which invalidates linear
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extrapolation assumptions. While the details of non-Arrhenius behavior are still
unknown due to the complexity of degradation processes, physical changes such as
morphology, diffusion limited oxidation, and the stabilizer solubility may be accounted
as reasons. In addition, chemical changes such as variations in the dominant
degradation reaction have been known to significantly affect the curvature of the

Arrhenius plot. [43]

Moreover, the variations in cable processing which are not disclosed by manufacturers,
adds to the complexity of the system and therefore making the degradation mechanism

of cables as a black box. [41]

e Condition Assessment
The other method for lifetime estimation of cables is based on determining current state
of degradation of installed cables by assessing mechanical and electrical properties of
cables, with non-destructive experiments. Currently, 50% elongation-at-break, EAB, is
defined as the end of life. However, EAB values are measured with destructive tensile
tests which needs large samples of cable insulations to be cut and taken to laboratory
for the test. Indentation modulus, on the other hand, is a non-destructive test that
displayed a good correlation with EAB and can be used as an alternative experiment to
assess mechanical properties of cables. However, the applicability of indentation
method is limited only to easily accessible parts. While there are limitations on
mechanical property assessment experiments, there are several aging key indicators
corresponding to physical and chemical property changes that can be employed to
nondestructively assess the health state of cables without spatial limitations. Chemical

and physical properties of cables change as a result of degradation reactions. Detecting
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gradual changes of these properties can provide early warnings of aging status which
over time leads to embrittlement and ultimately mechanical and electrical failure. [39]
Condition monitoring, CM, is an approach that several key age indicators are assessed
by Non-Destructive Experiments, NDE, on installed cables in periodic plant
inspections. The CM parameters are used to monitor degradation processes by
comparing with the analytical results obtained from correlating changes of the CM
parameters under accelerated aging conditions with elongation-at-break, EAB values.
While the definition of end of life is corresponding to 50% EAB, correlating CM
parameter changes to EAB variations can result in carrying out non-destructive
experiments to obtain the relationship between CM parameter changes and end of life
instead of performing destructive tensile tests to directly estimate end of life from EAB
data. Condition monitoring is used for the life assessment of ambiently aged cables
under the assumption that the correlation between CM parameters and EAB data under
accelerated aging conditions remains valid under operational conditions. Therefore,
the time variation of CM parameters can be used to estimate the remaining useful life,
RUL, of installed cables. However, instances such as irregular variations of CM
parameters with time or “induction-time behavior” cases where a sharp decay of
material property happens without early warning, makes RUL estimations less

applicable. [15]

Under many ambient-condition-assessment investigations, the condition indicators
which can detect significant aging mechanisms are found and graded to several
classifications to provide guidance on the level of severity of ambiently aged cables.
[44], [45], [46], [47], [48]
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However, there is a crucial need to develop quantitative requirements based on
scientific principles to reduce the probability of subjective assessments of degradation
state of cables. While there are several empirical models developed to address this issue
by correlating CM parameter changes and that of EAB under accelerated conditions,
the practical use in operational conditions is very limited due to the arbitrary nature of
the model which is not based of physico-chemical scientific principles of the

degradation. [49], [50], [51], [52]

2.6 Insulator Aging Models

Models corresponding to insulator aging are classified into three categories: thermal,

electrical, ionizing radiation and combined models.

2.6.1 Thermal Models

The most used models in the thermal aging of the insulators are based on Arrhenius

and time-temperature superposition principles.

e Arrhenius model
Thomas Dakin proposed a method for estimating lifetime of insulations based on
Arrhenius equation which has been the basis of lots of models developed so far. [53],

[54], [55], [56].[57]

Dakin used Arrhenius equation to determine the rate of physical property changes
under the assumption that changes of physical properties of insulation are proportional

to the changes of the concentration of the most important chemical component. In other
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words, he assumed that the concentration changes of one chemical component, which
is involved in one reaction, is proportional to the variations of physical properties.

Based on this assumption, he suggested a life model, so called “Arrhenius model”, AM;
Ea
Int = oy +const (2.22)

where t represents lifetime of insulation (h), i.e. the time it takes for the insulation to

reach 50% EAB, Ea activation energy (ﬁ) , T absolute temperature (K) and R gas

constant (m Ojl K).

From equation (2.22), it is concluded that lifetime is linearly dependent on temperature
when it is plotted in logarithmic scale versus inverse of temperature. The Activation

energy can then be calculated from the slope of this plot. [53]

e Time-Temperature Superposition
In 1941, H. Leaderman suggested a method for extrapolation of viscoelastic properties
at a given temperature. He based his suggestion on the observation that horizontal
shifting of creep recovery values obtained at various temperatures along the logarithmic
scale of time axis produced a superposed master curve. The master curve covers a wide
range of time axis on logarithmic scale which can overcome the practical issues of long

time requirement by experiments at ambient temperatures. [58]

This observation was the basis of Time-Temperature Superposition, TTS, which is

explained in the following equations.

Er(a(T).t) = Eq,(t) (2.23)
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t
Er,(z) = Er(®) (2.24)
where a(T) is the shift factor at temperature T, E-(Pa) modulus at temperature T, T

(K), Ex, modulus (Pa) at temperature To (K).

To obtain a(T), modulus data plotted versus log time will be shifted horizontally until
they are superposed. The amount of shift is expressed as a(T). Equations (2.23) and
(2.24) assert that the effect of temperature on viscoelastic properties, in linear
viscoelastic region, can be found by multiplication or division of a constant shift factor

by time. [58]

In insulator aging, TTS is combined with Arrhenius model to employ all the data rather

than a few data points. [59]

The data obtained at accelerated conditions is shifted horizontally along the log time
axis to superpose and then obtain shift factor. The experimentally found shift factors
are plotted against reciprocal of temperature to calculate the activation energy as the

slope of the plot according to the following equation; [32]

E, 1 1
lnaT= RT (T_r_;) (225)

where ar is shifting factor to the lowest accelerated temperature, Eais activation energy,
R gas constant, T absolute temperature, Trreference temperature, i.e. lowest accelerated

temperature

After calculating activation energy, lifetime of insulation at operational temperature

will be calculated from the following equation;
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—Int ="Ffa 1 _1
lnaT—lntr =— (Tr T) (2.26)

where tis the lifetime at an accelerated temperature, tr lifetime at reference temperature,

i.e. operational temperature, and Trreference temperature, i.e. operational temperature.

2.6.2 Radiation Models

Gillen et al extended the time-temperature superposition, TTS, concept to the field of

radiation in the name of Time-Temperature Dose Rate Superposition. [60]
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Figure 11- DED versus dose-rate plot in an idealized diagram. [60]

In Figure 11, it is shown that datapoints lie on isotherms, Ta, To and T¢, on Dose
Equivalent to Damage, DED, versus dose-rate diagram. The datapoints a1, b1 and c1
have the same total dose, Ds. In fact, the isodose line D1 intersects the isotherms Ta, Tb
and Tc with the intersections of a1, b1 and c1. Equation (2.27) is used to extrapolate the

a1, b1 and c1 on the Trer isotherm.
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according to the following equation;
r=—"=exp Sa [l — i] (2.27)

where r represents ratio of dose rates, Rx high dose rate (Gy/h) at Ta (K), Ry low dose

rate (Gy/h) at Te¢ (K).

This relationship models combined environments containing temperature and dose rate

as stressors.

Q/ T2
DED g O

OT3

Tref

Dose-Rate

Figure 12-Hypothetical diagram of DED versus dose-rate. [60]

The datapoints lying on isodose lines in Figure 11 is an ideal representation. Figure 12,
on the other hand, shows the real hypothetical representation of datapoints in a DED

versus dose-rate plot with different total dose values. It is possible to shift the data
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points on Figure 12 to the reference temperature, Tref, by the activation energy which

gives the best superposed curve. In fact, iteration of activation energy values to obtain

the best superposed curve is due to the assumption that only one single activation

energy holds.

2.6.3 EAB estimating models

Models estimated EAB with time will be explained as follows;

Buslik et.al. developed a probabilistic model to estimate the probability of
failure time of low voltage control cables inside containment, considering that
the stressors degrading these cables are mainly temperature and radiation.[8]
Lifetime assessment was evaluated by embrittlement criterion which is 50%
EAB. He based his model on this assumption that cable insulations have an
initial capacity, resistance to degradation, ho, which will decrease by exposure

to stressors, Temperature and Radiation, according to the following equation;
h = hy — tR(T,D) (2.28)

where h is the capacity of insulation at time t (h), ho initial capacity, R (T,D)

rate of degradation (h~1)as a function of Temperature T and dose rate D.

The rate is assumed constant at constant T and D which leads to expressing
degradation, f(t,T,D), as a product of time and rate. He obtained R(T,D) from

the following equation;

R(T,D) = e PE(1 + dD"e"PF) (2.29)
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where § = R—lT (mTOl) , E activation energy (ﬁ) n and d are parameters of the
model.

The first part of the above equation is related to the thermal-induced
degradation, while the second part is related to radiation-induced degradation.
On the other hand, when high dose rates are used, radiation degradation

dominates, and the rate equation will approach time-temperature dose rate

superposition.

In order to determine the relationship between EAB and the change in resource,
ho, the data corresponding to each parameter were plotted. An exponential curve
fitting was shown to be the best fit with experimental data which was used to

derive the equation below;
In EAB = A + Bh, (2.30)

He concluded that the change in resource can be found from equation (2.29)

which can be substituted in equation (2.30) to estimate EAB.

The most widely used approach to empirically model EAB with time is based
on determining a polynomial or exponential function which best fits EAB

versus time curve. [49], [9]

Kemari et al used an exponential function to describe the relationship between

EAB and time. [9]
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EAB = E, — Ae /" (2.31)
where Eo, A and t are the parameters of the model.

A mechanistic model which estimated EAB with time was developed by Chang

etal in 2018. [7]

Chang based his model on the assumption that EAB of cable insulations will
slightly change for specific amount of time which subsequently will be dropped
sharply to reach end of life. He hypothesized that the sharp decay is due to the
complete depletion of insulation out antioxidants via evaporation and
consumption. He assumed the degradation mechanism by considering that
degradation which is represented by EAB decay is initially constant over
specific time interval but will be progressed significantly in the next step. He
assigned the “incubation time” to the time coordinate of the first step and “drop

off rate” to the rate of the second step. [7]

Normalized EAB is defined as the ratio of EAB corresponding to an aged

specimen to that of unaged specimen.[61][62]

Then, he assumed that a tensile specimen is divided into unit cubes while each
unit cube can be divided into m subunits. He assumed that n subunits out of m
sub units of a unit cube are degraded. He then derived the following equation

for modeling the variations of normalized EAB with time;

§=1—(1—e )3 (2.32)
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where 9 is drop of rate (1/s) , § is normalized EAB which is EAB at time t

divided by EAB at time 0, t time (s).

Then, he subtracted incubation time from time t because drop off rate is

negligible at times smaller than incubation time.

1
§=1—(1—-e 9t D)3 (2.21)

where (S) is incubation time.

2.7 This dissertation Model Theory

The model of this PhD dissertation is based on the correlation of activation energies
corresponding to physical property changes and that of EAB. The correlation is based
on Dakin’s theory which stated that the activation energy of chemical reactions is
correlated with that of physical properties. [53]

Figure 13 schematically shows the correlation between the activation energy of
degradation and crosslinking reactions in the insulation and the activation energy

corresponding to physical property changes.
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Figure 13- Schematic diagram of correlation of activation energy of different
properties.

It can be concluded that the activation energy of NDE-CM parameters’ changes is equal
to the activation energy of EAB changes. However, the equality has not always been
observed due to the experimental conditions and the accuracy of calculation methods.
A coefficient multiplication to each activation energy of NDE-CM parameters’ changes
can make them equal to the activation energy of EAB changes. This coefficient is
obtained by the average of normalizing activation energy of each NDE-CM parameter’s
changes with the activation energy of EAB changes.

