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Summary

High voltage electrical cables play an immensely important, although largely
unseen, part in the lives of everybody in the world today. They are mostly
buried underground and provide trouble free operation for the majority of their
operational lives. However, the polymer based insulation that is used for a
large number of high voltage cables is subject to long term ageing which can
eventually lead to electrical breakdown. This ageing manifests itself as the
appearance of tree like structures in the bulk polymer insulator. The growth of
a tree frequently starts on the boundary of the polymer at the so-called

“polymer-semicon’ interface.

This thesis is concerned, however, with the changes that must take place in
the polymer before the tree is formed.

Previous investigations of field induced changes occurring within polymer
insulation have involved cutting the polymer to expose the region of interest:
this is not a satisfactory as the cutting process can produce changes in the
polymer. To avoid this a novel technique was developed whereby the
polymer-semicon interface can be exposed without cutting the polymer.

The interface region of the polymer in contact with the plane electrode was
examined and even though the field in this region is less than at the point, it
can be sufficiently large to induce structural change in the polymer, readily
detectable by Raman spectroscopy.

In studies of both LDPE and XLPE, we find evidence of structural change
within the polymer and most significantly of considerable Raman fluorescence
which is indicative of defect states in the polymer. The latter becomes
modified as the polymer structure approaches electrical failure.

The observations reported are set in context by the examination of the work of
relevant authors and some conclusions deduced. The evidence supports a
model in which the forces induced by the electrical field lead to failure by the
mechanisms of local yield, microvoid craze and crack formation commonly
invoked for the mechanical fracture of polymeric solids.
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1. Introduction

High voltage cables play an extremely important, if unseen, part of everyday

life for most people. They are buried beneath the infrastructure of all urban

conurbation’s no matter how small and when they fail, not only is it very
difficult to identify the point of failure, it is also very expensive and usually

disruptive to correct the fault. It is also a fact that many of the cables installed
in the last fifty years are coming to the end of their reliable operating life and

replacement or failure is becoming overdue.

The long term electrical performance and ageing of these cables is still,
despite much research in the area, poorly understood. There are many

theories and models [Dang, et al.,, 1996; Parpal, et al.,, 1997; Ding, et al.,
1994 for example], but no real consensus on how the ageing of cables, and

in particular the insulating system, takes place or what the cause is. In

general electrical ageing refers to a spectrum of effects that manifest

themselves in HV cables with time, for exampile;
e Electrical Breakdown

e Electrical Discharge

e Tree Initiation and Propagation

Ageing of insulation is defined in IEC Publication 505 as “....irreversible
deleterious change to the service ability of insulation systems. Such changes
are characterised by a failure rate which increases with time”. This definition

demonstrates the lack of a real understanding of ageing in the very open



nature of the wording. A better definition for extruded HV cables is, perhaps,
provided by Dang, et al. (1996), “ .. any physical or chemical phenomena
occurring under continuous HV application which would uitimately lead to

electric breakdown of an actual HV cable (i.e. rated at greater than or equal to

69 kV)..”.

The ageing and breakdown of electrical cables has been the subject of
extensive research over many years and there are many theories as to the

mechanism involved which will be discussed in this thesis. It is clear, however,
that the development and growth of a tree in polymeric insulation subjected to
electrical stress must be preceded by a number of stages in which the
physical and chemical structure of the polymer is considerably reorganized
and modified. The nature of these changes is only poorly understood but is
the key to understanding the mechanism of electrical breakdown and hence to

improving the performance of polymeric insulation.

Shimizu and Uchida et al (1991, 1992) have made extensive studies of treeing
phenomena In Low Density Polyethylene (LDPE), using a point plane
electrode geometry and have shown that deterioration occurs in the high-field
region adjacent to the point before tree initiation. Using Fourier Transform
Infra Red (FTIR) spectroscopy and Raman spectroscopy they were able to
show that this region is characterized by enhanced concentrations of carbonyl
C=0 and carbon double bond C=C groups above those present in unstressed
polyethylene. There was also evidence to support destruction of the lamella

structure and an increase in the amorphous content of the polymer. To

expose the deteriorated region near the tip electrode so that spectroscopic
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study could be made, it was necessary to cut the sample into 100-micron thick

slices. This introduces physical damage and may have influenced the resuilts,
especially as it is known that mechanical working of polymers can generate

free radicals [Zhurkov et al (1974)].