Therefore, it is possible to find a mathematical relationship between activation energy
of EAB variations and that of other physical properties.

The practical use of this finding is to substitute the correlated activation energy in any

of EAB models discussed above to estimate EAB based on variation of CM parameters.
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Chapter 3:

Experimental and Characterization Methods
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3.1 Introduction

In this chapter, the experimental methodologies along with characterization methods
and parameters are explained and discussed. Fourier transform infrared spectroscopy —
attenuated total reflectance (FTIR-ATR) spectroscopy was used to measure Oxidation

Index (Ol). Electron paramagnetic resonance (EPR) spectroscopy was used to measure
free radical concentration. To measure the mechanical properties in order to relate the
changes in the chemical structure to physical properties as a function of aging process,
tensile test was used. For each data point, three samples were used and the standard
error was calculated.

In addition, the physical properties of indenter modulus, density, gel%, SAB and
water-uptake along with their corresponding EAB data from published literature were
included in the data source.

It should be noted that although brand new cables are used in the experiments of this
thesis, the results can be useful for NPPs. The reason is attributed to the fact that at

NPPs, the aged cables are replaced with newer cables before the end-of-life. [14]

3.2 Experimental method

The cable materials and experimental methods are explained in this section.

3.2.1 Materials Selection and Acquisition

We are donated commercial grade XLPE cables by General Cables and purchased
EPR commercial grade cables from Platt supply company. Nuclear-grade cables were

purchased from RSCC World Class Nuclear Cable Company which are commonly used
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in the nuclear industry. The characteristics of each nuclear-grade cable are summarized

in Table 1.

Table 1- Cable Characteristics

Material Grade Insulation Thickness Abbreviation
(mm)
EPR Nuclear 4.95 EPR-NU
XLPE Nuclear 2.25 XLPE-NU
EPR Commercial 7.50 EPR-Com
XLPE Commercial 2.77 XLPE-Com

3.2.2 Specimen Preparation and Treatment Methods

Samples were prepared by cutting the cables into 6-inch-long sections using a

bandsaw. The cables cut into 6 inches are shown in Figure 14.
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Figure 14- The 6-inch-cut cables

The EPR and XLPE cables were then placed in ovens at temperatures of 90 °C,
120 °Caswell as 90 °C, 120 °C and 140 °C respectively which were extracted monthly
up to 6 months. However, the samples aged at 90 °C did not reach the end of life after
6 months. Therefore, they were let to be aged for 3 years and 9 months at 90 °C oven
and then extracted.

The reason of selecting the temperatures of 90 °C and 120 °C for both XLPE and
EPR cables was attributed to the fact that melting temperatures of XLPE and EPR lies
in the range of 110-125 °C and 120-130 °C. [2] Therefore, both of these temperatures

are lower or close to the melting temperature of XLPE and EPR cables.

After extraction, the 6-inch-cut cables were again cut with bandsaw machines at
the Institute for Research in Electronics and Applied Physics (IRIP) of University of

Maryland to strip the cable which will be explained in more details in the following.
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First, the 6-in-cut cable was placed in a bandsaw guide to get more protection
while working the bandsaw machine. Then, the length of the cable was cut in half from
the cross section which made it 3 in, shown in Figure 15. Then, the 3-in-cut cable was
placed in the bandsaw guide again and adjusted accordingly. The length of the 3-in-cut
cable was cut with the bandsaw until the blade touches the metal. Then, the guide was
flipped to cut the other side of the cable. The copper strands and jacket were then

removed from the insulation.

Figure 15- The cable inserted in the guide
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3.3 Characterization Technigues

As it was explained above, the characterization techniques are based on the

experimental data source.

3.3.1 Tensile Test

Tinius Olsen Universal Testing Machine was used for tensile strength testing of
our samples, Figure 16. The samples were tested at a strain rate of 13mm/min. The
RAY-RAN test equipment dog-bone press, shown in Figure 17, was used for cutting
dog bones which uses dog-bone cutting die dimension according to TSC-ASTM D638-
5 Dog Bone. [63]

The dimensions of the dog-bone cutting die are demonstrated in Figure 18.

It should be noted that the dog bones were cut from the same or different parts of
the cables which can explain the high or low error bars which will be observed in the

following chapters.
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Figure 16- Tinius Olsen Universal Testing Machine
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Figure 17- RAY-RAN test equipment Dog-Bone press
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Figure 18-Dog-bone cutting die dimension
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3.3.2 Fourier Transform Infrared -Attenuated total Reflectance (FTIR-ATR)

Thermo Nicolet iS50 FTIR equipped with ATR module, was used to analyze the
structural changes of the insulations.

The number of 128 scans from 650 cm™ to 4000 cm™' wavenumbers with a
resolution of 2 cm™! were averaged to make the ultimate FTIR-ATR spectrum after
subtracting from the collected background.

The normalization of the absorption values was performed to enable the
comparison of different spectra. The relative absorbance was found by dividing the
absorption values to the independent absorption peaks of aging for XLPE and EPR

which are assigned to the bands at 720 cm™ and 1155 cm™! respectively. [64]

Oxidation index, OI, of samples was calculated as the area under the relative

absorbance spectra versus wavenumbers between 1700 cm™ to 1750 cm™ which are

assigned to carbonyl oxidation products.
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3.3.3 Electron Spin Resonance (ESR)

Electron Spin resonance, ESR or Electron Paramagnetic resonance, EPR, is a powerful
technique to detect free radicals.

In the ESR spectroscopy the magnetic moment changes of unpaired electrons is
exploited. When unpaired electrons are placed in a magnetic field, the level of their
energy splits to two levels. The higher energy level corresponds to those electrons
whose magnetic moment is antiparallel to the magnetic field, while the lower energy
level corresponds to the electrons with magnetic moment parallel to the magnetic field.

The equation 3.1 represents electron energy, E.

E=-pH (erg) (3.1)
Where [ corresponds to the electron magnetic moment (erg/G) and H corresponds to

the external magnetic field (G).

p=-g 8 Ms (3.2)

Where g represents g factor, a proportionality constant (~2), B represents Bohr

magneton, which expresses the unit of magnetic moment of electron ((9.274096 *

0.000010) x 10 2* erg G1), M represents Spin quantum number (£ 1/2).

Substituting equation (3.2) in (3.1) ;

E=+% gBH (erg) (3.3)

AE=gBH (erg) (3.4)
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The split of energy levels of unpaired electrons under magnetic field is called Zeeman
splitting effect.

As it is seen in equation (3.4), the energy difference between the two states is equal to

g B H. We know from Planck’s law that the electromagnetic radiation will be absorbed
only if the energy difference between two states is (h v ) where h represents the Plank’s

constant and represents the frequency of the microwave radiation.

Figure 19 shows the absorbed energy required for a transition between the two energy

states.

()
.ﬁE(hv
&

Figure 19- absorbed energy corresponding to transition between two energy states,
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Therefore, only microwave radiation can be absorbed which has the same energy

difference as the spin energy states.

AE=gBH=hv (3.5)

According to equation (3.5), there are two methods that can be applied in ESR for a
microwave absorption. In the first method, the magnetic field is constant while the
frequency is swept, which will be reversed in the second method. These methods along
with the absorption diagram are illustrated in Figure 20. The second method is more

commonly used in ESR instruments.

El -
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Figure 20- Absorption of microwave radiation in a magnetic field at (a) constant
magnetic field and varying frequency, (b) at constant frequency and varying magnetic
field (c) microwave absorption diagram

51



It should be noted that the ESR signal is displayed as a first derivative of the absorption
which is due to the employment of phase detection technique which elevates the
sensitivity of the spectrum[65].

In this thesis, ESR spectra were recorded on a EMX EPR spectrometer (Bruker
corporation, USA) located at UMD lab. The working parameters of the instrument are
as follows; Conversion time of 40.96 ms, time constant of 20.48 ms, modulation

amplitude of 3.12 G, receiver gain of 6.32E3, MW power of 5 mW, MW attenuation

of 16 dB and sweep width of 1000.

52



Figure 21. show EMX EPR spectrometer with all of the components and with detailed
display of radiation source, magnet and cavity components respectively.

To have a better understanding of different components of EMX EPR, a schematic of
the instrument along with labeled components is presented in Figure 22.

The microwave source is placed along with the detector in a box called the microwave
bridge. The magnet is responsible for generating magnetic field. The sample is placed
in a cavity surrounded by a metallic box which is called resonator. The metal box
amplifies the weak signals. Console contains the control elements and signal processing

electronics. The computer is used for analyzing data and synchronizing all the spectrum

unites. [66]
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Figure 22- A general layout of EMX spectrometer

To have a better understanding of the signal processing, a schematic of microwave

bridge is presented in Figure 23. As it is seen, one part of the radiation from source, A,
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goes to the attenuator, B, which controls the intensity of the radiation. Then, it travels
to the circulator, C, which ultimately will be sent to cavity, D. If the sample absorbs
the radiation, no signal will be sent to the detector. On the other hand, one part of the
radiation was sent to the reference arm which will be compared to the reflected
radiation coming from cavity. The signals will be converted into electric current in the

detector, G. [66]
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Figure 23- microwave bridge schematic
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3.4 Characterization parameters

As it was explained above, the characterization parameters are based on the literature

data source.

3.4.1 Density

Density is a physical parameter that is mostly measured in CM methods which is
usually measured by density gradient column methods. In these methods, the column
is filled with two miscible liquids which can measure the density of samples after

calibration. [67]

3.4.2 Indenter Modulus

Indenter modulus is a compressive modulus which measures the ratio of the applied
force versus deformation. A conceptual diagram of indenter modulus is illustrated in

Figure 24. [6]

Force

Cable Inaulation

| Iﬂ.F

R

IM=AF/AX

AX

Deformation

Figure 24- indenter modulus schematic
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3.4.3 Gel%

Gel% or gel fraction is a relative measurement of crosslinking content which is
determined by immersing insulation specimens in Xylene solvent at 110 °C to 140 °C
to extract the sol. The ratio of the dried residue weight to the initial weight of the

specimens will determine the gel % or gel fraction. [68], [69], [70]

3.4.4 Strength At Break , SAB
Strength At Break (SAB) is simply the stress coordinate of fracture point on the stress-

strain plot, Figure 10, which is measured by tensile test. [36]

3.4.5 Water Uptake

Water uptake measurement is a method of determining hydrophilicity of insulation
cables. The specimens are immersed in water for a specific time. Water uptake is equal
to the ratio of the weight difference before and after immersion to the initial weight.

[71]
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Chapter 4:

Experimental Results Analysis
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4.1 Introduction

The results on FTIR-ATR experiments and tensile tests on EPR and XLPE cables in

both commercial and nuclear grades will be discussed in this chapter.

4.2 EPR Cables

In this section, the results of EAB measurements of EPR-NU and EPR-Com cables

aged at 90°C and 120°C will be discussed.

4.2.1 EAB measurements

In this section, the results of EAB measurements of EPR cables, will be discussed.

4.2.1.1 EAB measurements on EPR-NU
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Figure 25- EAB versus time at 90 °C, error bars represent SE
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Figure 26- EAB versus time at 120 °C, error bars represent SE

The EAB values at 90 °C and 120 °C are shown in Figure 25 and Figure 26

respectively.

Figure 27 shows the EAB versus time (hr) of EPR-NU cable aged at 90°C and 120 °C.
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Figure 27- EAB versus time of EPR-NU cable aged at 90°C and 120°C, error bars
represent SE

The reduction of EAB with time is seen in Figure 27.
Using time-temperature superposition method, the plots of relative EAB at 120 °C were
shifted to the reference temperature, 90 °C. The results are shown in Figure 28Figure

28. As seen, the two plots are nicely superposed at the reference temperature.

It is very important to note that the nice superposition of the plots occurred while there
is a broad range of temperature difference in the plots. This can be assuring that the

accelerated assumption is valid in this material. [59]
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Figure 28-Time-temperature superposed EAB results at the reference temperature of
90°C, error bars represent SE

The shift factors corresponding to different temperatures are given in the Table 2.

Table 2- Shift factors for the thermally aged EPR-NU cable

Temperature (°C) ar Ln(ar)
90 1 0
120 8.27 2.11

In the next step, the activation energy will be calculated from the slope of the Arrhenius

plot of shift factor versus temperature, shown in Figure 29.
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Figure 29-Shift factor versus temperature in the Arrhenius plot

The activation energy was calculated according to equation (2.14) to be 83.47 kJ/mol.

4.2.1.2 EAB measurements on EPR-Com

In this section, the results of EAB measurements of EPR nuclear grade cables, will be
discussed. The EAB values versus time at 90 °C and 120 °C are shown in Figure 30

and Figure 31.

62



25

EAB

20

0 10000 20000 30000
time (hr)

Figure 30- EAB versus time at 90 °C, error bars represent SE
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Figure 31- EAB versus time at 120 °C, error bars represent SE
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Figure 32-EAB versus time of EPR-Com cable aged at 90°C and 120°C, error bars
represent SE

The EAB versus time plots at 90°C and 120 °C temperatures are shown in Figure 32.

It is seen in Figure 32that the EAB values of EPR-Com cables aged at 90 °C and 120

°C are almost the same. Therefore, it is impossible to shift the EAB values of EPR-

Com cables aged at 120 °C to the reference temperature of 90 °C.

4.2 3 FTIR-ATR results
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In this section the results of FTIR-ATR on EPR cables aged at 90°C and 120 °C will

be discussed.

4.2.3.1 FTIR-ATR results on EPR-Com

In  Figure 33 and Figure 34, the ATR spectrum of an un-aged EPR-Com specimen
and enlarged scale of FTIR spectrum in the oxidation region of un-aged EPR-Com are
seen. The wide peaks at 1710 cm™ and 3356 cm™ are assigned to carbonyl and hydroxy
groups respectively while the peaks at 2850 cm™ and 2916 cm™ are assigned to the

vibration of -CHz- groups. [72], [73], [74]
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Figure 33-FTIR spectrum of un-aged EPR-Com
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Figure 34- enlarged scale of FTIR spectrum in the oxidation region of un-aged EPR-
Com

It is interesting to note that the un-aged specimen contains oxidized groups which are
most likely introduced to the insulation through the manufacturing process. [75]

In Figure 35 to Figure 40, the ATR spectra of aged EPR-Com specimens after one
month to three months at 90 °C specimen long with their corresponding enlarged scale
of FTIR spectrum in the oxidation region are shown. It is observed that the oxidation
peaks are dropping in intensity while the peak intensity at 2850 cm™ and 2916 cm'*
are growing larger due to the progression of crosslinking or crystallinity region. [76],

[34]
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Figure 35- FTIR spectrum of EPR-Com insulation after one month at 90°C
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Figure 36- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after one month at 90°C
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Figure 37- FTIR spectrum of EPR-Com insulation after two months at 90°C
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Figure 38- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after two months at 90°C
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Figure 39- FTIR spectrum of EPR-Com insulation after three months at 90°C
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Figure 40- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after three months at 90°C

In Figure 41 and Figure 42, the ATR spectrum of an aged EPR-Com specimen after

four months at 90 °C and the corresponding enlarged scale of FTIR spectrum in the
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oxidation region are shown. The peak at 3356 cm™ is disappeared while the wide peak
at 1672 cm™ shifted to a small peak at 1714 cm™. It is also observed that the peak at
2850 cm™ and 2916 cm* are grown more than two times in intensity. The rise of peak
intensity at 2850 cm™ and 2916 cm™ is attributed to the progression of crosslinking or
crystallinity region. [76], [34]

On the other hand, the drop in the oxidation group peak area shows that chain scission
reactions were mostly due to the thermal stressor than thermo-oxidative reactions.
The aging at 90 °C continued to 3 years and 9 months. In Figure 43 and Figure 44, the
ATR spectrum of an aged EPR-Com specimen after four months at 90 °C along with
the corresponding enlarged scale of FTIR spectrum in the oxidation region are shown.
it is observed that the carbonyl peak at 1714 cm™ grows larger than our observation in
Figure 41 .while the double peaks at 3356 cm™ and 3533 cm™ assigned to hydroxyl
groups emerge.

In addition, the peak intensity at 2850 cm™ and 2916 cm™ is almost the same in Figure
41 and Figure 43. This observation shows the progression of oxidation reactions after
3 years and 9months which resulted in scission reactions. However, the competence

between scission reactions and either crosslinking reactions or crystallinity area did not
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let the intensity of peaks at 2850 cm™ and 2916 cm™ drop which ultimately increases

brittleness.
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Figure 41- FTIR spectrum of EPR-Com insulation after four months at 90°C
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Figure 42- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after four months at 90°C
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Figure 43-FTIR spectrum of EPR-Com insulation after 3 years and 9 months at 90°C
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Figure 44- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after 3 years and 9 months at 90°C

In Figure 45 and Figure 46 , the ATR spectrum of an aged EPR-Com specimen after

one month at 120 °C along with the corresponding enlarged scale of FTIR spectrum in

72



the oxidation region are shown. Comparing with the spectrum of an un-aged specimen
in  Figure 33, the peak at 3356 cm™ is disappeared while the wide peak at 1672 cm™
shifted to a small peak at 1714 cm™. It is also observed that the peak intensity at 2850

cm™ and 2916 cm™ are almost the same. Therefore, there is not that much of change in

the microstructure after one month in 120°C.
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Figure 45- FTIR spectrum of EPR-Com insulation after one month at 120°C
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Figure 46- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after one month at 120°C
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Figure 47- FTIR spectrum of EPR-Com insulation after two months at 120°C
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Figure 48- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after two months at 120°C

In Figure 47 and Figure 48, the ATR spectrum of an aged EPR-Com specimen after
two months at 120 °C is shown. Comparing with the spectrum of the aged specimen in

Figure 45, the peak intensity at 2850 cm™ and 2916 cm™ grew more than two times.
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The rise of peak intensity at 2850 cm™ and 2916 cm™ is attributed to the progression

of crosslinking or crystallinity region. [76], [34]
On the other hand, the drop in the oxidation group peaks at 1714 cm™ and 3500 cm™

area shows that chain scission reactions were mostly due to the thermal stressor than

thermo-oxidative reactions.
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Figure 49- FTIR spectrum of EPR-Com insulation after three months at 120°C
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Figure 50- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after three months at 120°C

In Figure 49 and Figure 50, the ATR spectrum of an aged EPR-Com specimen after
three months at 120 °C along with the corresponding enlarged scale of FTIR spectrum
in the oxidation region are shown. It is observed that the carbonyl peak at 1714 cm™
grows larger and the peak intensity at 2850 cm™ and 2916 cm™ drops to half of its value
in Figure 47. This observation shows the progression of oxidation reactions which
resulted in scission reactions which resulted in the intensity drop of peaks at 2850 cm-

Land 2916 cm™.
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Figure 51-FTIR spectrum of EPR-Com insulation after four months at 120°C
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Figure 52- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after four months at 120°C

In Figure 51 and Figure 52, the ATR spectrum of an aged EPR-Com specimen after
four months at 120 °C along with the corresponding enlarged scale of FTIR spectrum

in the oxidation region are shown. It is observed that the carbonyl peak at 1714 cm™
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grows smaller and the peak intensity at 2850 cm™ and 2916 cm™ increases to more than
double times of its value in Figure 49. This observation shows that the scission

reactions are mostly due to thermal stressors and not thermo-oxidative reactions.
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Figure 53- FTIR spectrum of EPR-Com insulation after five months at 120°C
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Figure 54- enlarged scale of FTIR spectrum in the oxidation region of EPR-Com
insulation after five months at 120°C
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In Figure 53 and Figure 54, the ATR spectrum of an aged EPR-Com specimen after
five months at 120 °C along with the corresponding enlarged scale of FTIR spectrum
in the oxidation region are shown. It is observed that the carbonyl peak at 1714 cm™
grows larger and hydroxy wide peak at 3480 cm™ emerges. The peak intensity at 2850
cm and 2916 cm™ increases to the highest value. This observation shows that the
progression of oxidation reactions while the progression of crosslinking reactions or
crystalline area dominate the chain scission reaction caused by oxidation reactions

which results to the peak intensity increase at 2850 cm™ and 2916 cm™. [77], [70]

4.2.3.2 FTIR-ATR results on EPR-NU

In this section the results of FTIR-ATR on EPR-NU cables aged at 90°C and 120 °C
will be discussed.

In Figure 55 and Figure 56, the ATR spectrum of an un-aged EPR-NU specimen along
with the corresponding enlarged scale of FTIR spectrum in the oxidation region are
shown.
There a small peak 1714 cm™ assigned to carbonyl as well as the peaks at 2850 cm™
and 2916 cm! assigned to the vibration of -CH2- groups. [72], [73], [74]

It is interesting to note that the un-aged specimen contains oxidized groups which are

most likely introduced to the insulation through the manufacturing process. [75]
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Figure 55- FTIR spectrum of un-aged EPR-NU
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Figure 56- enlarged scale of FTIR spectrum in the oxidation region of un-aged EPR-

NU

In Figure 57 and Figure 58, the ATR spectrum of an aged EPR-NU specimen after one
months at 90 °C along with the corresponding enlarged scale of FTIR spectrum in the
oxidation region are shown. The small peak at 1714 cm™ grew larger while the peaks
at 2850 cm™ and 2916 cm™* are in the same intensity. This evidence shows that chain

scission reactions caused by oxidation reactions were in competence with the
81



progression of crosslinking reactions or crystallinity area which kept the intensity of

the peaks at 2850 cm™ and 2916 cm™ the same.
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Figure 57- FTIR spectrum of EPR-NU insulation after one month at 90°C
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Figure 58- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after one month at 90°C
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Figure 59- FTIR spectrum of EPR-NU insulation after two months at 90°C
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Figure 60- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after two months at 90°C
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Figure 61- FTIR spectrum of EPR-NU insulation after three months at 90°C
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Figure 62- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after three months at 90°C

Figure 59 to Figure 62 show the ATR spectra of aged EPR-NU specimens after
two to three months along with the corresponding enlarged scale of FTIR spectrum in
the oxidation region respectively. There are not that much of difference in the
characterizing peak intensity from the first month of aging to the third month which

can constitute the induction time interval.
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Figure 63- FTIR spectrum of EPR-NU insulation after four months at 90°C
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Figure 64- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after four months at 90°C

Figure 63 and Figure 64 show ATR spectrum of EPR-NU insulation after four months
at 90°C along with the corresponding enlarged scale of FTIR spectrum in the oxidation
region . It is seen that the carbonyl peak at 1714 cm™ grew larger and the peaks at 2850
cm?® and 2916 cm™ also grew more than two times in their intensity. This evidence

shows that the progression of crosslinking reactions or crystallinity area dominated the
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chain scission reactions caused by oxidation reactions which grew the intensity of the

peaks at 2850 cm™ and 2916 cm™.
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Figure 65- FTIR spectrum of EPR-NU insulation after 3 years and 9 months at 90°C
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Figure 66- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after 3 years and 9 months at 90°C
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Figure 65 and Figure 66 show ATR spectrum of EPR-NU insulation after 3 years and
9 months at 90°C along with the corresponding enlarged scale of FTIR spectrum in the
oxidation region. It is seen that the carbonyl peak at 1714 cm™ grew larger in intensity
comparing with the spectrum in Figure 63 while the peaks at 2850 cm™ and 2916 cm"
tare in the same intensity. This evidence shows that chain scission reactions caused by
oxidation reactions were in competence with the progression of crosslinking reactions
or crystallinity area which kept the intensity of the peaks at 2850 cm™ and 2916 cm™

the same. [77], [70]
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Figure 67- FTIR spectrum of EPR-NU insulation after one month at 120°C
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Figure 68- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after one month at 120°C
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Figure 69- FTIR spectrum of EPR-NU insulation after two months at 120°C
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Figure 70- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after two months at 120°C

Figure 67 and Figure 68 show the ATR spectrum of EPR-NU insulation after one
month at 120°C. The characterizing peaks 2850 cm™ and 2916 cm™ did not change
compared to the ATR spectrum of the un-aged EPR-NU specimen in  Figure 55.
However, the at 1714 cm™* grew slightly larger which evidence the progression of chain
scission reactions due to oxidation reactions. The same intensity of the 2850 cm™ and
2916 cm™ in  Figure 55 and Figure 67 shows that crosslinking reactions or the
progression of crystallinity areas were competing with chain scission reactions
resulting in keeping the intensity of these peaks the same.