The present study makes use of a point-plane electrode geometry but the
region examined using Raman spectroscopy, FTIR and Scanning Probe
Microscopy (SPM) is the interface between the polymer and the plane
electrode. In this situation there is the considerable advantage that the plane
electrode may be easily removed to expose the polymer interface for

investigation without disturbing the sample. Even though the field in this
region is less than at the point, it can be sufficiently large to induce structural

change in the polymer, readily detectable by Raman spectroscopy.
Furthermore a planar electrode interface is likely to be more representative of

those obtained in practical high voltage equipment. For example, as will be

shown, it is possible to examine the changes induced in the polymer at a
carbon-loaded (semicon) electrode-polymer boundary corresponding to that in

a high-voltage cable.

In studies of both LDPE and Cross Linked Polyethylene (XLPE), evidence is
presented, not only for the generation of C=C and C=0 bonds, but most

significantly for considerable fluorescence which is indicative of defect states
in the polymer. The latter becomes modified as the polymer structure

approaches electrical failure.

Uchida and Shimizu et al (1991) have suggested that the double bonds

created in the high field region arise from free-radical production as a
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consequence of polymer chain scissions. They proposed that electrons

Injected from the cathode cause the scissions, either by direct collisions or

indirectly via electron induced electroluminescence.

An alternative view, suggested here, is that the evidence supports a model in
which the forces induced by the electrical field lead to failure by mechanisms
of local yield, microvoid craze and crack formation that are commonly invoked
for the mechanical fracture of polymeric solids. This model does not require

direct electron intervention.
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2. Power Transmission Cables

The primary objective of this thesis is to investigate electrical breakdown
originating at the interface between the bulk polymeric insulator and the inner
semi-conducting layer surrounding the main conducting core. This requires
an outline understanding of power transmission cable construction together
with the morphology and rheology of the component parts and the nature of
the interface between these components. This IS necessary in order to
appreciate the approach taken during the course of the experimental work and

in order to properly evaluate the results presented.

2.1. Basic Construction

Power transmission cables have developed into a complex structure produced
by a triple extrusion production process. The main components of a modern
power cable consist of a low resistance conducting core, a semi-conducting
screen, a cross-linked low-density polyethylene (XLPE) insulator and an outer
semi-conducting screen. Depending on the intended application there may be
a metal sheath for moisture protection and armouring or even external cooling

systems.

The use of the semi-conducting screens around both the conducting core and
the XLPE insulator is incorporated to reduce local field enhancement,
primarily in the neighbourhood of the interface between the conductor core
and bulk XLPE insulator. The XLPE insulator will usually have a range of
additives introduced at the manufacturing stage. These will include anti-

oxidant and ultra-violet radiation damage inhibitors in addition to cross-linking
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agents. The semi-conducting screening material will typically be a carbon-
loaded polyethylene. The cable models examined in these experiments were
constructed in this manner from cross-linked polyethylene insulator and
carbon loaded polyethylene semi-conducting screening material. These

individual components will be discussed further in the following sections.

The basic construction of a power transmission cable is shown in figure 2.1.

Outer Semicon Screen
XLPE Insulation

Inner Semicon Screen
Conductor Core

Figure 2.1  Cross-section of a typical triple extruded power transmission
cable.