Figure 69 and Figure 70 show the FTIR-ATR spectrum of EPR-NU insulation after
two months at 120°C along with the corresponding enlarged scale of FTIR spectrum in
the oxidation region. [72]

It is observed that the carbonyl peak at 1714 cm™ grew larger and the peaks at 2850
cm™ and 2916 cm™ also grew more than two times in their intensity. This evidence

shows that the progression of crosslinking reactions or crystallinity area dominated the
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chain scission reactions caused by oxidation reactions which increased the intensity of

the peaks at 2850 cm™ and 2916 cm™.

2916
2 2850

1714

Relative Absorbance

1000 2000 3000 4000
Wavenumber (1/cm)

Figure 71- FTIR spectrum of EPR-NU insulation after three months at 120°C
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Figure 72- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after three months at 120°C
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Figure 71 and Figure 72 show the FTIR-ATR spectrum of EPR-NU insulation after
three months at 120°C along with the corresponding enlarged scale of FTIR spectrum
in the oxidation region.

It is observed that the carbonyl peak at 1714 cm™ grew larger and the peaks at 2850
cm? and 2916 cm™ decreased to half of their intensity in Figure 69. This evidence
shows that the progression of chain scission reactions caused by oxidation reactions
dominated crosslinking reactions or crystallinity area which decreased the intensity of

the peaks at 2850 cm™ and 2916 cm™.

(=]

2916

2850

>

1714 3356 3533

Relative Absorbance

i

1000 2000 3000 4000
Wavenumber (1/cm)

Figure 73- FTIR spectrum of EPR-NU insulation after four months at 120°C
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Figure 74- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after four months at 120°C

Figure 73 and Figure 74 show the FTIR-ATR spectrum of EPR-NU insulation after
four months at 120°C along with the corresponding enlarged scale of FTIR spectrum
in the oxidation region.

It is observed that the carbonyl peak at 1714 cm™ grew larger and hydroxyl peaks at
3356 cm™ and 3533 cm™ emerge. The peaks at 2850 cm™ and 2916 cm™ also grew
more than two times in their intensity.

This evidence shows that the progression of crosslinking reactions or crystallinity area
dominated the chain scission reactions caused by oxidation reactions which increased

the intensity of the peaks at 2850 cm™ and 2916 cm™. [70], [72]
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Figure 75- FTIR spectrum of EPR-NU insulation after five months at 120°C
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Figure 76- enlarged scale of FTIR spectrum in the oxidation region of EPR-NU
insulation after five months at 120°C

Figure 75 and Figure 76 shows the FTIR-ATR spectrum of EPR-NU insulation after
five months at 120°C along with the corresponding enlarged scale of FTIR spectrum

in the oxidation region. The characterizing peaks at 1714 cm™, hydroxyl peaks at 3456
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cm? as well as the peaks at 2850 cm™ and 2916 cm™ did not change in their intensity
compared to the spectrum in Figure 73.

As it was discussed in Figure 73, this evidence shows that the progression of
crosslinking reactions or crystallinity area dominated the chain scission reactions
caused by oxidation reactions which increased the intensity of the peaks at 2850 cm™

and 2916 cm™. [72]

4.2.4 ESR results

In this section, ESR spectroscopy results on EPR cable insulations will be explained.
Over the 50 years of the advent of ESR spectroscopy, a very limited number of research
have been done an ESR spectroscopy analysis of cable insulations. In fact, these
investigations briefly mentioned the existence of peroxyl radicals associated with the
ESR spectra and did not employed ESR spectra changes at different aging conditions
for the insulation aging investigation. [78], [79], [80] and [81]

To our knowledge, this is the first time, a thorough investigation on ESR spectra
analysis on aged EPR cable insulations has been done. It should be noted that the ESR
spectra were recorded after four years of aging of EPR cable insulations, with an
exception for that recorded on 45 months of aging EPR cable insulations after three
months, which evidences the stability of the studied free radicals.[82]

4.2.4.1 ESR results on EPR-Com

As it was explained in 2.3.1.1, in oxidation reactions, ROz undergo bimolecular

reactions to produce the intermediate tetroxide.
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The intermediates ROOOOR undergo various decomposition processes leading to
degradation of the polymers. Other proposed RIOOOOR2 decay mechanisms are
suggested which involve the production of the aldehyde and ketone. [28]

The ESR results on EPR-Com specimens aged for 1 month, 4 months and 45 months

at 90 °C are illustrated in Figure 77.
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Figure 77- The ESR spectra on EPR-Com specimens aged at 90 °C for 1 month, 4
months and 45 months.

As itis seenin Figure 77, all the ESR spectra are similarly asymmetric which represents
the existence of the polyenyl C-centered radicals and small contribution from peroxyl
radicals. [82] and [83]

As it is shown, the peak amplitude increases from one month to four months of aging
at 90 °C. However, it goes down after 45 months of aging at 90 °C. It is attributed to
the stable polyenyl free radicals and peroxyl radicals. During the aging processes, the

captured alky radicals in the crystalline structures convert to polyenyl. Due to their
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highly conjugated structure, their reactions with oxygen are very small. So, it is
expected to see both are present in the aged samples. It should also be mentioned that
the concentration from oxidation reactions over the first four months of aging which
are consumed in the crosslinking reactions after 45 months of aging. [82]

The ESR results on EPR-Com specimens aged for 3 month, 4 months and 5 months at

120 °C are illustrated in Figure 78.
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Figure 78- The ESR spectra on EPR-Com specimens aged at 120 °C for 3 months, 4
months and 5 months.

As it is shown from Figure 78, all the ESR spectra exhibit singlet and other small peak,
representing the polyenyl C-centered radicals and peroxyl radicals, respectively. [82]
[30]

As it is shown, the peak amplitude of the sample aged for three months in the shoulder

peak is the highest with respect to that of samples aged for 4 and 5 months at 120 °C.
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This is attributed to more scissions have occurred to produce C-centered radicals as
well as more peroxyl radicals are also produced. The higher peroxyl radical
concentration in the sample aged for 3 months which is reduced by crosslinking
reactions in the samples aged for 4 and 5 months at 120 °C.

It is seen in Figure 77 and Figure 78, the main peak and shoulder peak amplitude
displays changes respectively. It can be attributed to the peroxyl radical location on the

backbone or side chain. [82]
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Figure 79- The schematic of peroxy radical formation on the side chain of
polypropylene, obtained from schematic (7.2) of [82]
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Figure 80- The schematic of peroxyl radical formation on the side chain of
polypropylene, obtained from schematic (7.3) of [82]

The schematic of peroxyl radical formation on the side chain and backbone of
polypropylene is seen in Figure 79and Figure 80 respectively. The presence of peroxyl
radical on the side chain gives the peroxyl radical more freedom to move with respect

to that on the backbone. [82]
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Therefore, depending on the concentration of peroxyl radicals and the polyenyl
radicals, the combined ESR signals have become more complicated.

Figure 81 shows the ESR spectra of four months aged cable insulations at 120 °C and
90 °C.

As it is seen, the peak amplitude of the aged cable insulation at 90 °C is higher than
that at 120 °C which is attributed to the higher peroxy radical concentration in the

former due to the progression of oxidation reactions.[64]
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Figure 81- The ESR spectra of four months aged EPR-Com cable insulations at

120 °C and 90 °C

4.2.4.2 ESR results on EPR-NU
The ESR results on EPR-NU specimens of unaged and aged for 1 month, 4 months

and 45 months at 90 °C are illustrated in Figure 82.
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Figure 82-The ESR spectra on EPR-NU specimens of unaged and aged at 90 °C for
1 month, 4 months and 45 months.

As it is seen in Figure 82, the presence of a singlet in all the ESR spectra represents the
existence of polyenyl and peroxyl radicals. [82] The highest peak amplitude belongs
to the unaged specimen which is attributed to the presence of peroxyl radicals over the
manufacturing process. [75] However, after one month of aging the amplitude is
reduced which is due to the progression of crosslinking reactions. [28]

As it is shown, the peak amplitude of one-month-aged samples increases to that of four-
month-aged samples at 90 °C.

However, it goes down after 45 months of aging at 90 °C. The decrease in the
concentration may be attributed to the radical-radical reactions at higher temperatures.
The ESR spectra on EPR-NU specimens of unaged and aged for 3 months, 4 months

and 5 months at 120 °C are illustrated in Figure 83.
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Figure 83-The ESR spectra on EPR-NU specimens of unaged and aged at 120 °C for
3 months, 4 months and 5 months.

As with previous ESR spectra, the singlet in Figure 83, shows the presence of the
polyenyl and the peroxyl radicals.[82]

The peak corresponding to the unaged specimen is assigned to the C-centered radicals
and their corresponding peroxyl radicals which were formed over the manufacturing
process.[75] After three months of aging the amplitude is reduced which is due to the
progression of crosslinking reactions. [28], [64]

A sudden remarkable increase in the peak amplitude of specimens aged for 4 months
is observed which may be due to the oxidation of lower molecular weight species
formed by the fragmentation of polymeric chains after four months of aging at 120 °C.
[28]

However, the reduction of the peak amplitude after five months is observed which is

due to the dominance of crosslinking reactions.

100



Figure 84 shows the ESR spectra of four months aged EPR-NU cable insulations at 120
°C and 90 °C. This may be related to more scissions are taking place.

As it is seen, the peak amplitude of the aged cable insulation at 120 °C is higher than
that at 90 °C which is attributed to the higher radical concentration due the oxidation
induced scissions at higher temperatures and longer period, after four months of aging

at 120 °C. [31]
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Figure 84- The ESR spectra of four months aged EPR-NU cable insulations at

120 °C and 90 °C

4.3 XLPE cables

In this section, the results of EAB measurements of XLPE-NU and XLPE-Com cables

aged at 90°C, 120 and 140°C will be discussed.
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4.3.1.1 EAB measurements on XLPE-Com

In this section, the results of EAB measurements of XLPE nuclear grade cables aged

at 90 °C, 120 °C and 140 °C, will be discussed.

The EAB changes with time at 90 °C, 120 °C and 140 °C are shown in Figure 85,

Figure 86 and Figure 87 respectively.
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Figure 85- EAB versus time at 90°C, error bars represent SE
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Figure 87- EAB versus time at 140 °C, error bars represent SE
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Figure 88 shows the EAB values versus time (hr) of XLPE-Com cable aged at 90 °C,

120°C and 140 °C.
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Figure 88- EAB versus time of XLPE-Com cable aged at 90 °C, 120 °C and 140°C,
error bars represent SE

Using time-temperature superposition method, the plots of relative EAB at 140 °C
were shifted to the reference temperature, 120 °C. The EAB decay at 90 °C needs more
time to get to the end of life. Therefore, the EAB plots at 120 °C and 140 °C were
considered for superposition.