2.2. Polyethylene

Polyethylene is a long chain macromolecule having repeating monomer units

of ethylene arranged as shown in figure 2.2.

i &

1= ]

i A
Ethylene Monomer Polyethylene Polymer

Figure 2.2 Ethylene Monomer and Polymer, n is the degree of

polymerisation and is, in general, very large typically in the order
of 10° to 10°.
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Polymers have found wide acceptance as cable insulation materials because
they offer extremely good insulation properties (high electrical breakdown
strengths - typically ~10° V.m"' together with being easy to include in mass
production techniques. Additionally they show good resistance to corrosion

and are available with a wide range of stiffness and mechanical strength

specifications.

2.2.1. Morphology

Although the basic structure of polyethylene is shown in figure 2.2 the
situation is not as simple as that in the real world. During production of the
bulk polymer side branches can form off the main chain — this is very common

in polyethylene, the resulting structure being shown in figure 2.3.

H H H H H H H H H H H
EEEEEEEEEE
T rTrTTrT
H H H H H H H H H H

H—C—H
H...%__H
H—C—H

Figure 2.3  Structure of polyethylene showing a side branch.

Branching in polymers reduces the ability of the material to achieve regular
molecular packing resulting in a reduction in density of the polymer. In

polyethylene this results in Low Density Polyethylene or LDPE.
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Another form of branching known as cross-linking can take place in a polymer.
This iInvolves the generation of links between the long polymer chains as

shown in figure 2.4.

Long polymer chains

Cross linking

[
N e
= 2
.-
.,III
..
--
‘I

Branching

Figure 2.4 Sketch showing long polymer chains with branches and cross-
links between the chains.

Cross-linking improves the structural strength of the polymer and has the
added advantage of increasing its melting point. Cross-linked PE insulation
has an operating temperature of 80 to 90°C as opposed to the operating
temperature for LDPE of 70°C. Cross-linking is usually achieved by the
addition of 1-2% of dicumyl peroxide, which does not react until the
manufactured cables are treated using high pressure nitrogen gas at elevated

temperatures.

The above description relates to the situation at the molecular level, however
to view the morphology of bulk polyethylene one must step back and observe
how these individual molecules behave when they are part of the bulk
material. When the polyethylene melt cools the individual polymer chains

tend to arrange themselves into lamellar crystals. The polymer strings will be
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folded many times within a single lamella, some of the them leaving one
crystal and entering another forming tie molecules between the lamellar
crystals. The material between the individual lamella lacks order and is
known as the amorphous region. This generally accepted view of how the
individual polymer chains organise themselves within bulk polyethylene is

shown in figure 2.5.

Polymer C hain

Amorphous ' ' ' '(— Lamellar Crystal

Tie molecules

vvvrvvv‘@ﬂmwm
MBI

Figure 2.5 Schematic showing two lamellar crystals and the tie molecules
binding them together.

The amorphous and crystalline phases are often considered to be different
materials. They will possess for instance different electrical and and
mechanical properties. The amorphous phase has a lower density than the
crystalline phase and therefore has a higher free volume. Free volume, In
relation to LDPE is the difference between the specific volume of the actual
material and that of the close packed equilibrium form at the same tempreture.
In the case of amorphous polymers the free volume arises from the fact that

the chain structure and steric hinderances prevent all potential lattice sites

from being occupied.

The amorpous region is a volume of material where defect sites are likely to

be created during electrical stressing of the polymer because of the greater

potential for mobility of the individual polymer chains.
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2.3. Semi-con Screening Material

The semi-conducting screens around both the core conductor and the XLPE
insulator consist of a polyethylene base material with the addition of fine
carbon particles in order to increase its conductivity. Furnace black and
acetylene black are the two most common forms of carbon in use today: the
particle diameter is usually quoted to be in the region of 100nm. It has been
found (Okamoto et al, 1988), however, that the carbon particles can

agglomerate in the bulk material forming quasi-particles with diameters in the

region of 100 to 300 nm.

24. The Interface Region

The interface between the semicon screening material and the bulk insulator
has a major influence in determining the performance of XLPE cables. It is a
boundary where local electrical fields are likely to be intense, across which
space charge can be injected and the region in which electrical trees are likely
to be initiated. It is also the transition region between the bulk XLPE and the
carbon-loaded semicon producing a region of changing morphological,

rheological and chemical structure.