The results are shown in Figure 89. As seen, the two plots in log scale are nicely

superposed at the reference temperature.
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Figure 89-Time-temperature superposed EAB results at the reference temperature of
120°C, error bars represent SE

The shift factors corresponding to different temperatures are given in the Table 3.

Table 3- Shift factors for the thermally aged XLPE-Com cable

Temperature (°C) ar Ln(ar)
120 1 0
140 12.37 2.5

In the next step, the activation energy will be calculated from the slope of the Arrhenius

plot of shift factor versus temperature, shown in Figure 90.
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Figure 90-Shift factor versus temperature in the Arrhenius plot

Activation energy was calculated according to equation (2.14) to be 169.6 kJ/mol.
From literature review, we noticed that the range of activation energy in thermal
degradation is 60-130 kJ/mol. [59]

Therefore, the results were excluded from model.

4.3.1.2 EAB measurements on XLPE-NU

In this section, the results of EAB measurements of XLPE nuclear grade cables aged
at 90 °C, 120 °C and 140 °C, will be discussed.
The EAB changes with time at 90 °C, 120 °C and 140 °C are shown in Figure 91,

Figure 92 and Figure 93, respectively.
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Figure 92- EAB versus time at 120 °C, error bars represent SE
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Figure 93- EAB versus time at 140 °C, error bars represent SE
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Figure 94- EAB versus time of XLPE-NU cable aged at 90 °C, 120 °C and 140°C, error
bars represent SE

The EAB versus time plots at 90 °C, 120°C and 140 °C temperatures are shown in
Figure 94- EAB versus time of XLPE-NU cable aged at 90 °C, 120 °C and 140°C.
Because the EAB decay at 90 °C needed longer time to reach the end of life, it was
eliminated from the results for superposition.

Using time-temperature superposition method, the plots of relative EAB in log scale at
140 °C were shifted to the reference temperature, 120 °C. The results are shown in

Figure 95. As seen, the two plots are nicely superposed at the reference temperature.
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Figure 95-Time-temperature superposed EAB results at the reference temperature of
120°C, error bars represent SE

The shift factors corresponding to different temperatures are given in the Table 4.

Table 4- Shift factors for the thermally aged XLPE-NU cable

Temperature (°C) ar Ln(ar)
120 1 0
140 4.99 1.61

In the next step, the activation energy will be calculated from the slope of the Arrhenius

plot of shift factor versus temperature, shown in Figure 96.
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Figure 96-Shift factor versus temperature in the Arrhenius plot

Activation energy was calculated according to equation (2.14) to be 63.5 kJ/mol.

4.3.2.1 FTIR-ATR results on XLPE-Com
In this section the results of FTIR-ATR on XLPE-Com cables aged at 90°C and 120

°C will be discussed.

In Figure 97, the ATR spectrum of an un-aged XLPE-Com specimen is shown. The
peaks at 1710 cm™ and 3454 cm™ are assigned to carbonyl and hydroxy groups

respectively while the peaks at 2850 cm™ and 2916 cm™ are assigned to the vibration

of -CH2- groups. [72], [73], [74]
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Figure 97- FTIR spectrum of un-aged XLPE-Com
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Figure 98- enlarged scale of FTIR spectrum in the oxidation region of un-aged

XLPE-Com

It is interesting to note that the un-aged specimen contains oxidized groups which are

most likely introduced to the insulation through the manufacturing process. [75]
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In Figure 98, the enlarged scale of FTIR-ATR spectrum in the oxidation region of un-
aged XLPE-Com specimen is shown. The peaks at 1710 cm™, 1725 cm™ and 1740 cm-
L are assigned to carboxylic acid, ketones and esters respectively. [70]

The OI , which is the area under the relative absorbance versus wavenumber in Figure

98, was calculated to be 9.5.
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Figure 99- FTIR spectrum of XLPE-Com insulation after one month at 90°C
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Figure 100- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after one month at 90°C
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Figure 101- FTIR spectrum of XLPE-Com insulation after three months at 90°C
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Figure 102- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after three months at 90°C
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In Figure 99 and Figure 101, the ATR spectra of aged XLPE-Com specimens after one
month and three months at 90 °C specimen are shown. The characterizing peaks at
1710 cm™* and 3454 cm* as well as the peaks at 2850 cm™ and 2916 cm™ did not change
in their intensity compering to the spectrum in Figure 97. The enlarged scale of FTIR-
ATR spectrum in the oxidation region of XLPE-Com insulation after one month and
three months at 90°C in Figure 100 and Figure 102 shows that the intensity of the
peaks at 1710 cm™, 1725 cm™ and 1740 cm™ did not change comparing with that in
Figure 98.

The OI , which is the area under the relative absorbance versus wavenumber in Figure

100 and Figure 102 was calculated to be 9.75.
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Figure 103- FTIR spectrum of XLPE-Com insulation after four months at 90°C
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Figure 104- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after four months at 90°C

In Figure 103, the ATR spectrum of an aged XLPE-Com specimen after four months
at 90 °C is shown. The peak at 1710 cm™ shifted to 1711 cm™ and doubled in the
intensity and the peak at 3454 cm™ shifted to 3301 cm™ and became sharper. The peaks
at 2850 cm™ and 2916 cm™ doubled in their intensity.

In Figure 104, the enlarged scale of FTIR-ATR spectrum in the oxidation region of
aged XLPE-Com specimen after four months at 90 °C is shown. The peaks at 1710 cm"
11725 cm™ and 1740 cm™ doubled up in their intensity. the ATR results shows that
the chain scission reactions due to oxidation reactions proceeded after four months at
90 °C while the peak intensity at 2850 cm™ and 2916 cm™ grew more than two times.
The rise of peak intensity at 2850 cm™ and 2916 cm™ is attributed to the progression
of crosslinking or crystallinity region. [76], [34]

The OlI, which is the area under the relative absorbance versus wavenumber in Figure

104, was calculated to be 11.2.
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Figure 105- FTIR spectrum of XLPE-Com insulation after 3 years and 9 months at
90°C
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Figure 106- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after 3 years and 9 months at 90°C

In Figure 105, the ATR spectra of aged XLPE-Com specimens after 3 years and 9

months at 90°C is shown. The characterizing peaks at 1711 cm™ and 3301 cm™ as well
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as the peaks at 2850 cm™ and 2916 cm did not change in their intensity compering to
the spectrum in Figure 103. The enlarged scale of FTIR-ATR spectrum in the oxidation
region of XLPE-Com insulation after 3 years and 9 months at 90°C is shown in Figure
106. It is seen that the intensity of the peaks at 1710 cm™, 1725 cm™ and 1740 cm™ did
not change comparing with that in Figure 104.

The Ol value, which is the area under the relative absorbance versus wavenumber in
Figure 106, was calculated to be 20.

The Ol values change versus time is plotted in Figure 107.
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Figure 107- Ol values versus time in XLPE-Com aging at 90 °C, error bars represent
SE

From our FTIR-ATR results on aged specimens of XLPE-Com at 90 °C, we concluded
that oxidation is the most important degradation reaction. Therefore, in the rest of our
FTIR-ATR interpretations on XLPE specimens, we focus on the carbonyl peak
intensity changes from 1650 cm™ to 1750 cm™ and Ol values which are the area under

the carbonyl peaks from 1650 cm™ to 1750 cm™.
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Figure 108-FTIR spectrum of XLPE-Com insulation after one month at 120°C
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Figure 109- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com

insulation after one month at 120°C

In Figure 108 and Figure 109, FTIR-ATR spectrum of XLPE-Com insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after

one month at 120°C are shown. The Ol was calculated to be 9.5 which did not change

with respect to that in un-aged specimen.
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Figure 110- FTIR spectrum of XLPE-Com insulation after three months at 120°C
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Figure 111- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after three months at 120°C
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In Figure 110 and Figure 111, FTIR-ATR spectrum of XLPE-Com insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after
three months at 120°C are shown. The Ol was calculated to be 9.5 which did not change

with respect to that in one-month aged and un-aged specimen.
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Figure 112- FTIR spectrum of XLPE-Com insulation after four months at 120°C
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Figure 113- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after four months at 120°C

121



In Figure 112 and Figure 113, FTIR-ATR spectrum of XLPE-Com insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after
four months at 120°C are shown. The Ol was calculated to be 14 which shows the

progress of oxidation reactions after four months of aging at 120 °C.
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Figure 114- FTIR spectrum of XLPE-Com insulation after five months at 120°C

122



o o -
S o N

Relative Absorbance

et
o

1700 1710 1720 1730 1740 1750
Wavenumber (1/cm)

Figure 115- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after five months at 120°C

In Figure 114 and Figure 115, FTIR-ATR spectrum of XLPE-Com insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after
five months at 120°C are shown. The Ol was calculated to be 17 which shows the
progress of oxidation reactions after five months of aging at 120 °C comparing to that
after four months. The Ol values change versus time at 120 °C is shown in  Figure

116.
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Figure 116- Ol versus time in XLPE-Com aging at 120 °C, error bars represent SE
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Figure 117- FTIR spectrum of XLPE-Com insulation after two weeks at 140°C
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Figure 118- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after two weeks at 140°C

In Figure 117 and Figure 118, FTIR-ATR spectrum of XLPE-Com insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after
two weeks at 140°C are shown. The Ol was calculated to be 11.25 which shows the
progress of oxidation reactions after two weeks of aging at 140 °C comparing to that

in un-aged specimen.
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Figure 119- FTIR spectrum of XLPE-Com insulation after three weeks at 140°C
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Figure 120- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after three weeks at 140°C

In Figure 119 and Figure 120, the FTIR-ATR spectrum of XLPE-Com insulation and

enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after
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three weeks at 140°C are shown. The Ol was calculated to be 12.5 which shows the

progress of oxidation reactions after three weeks of aging at 140 °C comparing to that

in the aged specimen after two weeks.
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Figure 121- FTIR spectrum of XLPE-Com insulation after four weeks at 140°C
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Figure 122- enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com
insulation after four weeks at 140°C
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In Figure 121 and Figure 122, the FTIR-ATR spectrum of XLPE-Com insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-Com insulation after
four weeks at 140°C are shown. The Ol was calculated to be 27.5 which shows the
significant progress of oxidation reactions after four weeks of aging at 140 °C
comparing to that in the aged specimen after three weeks. Figure 123 shows the plot of

Ol values versus time aged at 140 °C.
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Figure 123- Ol versus time in XLPE-Com aging at 140 °C, error bars represent SE

The Ol values versus time at different temperatures are reported in Table 5.
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Table 5- Ol values of XLPE-Com insulations aged at time and different temperatures

Aging time | Aging Ol
(hr) Temperature

C)
0 90 9.5
720 90 9.75
2160 90 9.75
2880 90 11.2
32760 90 20
720 120 9.5
2160 120 9.5
2880 120 14
3600 120 17
336 140 11.25
504 140 125
672 140 27.5

The Ol versus time in XLPE-Com aged at 90 °C, 120 °C and 140 °C is shown in Figure

124,

O
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Figure 124- Ol versus time in XLPE-Com aged at 90 °C, 120 °C and 140 °C, error bars
represent SE
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The Time-temperature superposed Ol values at the reference temperature of 90 °C is

shown in Figure 125.
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Figure 125- Time-temperature superposed Ol values at the reference temperature of
90 °C, error bars represent SE

The activation energy of 48.56 kJ/mol with SE of 0.741is calculated from the slope of

the Arrhenius plot in Figure 126.
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Figure 126- Shift factor versus temperature in Arrhenius plot of XLPE-Com

4.3.2.2 FTIR-ATR results on XLPE-NU

In this section the results of FTIR-ATR on XLPE-NU cables aged at 90°C and 120 °C
will be discussed.
In  Figure 127 and Figure 128, FTIR-ATR spectrum of un-aged XLPE-NU insulation
and enlarged scale of FTIR spectrum in the oxidation region of un-aged XLPE-NU are
shown. The spectra show that the un-aged specimen was not oxidized over the

manufacturing process.