During electrical stressing of cable structures, such as occurs during normal
operational usage, this interface is subjected to varying degrees of electrical
stress and, according to the Electro-Mechanical model of ageing as proposed
by Lewis et al, 1996, mechanical stress. A key feature of this model, which
will be discussed later, is the degradation of the polymer by this electrically—

induced mechanical stress. This is predicted to happen at an early stage in
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the pre-electrical failure scenario well before any gross physical signs would

manifest themselves.

The change in the structure of the materials involved is exacerbated by the
less than ideal conditions that exist at the interface region. The actual

interface region presents, at the micron level, a volume full of micro

protrusions as shown in figure 2.6 these can lead to field enhancement taking

place.

Insulator

Interface

Carbon Particles

Figure 2.6 Diagram showing diffusion of carbon particles into insulator
layer. (a) Shows an ideal interface whilst (b) shows a typical
interface layer. Note the sharp semi-con points in (b).

The ideal interface, a in figure 2.6, presents a regular even interface between
the carbon-loaded polyethylene and the bulk polyethylene insulator which
avoids the possibility of any field enhancement at the edges of any
protuberances. The Interface region in the real world however has been
found to resemble the situation shown in figure 2.6 b. (Betteridge et a/, 1998.)

These findings were confirmed by the author using the Scanning Probe

Microscope as shown in figure 2.7.
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Carbon loaded

polyethylene Polyethylene

Figure 2.7 Showing the interface region between the bulk insulator and the
carbon loaded polyethylene.

The uneven nature of the interface can be observed directly in this image

where a major distortion of the interface (which has been highlighted) can be
seen it is ~7.5 microns in length. It is at features like these that major field
enhancement could be expected to take place, resulting in the materials
involved in the interface region being subjected to field strengths in excess of
that occuring in general in the bulk insulator or indeed in the semi-con layer.
In this work the objective was to duplicate the interface region in the
laboratory so that the effect of enhanced electrical fields on the bulk insulator

could be observed both as a function of time and field strength.
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3. Insulator Ageing and Breakdown.

This investigation is concerned with HV cables and in particular the region at
the inner polymer — semi-con interface of the cable structure. This region
involves two different materials in close contact and research has shown that
the interface region is of the order of 600nm wide. [Bettridge, 1997]. It must
therefore be a region of changing morphological, rheological and chemical
structure and this was confirmed in part by the work of Bettridge. On one
side of the interface is a relatively homogeneous material, the polymer
insulator, whilst on the other side the semi-con is basically a polymer with
contaminants (in this case carbon particles) deliberately introduced. The ideal
interface region between the two materials would be smooth with no mixing
between the two materials. However when the cables are extruded they are
at a temperature of approximately 100° C and this must inevitably lead to

softening of the materials and mixing at the interface region.

When electrical breakdown of HV cables has taken place and electrical trees

have been identified as the cause it has been found that the major initiation
site is the interface region. There has been very little investigative work into

this region especially involving actual cable samples at the point of breakdown

initiation.
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3.1. Tree Initiation

Insulator degradation manifests as the appearance of treelike structures in the
bulk® material. However before these structures develop there is an initiation

phase when there are no changes taking place in the material, visible to the

naked eye. Partial discharges were considered by many (Dissado et al 1992)
to be the initial indicators of impending tree growth and subsequent electrical
breakdown of the material. However with improved manufacturing techniques
the inclusion in the bulk material of defects likely to give rise to stress
enhancement is largely eliminated reducing the occurrence of partial

discharges. In manufacturing terms this means that the insulator size can be

reduced resulting in lower costs. This leads to higher power densities in
cables and prebreakdown phenomena, previously not considered, to possibly

become the main factor leading to tree growth. These phenomena are more
difficult to detect than partial discharge effects and more sensitive detection

techniques are required to deduce the chemical and structural changes that

could be taking place.