131



2919

-
o

2850

STN
o

e
o

Relative Absorbance

L-—l_‘_"'.—'
1000 2000 3000 4000
Wavenumber (1/cm)

et
(=1

Figure 127- FTIR spectrum of un-aged XLPE-NU
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Figure 128- enlarged scale of FTIR spectrum in the oxidation region of un-aged XLPE-
NU.
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Figure 129- FTIR spectrum of XLPE-NU insulation after one month at 90°C
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Figure 130- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after one month at 90°C

In Figure 129 and Figure 130, FTIR-ATR spectrum of XLPE-NU insulation and

enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
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one month at 90°C are shown. The Ol was calculated to be 1.5 which changed slightly

with respect to that in the un-aged specimen.
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Figure 131- FTIR spectrum of XLPE-NU insulation after three months at 90°C
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Figure 132- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after three months at 90°C
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In Figure 131 and Figure 132, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
three months at 90°C are shown. The Ol was calculated to be 3.75 which shows the

slight progress of oxidation reactions after one months of aging at 90 °C.
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Figure 133- FTIR spectrum of XLPE-NU insulation after four months at 90°C
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Figure 134- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after four months at 90°C

In Figure 133 and Figure 134, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
four months at 90°C are shown. The Ol was calculated to be 5.25 which shows higher

progress of oxidation reactions after four months of aging at 90 °C.
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Figure 135- FTIR spectrum of XLPE-NU insulation after 3 years and 9 months at 90°C
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Figure 136- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after 3 years and 9 months at 90°C

In Figure 135 and Figure 136, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
3 years and 9 months at 90°C are shown. The Ol was calculated to be 9.68 which shows
higher progress of oxidation reactions. Figure 137 shows the plot of Ol values versus

time at 90° C.
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Figure 137- Ol versus time in XLPE-NU aging at 90 °C , error bars represent SE
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Figure 138- FTIR spectrum of XLPE-NU insulation after two months at 120°C
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Figure 139- enlarged scale of FTIR spectrum in the oxidation region of
XLPE-NU insulation after two months at 120°C

In Figure 138 and Figure 139, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation two
months at 120°C are shown. The Ol was calculated to be 9 which shows higher progress

of oxidation reactions comparing to that in the un-aged specimen.
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Figure 140- FTIR spectrum of XLPE-NU insulation after three months at 120°C
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Figure 141- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after three months at 120°C

In Figure 140 and Figure 141, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation three
months at 120°C are shown. The Ol was calculated to be 9 which did not change in

oxidation reactions comparing to that in the two-months-aged specimen.
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Figure 142- FTIR spectrum of XLPE-NU insulation after four months at 120°C
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Figure 143- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after four months at 120°C

In Figure 142 and Figure 143, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation four

months at 120°C are shown. The Ol was calculated to be 16.5 which showed a
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significant change in the oxidation reactions progress comparing to that in the previous

aged specimens.
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Figure 144- FTIR spectrum of XLPE-NU insulation after five months at 120°C
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Figure 145- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after five months at 120°C
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In Figure 144 and Figure 145, FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation five
months at 120°C are shown. The Ol was calculated to be 25 which showed the
oxidation reactions progress highly proceeded comparing to all the earlier extracted

aged specimens. Figure 146 shows the Ol values plotted versus aging time at 120 °C.
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Figure 146- Ol values versus aging time at 120 °C, error bars represent SE
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Figure 147- FTIR spectrum of XLPE-NU insulation after two weeks at 140°C
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Figure 148- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after two weeks at 140°C

In Figure 147 and Figure 148, the FTIR-ATR spectrum of XLPE-NU insulation and

enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
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two weeks at 140°C are shown. The Ol was calculated to be 12.75 which showed the

oxidation reactions progress comparing un-aged specimens.
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Figure 149- FTIR spectrum of XLPE-NU insulation after three weeks at 140°C
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Figure 150- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after three weeks at 140°C
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In Figure 149 and Figure 150, the FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
three weeks at 140°C are shown. The Ol was calculated to be 17.25 which showed

higher progress in the oxidation reactions comparing to two-weeks-aged specimens.
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Figure 151- FTIR spectrum of XLPE-NU insulation after four weeks at 140°C
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Figure 152- enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU
insulation after four weeks at 140°C

In Figure 151 and Figure 152, the FTIR-ATR spectrum of XLPE-NU insulation and
enlarged scale of FTIR spectrum in the oxidation region of XLPE-NU insulation after
four weeks at 140°C are shown. The Ol was calculated to be 18 which showed slightly
higher progress in the oxidation reactions comparing to three-weeks-aged specimens.

Figure 153 shows the Ol values plotted versus aging time at 140 °C.
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Figure 153- Ol values versus aging time at 140 °C, error bars represent SE
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The Ol values of XLPE-NU insulations aged at different time and temperatures are

reported in Table 6.

Table 6-Ol values of XLPE-NU insulations aged at different time and temperatures

Aging time | Aging Ol
(hr) Temperature

(°C)
0 90 0
720 90 15
2160 90 3.75
2880 90 5.25
32760 90 9.68
0 120 0
1440 120 9
2160 120 9
2880 120 16.5
3600 120 25
0 0 0
12.75 336 140
17.25 504 140
18 672 140

The Ol values versus time in XLPE-NU aged at 90 °C, 120 °C and 140 °C are shown
in Figure 154.
The Time-temperature superposed Ol values at the reference temperature of 90 °C is

shown in Figure 155.
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Figure 154- Ol versus time in XLPE-NU aged at 90 °C, 120 °C and 140 °C, error bars
represent SE
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Figure 155- Time-temperature superposed Ol values at the reference temperature of
90 °C, error bars represent SE
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Figure 156- Shift factor versus temperature in Arrhenius plot of XLPE-NU

The activation energy of 118.27 kJ/mol with SE of 0.44 is calculated from the slope of

the Arrhenius plot in Figure 156.

4.3.3 ESR results

In this section, ESR spectroscopy results on XLPE cable insulations will be explained.
Over the 50 years of the advent of ESR spectroscopy, a very limited number of research
have been done on ESR spectroscopy analysis of cable insulations. In fact, these
investigations briefly mentioned the existence of peroxyl radicals associated with the
ESR spectra and did not employed ESR spectra changes at different aging conditions
for the insulation aging investigation. [78], [79],[80] and [81]

To our knowledge, this is the first time, a thorough investigation on ESR spectra
analysis on aged XLPE cable insulations has been done. It should be noted that the
ESR spectra were recorded after four years of aging of XLPE cable insulations, with
an exception for that recorded on 45 months of aging XLPE cable insulations after three
months, which evidences the stability of the studied free radicals. [82]
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4.3.3.1 ESR results on XLPE-NU
The ESR results on XLPE-NU specimens of unaged and aged for 1 month, 4 months

and 45 months at 90 °C are illustrated in Figure 157.
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Figure 157-The ESR spectra on XLPE-NU specimens of unaged and aged at 90 °C
for 1 month, 4 months and 45 months.

As it is seen in Figure 157, the presence of a singlet in all the ESR spectra represents
the existence of free radicals.[82] The highest peak amplitude belongs to the unaged
specimen which is attributed to the presence of free radicals over the manufacturing
process. [75] However, after one month of aging the amplitude is reduced which is due
to the progression of crosslinking reactions. [28]

As it is shown, the peak amplitude of samples aged from one month to four months of

aging at 90 °C decreases and remained almost the same in samples aged for 45 months.

151



It is attributed to the peroxyl radical consumption in the crosslinking reactions after 4

months to 45 months of aging. [82]

The ESR spectra on XLPE-NU specimens of unaged and aged for 3 months, 4

months and 5 months at 120 °C are illustrated in Figure 158.
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Figure 158--The ESR spectra on XLPE-NU specimens of unaged and aged at 120

°C for 3 months, 4 months and 5 months.

As it is seen in Figure 158, the presence of a singlet on all the ESR spectra evidences

the existence of peroxy radicals. [82]

The peak corresponding to the unaged specimen is due to the presence of peroxyl

radicals which were formed over the manufacturing process. [75] However, after three

months of aging the amplitude is reduced which is due to the progression of

crosslinking reactions. [28], [64]
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A sudden remarkable increase in the peak amplitude of specimens aged for 5 months
is observed which may be due to the oxidation of lower molecular weight species
formed by the fragmentation of polymeric chains after four months of aging at 120 °C.
[28]

Figure 159 shows the ESR spectra on XLPE-NU specimens of unaged and aged at 140
°C for 2 weeks, 3 weeks and 4weeks.

As it is seen in Figure 159, the presence of a singlet on all the ESR spectra evidences
the existence of polyenyl radicals and a small contribution of peroxyl radicals. [82]
The peak corresponding to the unaged specimen is due to the presence of peroxyl
radicals which were formed over the manufacturing process. [75] After 2 weeks of
aging the amplitude is reduced which is due to the progression of crosslinking
reactions. [28], [64]

A sudden remarkable increase in the peak amplitude of specimens aged for 3 weeks is
observed which may be due to the oxidation of lower molecular weight species formed

by the fragmentation of polymeric chains after 3 weeks of aging at 140 °C. [28]
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Figure 159- The ESR spectra on XLPE-NU specimens of unaged and aged at 140

°C for 2 weeks, 3 weeks and 4weeks.

The reduction of the peak amplitude after 4 weeks of aging is due to the progression of

the crosslinking reactions.
4.3.3.2 ESR results on XLPE-Com

The ESR results on XLPE-Com specimens aged for unaged and aged for 1 month, 4

months and 45 months at 90 °C are illustrated in Figure 160.
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Figure 160-The ESR spectra on XLPE-Com specimens of unaged and aged at 90 °C
for 1 month, 4 months and 45 months.

As it is seen in Figure 160, the presence of a singlet in all the ESR spectra represents
the existence of peroxyl radicals. [82] The lowest peak amplitude belongs to the unaged
specimen which is attributed to the presence of peroxyl radicals over the manufacturing
process. [75] After one month of aging the amplitude increased which may be due to
the oxidation of lower molecular weight species formed by the fragmentation of
polymeric chains after one month of aging at 90 °C. [28]

As it is shown, the peak amplitude associated to one-month aged samples decreased to
that corresponding to four months of aging at 90 °C and then kept constant after 45
months which is due to the progression of crosslinking reactions. [28], [64]

The ESR spectra on XLPE-Com specimens of unaged and aged for 3 months, 4

months and 5 months at 120 °C are illustrated in Figure 161.
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Figure 161-The ESR spectra on XLPE-Com specimens of unaged and aged at 120 °C
for 1 month, 3 months and 5 months.

As it is seen in Figure 161, the presence of a singlet on all the ESR spectra evidences
the existence of free radicals. [82]

The peak corresponding to the unaged specimen is assigned to free radicals which were
formed over the manufacturing process. [75] After one month of aging the amplitude
is reduced which is due to the progression of crosslinking reactions. [28], [64]

A remarkable increase in the peak amplitude of specimens aged for 3 months is
observed which may be due to the oxidation of lower molecular weight species formed
by the fragmentation of polymeric chains after four months of aging at 120 °C. [28]
The peak amplitude reduction after 5 months of aging is due to the progression of
crosslinking reactions, and other reactions which involve the self-termination of free

radicals. [28], [64]
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Figure 162 shows the ESR spectra on XLPE-Com specimens of unaged and aged at
140 °C for 1 week, 2 weeks and 3 weeks.

As it is seen in Figure 162, the presence of a singlet on all the ESR spectra evidences
the existence of polyenyl radicals, with a small contribution, if any, from peroxyl
radicals. [82], [30]

The peak corresponding to the unaged specimen is due to the presence of peroxyl
radicals which were formed over the manufacturing process. [75] After one week of
aging the amplitude is increased and kept almost constant after two weeks of aging
which is due to the progression of oxidation reactions leading to the production of free
radicals. [28], [64]

The peak amplitude reduction after three weeks of aging is due to the progression of

crosslinking reactions. [28], [64]
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Figure 162- The ESR spectra on XLPE-Com specimens of unaged and aged at 140
°C for 1 week, 2 weeks and 3 weeks.
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Chapter 5:

Activation Energy of EAB Modeling Based on CM
Parameters
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5.1 Introduction

The results of the experiments will be discussed in this chapter. The activation energy
corresponding to CM parameters and EAB data of XLPE and EPR cables based on the
experimental results in this thesis and C-PAD database will be reported. The activation
energy calculated based on experimental results performed in this thesis has been
explained in Chapter 4. The method of calculating activation energy based on C-PAD

data for several CM parameters are reported in Appendix.

5.2 Activation Energy Calculations based on C-PAD database

Activation energy calculations corresponding to EAB and a few CM parameters, based
on the datapoints extracted from C-PAD database will be shown and explained in the
following. The diffusion limited oxidation, DLO, was considered in the calculations by

eliminating those data which did not give the best superposition.[60]

5.2.1 Activation energy corresponding to EAB

In this section, the results of EAB measurements of EPR cables, C-12 manufactured by
Anaconda, from C-PAD database will be discussed. As seen in Figure 163, EAB versus
time plots are shown at 100.9 °C, 150 °C, 170 °C temperatures. Using time-temperature
superposition method, the plots at 150 °C and 170 °C were shifted to the reference
temperature, 100.9 °C. The results are shown in Figure 164. As seen, the three plots are

nicely superposed at the reference temperature.
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Figure 163- EAB-time plots at different indicated temperatures for EPR cables,
manufactured by Anaconda company, error bars represent SD

It is very important to note that the nice superposition of the plots occurred while there
is a broad range of temperature difference in the plots. This can be assuring that the

accelerated assumption is valid in this material [59].
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Figure 164- Time-temperature superposed EAB results at the reference temperature
of 100.9 °C, error bars represent SD

The shift factors corresponding to different temperatures are given in the Table 7.

Table 7-Shift factors for the thermally aged EPR cable

Temperature (°C) ar Ln(ar)
100.9 1 0

150 57.11 4.04
170 195.3 5.26

In the next step, the activation energy will be calculated from the slope of the shift
factor versus temperature. The Arrhenius plot of shift factor versus temperature is
shown in Figure 165. The linearity of the plot evidenced the Arrhenius behavior of the

material.
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Figure 165- Shift factor versus temperature in the Arrhenius plot
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Activation energy was calculated according to equation (2.14) to be 105.79 kJ/mol with

SE of 0.3074.

5.2.2 Activation energy corresponding to Modulus

In this section, the results of modulus measurements of EPR cables, C-12 manufactured
by Anaconda, from C-PAD database will be discussed. As seen in Figure 166, modulus
versus time plots is shown at 110 °C, 125 °C, 140 °C temperatures. Using time-
temperature superposition method, the plots at 125 °C and 140 °C were shifted to the
reference temperature, 110 °C. The results are shown in Figure 167. As seen, the three

plots are nicely superposed at the reference temperature.
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Figure 166- Modulus-time plots at different indicated temperatures for EPR cables,
manufactured by Anaconda company
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Figure 167- Time-temperature superposed modulus results at the reference
temperature of 110 °C.

The shift factors corresponding to different temperatures are given in the Table 8.

Table 8- Shift factors for the thermally aged EPR cable

Temperature (°C) ar Ln(ar)
110 1 0

125 4.82 1.58
140 16.44 2.8
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In the next step, the activation energy will be calculated from the slope of the shift
factor versus temperature. The Arrhenius plot of shift factor versus temperature is
shown in Figure 168. The linearity of the plot evidenced the Arrhenius behavior of the

material.
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Figure 168- Shift factor versus temperature in the Arrhenius plot

Activation energy was calculated according to equation (2.14) to be 122.8 kJ/mol with

SE of 0.7312.

5.2.3 Activation energy corresponding to density

In this section, the results of density measurements of EPR cables , C-12 manufactured
by Anaconda, from C-PAD database will be discussed. As seen in Figure 169, modulus
versus time plots is shown at 110 °C, 125 °C, 140 °C temperatures. Using time-

temperature superposition method, the plots at 125 °C and 140 °C were shifted to the
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reference temperature, 110 °C. The results are shown in Figure 170. As seen, the three

plots are nicely superposed at the reference temperature.
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Figure 169- Density-time plots at different indicated temperatures for EPR cables,
manufactured by Anaconda company, error bars represent SD
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Figure 170- Time-temperature superposed density results at the reference
temperature of 110 °C, error bars represent SD

The shift factors corresponding to different temperatures are given in the Table 9.

Table 9- Shift factors for the thermally aged EPR cable

Temperature (°C) ar Ln(ar)
110 1 0

125 4.58 1.52
140 14.53 2.7

In the next step, the activation energy will be calculated from the slope of the shift
factor versus temperature. The Arrhenius plot of shift factor versus temperature is

shown in Figure 171. The linearity of the plot evidenced the Arrhenius behavior of the

material.
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Figure 171- Shift factor versus temperature in the Arrhenius plot

Activation energy was calculated according to equation (2.14) to be 118.58 kJ/mol with

SE of 0.724.

5.2.4 Activation energy corresponding to Modulus

In this section, the results of modulus measurements of EPR cables, ZO cables
manufactured by Okonite, from C-PAD database will be discussed. The damage was
chosen as modulus value equal to 4 MPa.

The DED data along with dose-rate and temperature are shown in Table 10

Table 10- DED Table

Dose-Rate DED Temperature
(Gy/h) (Gy) (°C)
0.0013 10.3 57.2
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0.0058 216.0 42.8

0.0108 403.0 49.4
0.0126 732.0 46.1
0.0021 141.0 67.2

The DED data versus dose-rate at different temperatures are shown in Figure 172.
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Figure 172-DED data versus dose rate at indicated temperatures

The next step is to iterate activation energy to shift the data to the reference temperature
which is 45°C with the best superposed results [60]. The activation energy with the best

superposed results will be picked as the activation energy corresponding to modulus.
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Figure 173- Superposed DED versus dose-rate plot

The best superposed fit is demonstrated in Figure 173. The activation energy was found

to be 33 kJ/mol with SE of 0.634.

5.2.5 Activation energy corresponding to density

In this section, the results of modulus measurements of EPR cables, ZO cables
manufactured by Okonite, from C-PAD database will be discussed. The damage was
chosen as density value equal to 1.28 g/cc.

The DED data along with dose-rate and temperature are shown in Table 11.

Table 11- DED Table

Dose-Rate DED Temperature
(Gy/h) (Gy) (°C)

10 50000 132.0

10 50000 132.0

10 250000 132.0

10 250000 132.0
8.49x107 679.0 53.3
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1.30%x107 10.3 57.2

7.10x10°® 62.1 39.4
1.69x1072 149.0 47.8
3.86x10? 452.0 54.4
3.00x10* 5.0 41.1
3.00x10* 4.3 47.2
4,10x103 84.2 30.0
4,10x103 84.2 30.0
2.00x10°® 40.8 37.8
4.20x1073 124.0 45.6
5.40x10°3 161.0 42.2
8.10x10°® 242.0 50.6
1.27x1072 384.0 40.0
1.84x1072 637.0 30.0
1.16x1072 403.0 48.3

The DED data versus dose-rate at different temperatures are shown in Figure 174.
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Figure 174- DED data versus dose rate at indicated temperatures

The next step is to iterate activation energy to shift the data to the reference temperature
which is 45°C with the best superposed results [60]. The activation energy with the best

superposed results will be picked as the activation energy corresponding to density.
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Figure 175- Superposed DED versus dose-rate plot

The best superposed fit is demonstrated in Figure 175. The activation energy was found

to be 103 kJ/mol with the SE of 0.584.

5.2.7 Activation energy corresponding to EAB
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In this section, the results of EAB measurements of XLPE cables, ZR cables
manufactured by Rockbestos company, from C-PAD database will be discussed. The
damage was chosen as relative EAB equal to 0.88.

The DED data along with dose-rate and temperature are shown in Table 12.

Table 12- DED Table

Dose-Rate DED Temperature
(Gy/h) (Gy) °C)
0.0071 243 42.2
0.0238 1110 45.6
0.0249 827 54.4
0.0386 452 54.4
0.0386 452 54.4
0.0578 2510 48.3
0.0869 1460 46.1

The DED data versus dose-rate at different temperatures are shown in Figure 176.
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Figure 176- DED data versus dose rate at indicated temperatures, error bars
represent SD

The next step is to iterate activation energy to shift the data to the reference temperature
which is 45°C with the best superposed results [60]. The activation energy with the

best superposed results will be picked as the activation energy corresponding to EAB.
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Figure 177-Superposed DED versus dose-rate plot, error bars represent SD

The best superposed fit is demonstrated in Figure 177. The activation energy was found

to be 50 kJ/mol with the SE of 0.85.
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5.2.8 Activation energy corresponding to modulus

In this section, the results of modulus measurements of XLPE cables, ZR cables
manufactured by Rockbestos company, from C-PAD database will be discussed. The
damage was chosen as modulus value between 800 and 1200 MPa.

The DED data along with dose-rate and temperature are shown in Table 13.

Table 13-DED Table

Dose-Rate DED Temperature
(Gy/h) (Gy) (°C)

0.0069 399 43.3

0.0126 732 46.1

0.0234 1020 53.9

0.0283 1550 57.2

0.0363 2000 45.6

0.0578 2510 48.3

0.0722 3480 50.6

0.0826 5520 48.3

The DED data versus dose-rate at different temperatures are shown in Figure 178.
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Figure 178-DED data versus dose rate at indicated temperatures

The next step is to iterate activation energy to shift the data to the reference temperature
which is 45°C with the best superposed results [60]. The activation energy with the
best superposed results will be picked as the activation energy corresponding to

modulus.
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Figure 179-Superposed DED versus dose-rate plot, error bars represent SD

The best superposed fit is demonstrated in Figure 179. The activation energy was found

to be 26 kJ/mol with SE of 0.653. Because the dataset was not in the range of expected
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values of activation energy, they were not included in the table for coefficient

calculations.

5.2.9 Activation energy corresponding to EAB

In this section, the results of EAB measurements of EPR cables, ZO cables

manufactured by Okonite, from C-PAD database will be discussed. The damage was

chosen as relative EAB equal to 0.64.

The DED data along with dose-rate and temperature are shown in Table 14.

Table 14- DED Table

Dose-Rate DED Temperature
(Gy/h) (Gy) (°C)
10 25000 132
10 25000 132
10 50000 132
1.3x10°3 10.3 57.2
1.4x10 655 58.3
3.45x1072 1640 32.2
3.63x1072 2000 45.6
6.90x107 399 43.3
8.26x10 5220 48.3
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The DED data versus dose-rate at different temperatures are shown in Figure 180.
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Figure 180- DED data versus dose rate at indicated temperatures, error bars
represent SD

The next step is to iterate activation energy to shift the data to the reference temperature
which is 45°C with the best superposed results [60]. The activation energy with the best

superposed results will be picked as the activation energy corresponding to EAB.
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Figure 181- Superposed DED versus dose-rate plot, error bars represent SD

The best superposed fit is demonstrated in Figure 181. The activation energy was found

to be 100 kJ/mol with SE of 0.712.

5.3 Summary of the results

The results of activation energies of aged XLPE and EPR cables calculated based on
C-PAD database and experimental results in this thesis conducted in the UMD lab are

summarized in Table 15.
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Table 15- Activation energy results calculated based on C-PAD data and
experimental results in the UMD lab

Source | material | manufacturer | cable code Ea Ea Ea Ea Ea Ea Ea
EAB Density | Indenter | Gel% | SAB | Water | Ol
(ky/mol) (kd/mol) Modulus | moy | wumony | Uptake | wmor
(kJ/mol) (kJ/imol)
CPAD EPR Eaton 121.9 124.1 114.2 1435 | 95.01 - -
CPAD EPR Anaconda 12 105.77 | 118.57 104.08 129 - 152.97 -
CPAD EPR Dawyler 2 106.3 - 119.65 - - - -
CPAD EPR Kerite 117 105 134 - 115 - -
CPAD EPR Okonite 18 50.28 54.36 78.97 - - - -
CPAD EPR Okonite Z0 100 103 33 - 93 - -
CPAD EPR Sumuel A 125 42 173 - 138 - -
Moore
CPAD EPR General 95.5 138 87.5 - 955 - -
Cable
CPAD EPR BIW ZB 92 118 - - 96 - -
CPAD FR- Anaconda C 191 106 72 - 190 - -
EPR
CPAD FR- Kerite D 130 130 130 - 141 - -
EPR

CPAD XLPE Rockbestos | PAP86RB229 111 - 108 - - - -
CPAD XLPE GE C-1 87 - - - 73 - -
UMD XLPE RSCC NU 63.5 - - - - - 118.27
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Lab

5.4 Model Derivation

The new model was derived based on the theory explained in section 2.7 of this thesis.
As it was described, the coefficients of the model are obtained by normalizing the
calculated activation energy of each CM parameter’s changes with the activation
energy of EAB changes.

Eaeas will be modeled with N number of CM parameters in equation (5.1).

Eagsp = 1/1\[ I (EaCMi) (5.1)
In equation (5.1), Eagyp IS the activation energy corresponding to EAB, N is the
number of CM parameters, «; is the coefficient corresponding to the ith CM
parameter, Eacy, is the activation energy corresponding to the ith CM parameter.
Based on the described data in this thesis, there were 6 number of CM parameters. The

coefficients of the model are shown in Table 16.
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Table 16- Model Coefficients

CM parameter Coefficient
Density 1.12
Indenter Modulus 1.06

Gel% 1.2

SAB 0.9
Water-Uptake 0.68

Ol 1.85

5.5 Model Validation

In this section, the CM parameters of aged cables will be extracted from the published
data and the activation energy corresponding to EAB and CM parameters will be
calculated. Then, the modeled activation energy corresponding to EAB will be

compared with that corresponding to EAB extracted from experimental data.

5.5.1.1 Calculation of Activation Enerqy from the dataset published by C. Silva et.al.

[6]
The dataset published by C. Silva et.al. were used to determine Activation energy

corresponding to indenter modulus, density and EAB extracted from experimental data.

[6]

e Activation energy corresponding to Density
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Figure 182- DED data versus dose rate at indicated temperatures
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Figure 183- Superposed DED versus dose-rate plot

The activation energy corresponding to density was calculated to be 135.744 kJ/mol

with SE of 0.748.

e Activation energy corresponding to Indenter Modulus
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Figure 185- Superposed DED versus dose-rate plot

The activation energy corresponding to indenter modulus was calculated to be 41.976

kJ/mol with SE of 0.458.
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e Activation energy corresponding to EAB
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Figure 186- DED data versus dose rate at indicated temperatures
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Figure 187- Superposed DED versus dose-rate plot

The activation energy corresponding to EAB was calculated to be 81.2 kJ/mol with SE

of 0.738.
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5.5.1.2 Calculation of Activation Energy from the Model

The estimated activation energy corresponding to EAB derived from the model,
according to the equation (5.2), is 88.9 kJ/mol, which is a close estimation the actual

activation energy corresponding to EAB.

EaEAB = 1/2 (1'12(EaDensity) + 1-06(Ealndenter Modulus)) (5-2)

5.5.2.1 Calculation of Activation Enerqy from the dataset published by Y. Kusama

[84]
The dataset published by Y. Kusama et.al. was used to determine activation energy

corresponding to SAB and EAB extracted from experimental data. [84]

e Activation energy corresponding to SAB
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The activation energy corresponding to SAB was calculated to be 90 kJ/mol with SE

of 0.37.

e Activation energy corresponding to EAB
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Dose Rate (kGy/h)

Figure 190- DED data versus dose rate at indicated temperatures
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Figure 191- Superposed DED versus dose-rate plot

The activation energy corresponding to EAB was calculated to be 78.2 kJ/mol with

standard error of 0.86.

5.5.2.2 Calculation of Activation Enerqy from the Model

The estimated activation energy corresponding to EAB derived from the model,
according to the equation (5.3), is 81 kJ/mol, which is a close estimation the actual

activation energy corresponding to EAB.

Eagap = 0.9(Easyp) (5.3)
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Chapter 6:

Conclusion, Contribution to Science and suggestions for
Future Work
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6.1 Conclusion

The purpose of this dissertation was to correlate the activation energy of the
degradation reaction measured by EAB changes to the activation energy corresponding
to materials’ property. Therefore, it is possible to estimate EAB values from the
substitution of the correlated activation energy of the non-destructive condition
monitoring parameters with that of EAB in the developed equations. [7],[8] and [9]

The new model developed in this dissertation was validated by dataset of density,

indenter modulus and EAB of aged XLPE insulation cables published by C. Silva. [6]

6.1.1 This dissertation model theory

The model of this PhD dissertation is based on the correlation of activation energies
corresponding to physical property changes and that of EAB. The correlation is based
on Dakin’s theory which stated that the activation energy of chemical reactions is
correlated with that of physical properties.[53]

It can be concluded that the activation energy of NDE-CM parameters’ changes is equal
to the activation energy of EAB changes. However, the equality has not always been
observed due to the experimental conditions and the accuracy of calculation methods.
A coefficient multiplication to each activation energy of NDE-CM parameters’ changes
can make them equal to the activation energy of EAB changes. This coefficient is
obtained by the average of normalizing activation energy of each NDE-CM parameter’s

changes with the activation energy of EAB changes.
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Therefore, it is possible to find a mathematical relationship between activation energy
of EAB variations and that of other physical properties.
The practical use of this finding is to substitute the correlated activation energy in any

of EAB models to estimate EAB based on variation of CM parameters.

6.1.2 Coefficients corresponding to CM parameters of the developed model in this dissertation
The coefficients corresponding to each CM parameter was obtained by normalizing
the activation energy corresponding to the CM parameter to that of EAB.
e Coefficient corresponding to Ol
The dataset corresponding to Ol parameter was obtained from FTIR
experiments and tensile tests in the UMD labs.
The FTIR experimental results showed that the oxidation of EPR cables had
little oxidation. To verify it, the ESR experiments were done which agreed with
the FTIR results. The FTIR experimental results showed that XLPE insulation
cables were oxidized, and it was possible to calculate Ol. To verify it, the ESR
experiments were done which agreed with the FTIR results. The activation
energy corresponding to OI, obtained from FTIR experiments, and EAB,
obtained from tensile tests, of XLPE cables were calculated. The coefficient
corresponding to Ol is listed in Table 16 by normalizing the activation energy
corresponding to Ol to that of EAB.
e Coefficient corresponding to Density
The dataset corresponding to Density parameter was obtained from CPAD

database.
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The activation energy corresponding to density and EAB of the cables were
calculated. The coefficient corresponding to density is listed in Table 16 by
normalizing the activation energy corresponding to density to that of EAB.
Coefficient corresponding to Indenter Modulus

The dataset corresponding to Indenter Modulus parameter was obtained from
CPAD database.

The activation energy corresponding to indenter modulus and EAB of the cables
were calculated. The coefficient corresponding to indenter modulus is listed in
Table 16 by normalizing the activation energy corresponding to indenter
modulus to that of EAB.

Coefficient corresponding to Indenter Modulus

The dataset corresponding to Indenter Modulus parameter was obtained from
CPAD database.

The activation energy corresponding to indenter modulus and EAB of the cables
were calculated. The coefficient corresponding to indenter modulus is listed in
Table 16 by normalizing the activation energy corresponding to indenter
modulus to that of EAB.

Coefficient corresponding to Gel%

The dataset corresponding to gel% parameter was obtained from CPAD
database.

The activation energy corresponding to gel% and EAB of the cables were

calculated. The coefficient corresponding to gel% is listed in Table 16 by
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normalizing the activation energy corresponding to indenter modulus to that of

EAB.

Coefficient corresponding to Water-Uptake

The dataset corresponding to water-uptake parameter was obtained from
CPAD database.

The activation energy corresponding to water-uptake and EAB of the cables
were calculated. The coefficient corresponding to water-uptake is listed in
Table 16 by normalizing the activation energy corresponding to water-uptake
to that of EAB.

Coefficient corresponding to Strength At Break, SAB

The dataset corresponding to SAB parameter was obtained from CPAD
database.

The activation energy corresponding to SAB and EAB of the cables were
calculated. The coefficient corresponding to SAB is listed in Table 16 by

normalizing the activation energy corresponding to SAB to that of EAB.

6.1.3 Model derivation

Eaeas will be modeled with N number of CM parameters according to equation (5.1).

6.1.4 Model validation

The validity of the model was evaluated by dataset published by C. Silva et.al. [6]

The modeled Eaeas agreed with the Eaeas of the experimental data.
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6.2 Contributions to Science

This dissertation created a scientific approach to estimate EAB values by extending
Dakin’s theory to other physical properties. [53]

A mathematical relationship between activation energy of EAB variations and that of
other physical properties established a scientific method to have a better understanding
of activation energy variations among physical and chemical properties of insulation
cables.

There has been a lot of efforts to model EAB with the activation energy corresponding
to EAB as well as estimate the EAB values based on CM parameter values. However,
a gap of a scientific approach to bridge these two regions has always been observed in
the cable insulation field. The impact of this research is to estimate EAB values in any
of EAB models based on activation energy corresponding to EAB developed so far
with the variations of CM parameters.

Besides, employing both the FTIR and ESR spectroscopy techniques provided a strong
investigation technique on studying oxidation reactions on both XLPE and EPR cable
insulations which it was combined with tensile tests to measure the macroscopic
changes.

Other important issue is that the presence of the relative stable polyenyl radicals in all
aged insulators. This work provided ESR results, which show the presence of the

polyenyl radicals.
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This dissertation model is not only based on the experimental results which have been
done at the UMD labs, but also involves the datasets of the C-PAD database which was

built by the contribution of several global nuclear power plants.

6.3 Future Work Suggestions

The focus of future experiments should be on obtaining datasets of CM parameters of
aged cable insulations under at least three temperature and radiation conditions
extracted at different time intervals. The increase in the number of activation energies
corresponding to each CM parameter will enhance the statistical significance of
coefficients of the new model in this dissertation. Besides, the number of CM
parameters should increase. Ol is one of the NDE-CM parameters that is rarely used
while it can give a lot of information about the oxidation degradation reaction in the
cable. The employment of cables from different manufacturers aged at least at three
different temperatures can enhance the statistical significance of the coefficients.

The employment of ESR spectroscopy can enhance the confidence in Ol
measurements by FTIR spectroscopy technique. The existence and stability of free
radicals can be determined by ESR spectroscopy which has been rarely used. The
employment of ESR in the insulation field can also improve the understanding of the
mechanism of degradation reactions due to the capability of the spectrometer to follow

the free radicals which are responsible for the degradation reactions.
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