Electroluminescence is one method being used to attempt to detect the

occurrence of prebreakdown changes in the material. Several researchers

have investigated this method to detect the initiation phase of tree structures,
Laurent et al 1999, Bamji 1999, Mary et al 1997 and Champion et al 1995 for

exampie.

Bamiji et al (1991) showed by embedding semicon protrusions into XLPE and

applying high electrical fields at these points would lead to
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electroluminescence at the semi-con tip. It was also shown that the
application of electrical stress lead to degradation of the polymer and the
formation of electrical trees. Bamji et al (1999) also demonstrated that the
presence of oxygen in the free volume of the XLPE plays an important role in

the degradation of the polymer.

Laurent et al (1999) used a flat electrode arrangement to monitor the
electroluminescence seen whilst applying electrical stress across the sample.
Laurent makes some important observations, that ageing is a localized
process and that ageing proceeds through the molecular dissociation of some

of the original constituents of the material and the formation of new chemical

bonds. The latter observation, as Laurent points out, necessitates the

mediation of electronically excited states.

It is important to be aware that in both of the specific cases discussed above
and in the more general research being undertaken elsewhere the emphasis
is on the observation of electroluminescence whiist the electrical stress is
applied. As will be explained in chapter $ the techniques applied to produce
the results seen in chapter 6 enable the observation of field induced

fluorescence but after that field has been removed.
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3.2. Insulator Degradation through Treeing.

Treeing is a phenomenon observed in electrically stressed polymers. During
the early stages of development trees are small dendritic like growths
consisting of voids in the polymer which may be only ~ 10*m long. As ageing
progresses these tree like structures grow until at the point of electrical

breakdown one of them spans the polymer from one electrode to the other.
The main branches of the tree are usually ~30-100 nm in diameter. (Hozumi

et al, 1988)

Insulator degradation through treeing has been accepted as one of the most
important mechanisms responsible for the ultimate electrical breakdown of

insulators and in particular in polyethylene when used as an insulator in HV

cables. [Dissado, ef al., 1992]

There are two main categories of trees, Water Trees and Electrical Trees. |t
is possible that a water tree may initiate an electrical tree and that on the
occurrence of either of these breakdown of the insulator is likely but not
inevitable. Indeed electrical trees have been observed to cross the insulator
without breakdown occurring whilst it is also possible for breakdown to occur
without the electrical tree completely crossing the insulator. The appearance

of treeing structures In polymers is a gross indicator of insulator damage

occurring but not necessarily the prime cause of electrical failure.
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3.21. Water Trees

Water trees can be generated in an environment where the insulator has

direct access to an aqueous electrolyte and they can be conveniently split into

two types, vented trees and bow tie trees. Vented trees are initiated at the

surface layer of the insulator and have direct access to a moisture source.

Figure 3.1  Typical vented water tree in XLPE cable.

Copyright © 1982. The International Telephone and Telegraph
Corporation

As can be seen in figure 3.1 vented water trees exhibit no distinct structure

but rather have a diffuse bush like appearance with a definite link to the
surface layer. Vented trees are thought to grow more or less continuously in

an applied field once initiated and may therefore reach the other side of the

insulator providing a possible path for electrical breakdown.

Bow tie trees are initiated at the site of imperfections, contaminants or cavities

in the bulk material. They grow in a roughly symmetrical fashion along the

line of the applied electric field.
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Figure 3.2 A bow tie tree found in XLPE cable. Dissado et al. (1992).

Bow tie trees at first grow rapidly after their initial formation but they stabilise

after reaching a certain length usually at ~1 0" m [Dissado, et al., 1992]

3.2.2. Electrical Trees

Electrical trees, in general, have a much more clearly defined tree like

structure than water trees and some researchers consider that they originate
in areas of the bulk material having defects, contaminants or structural

irregularities (e.g. voids or microcavities).

Figure 3.3 Electrical Tree in XLPE cable. [Dissado, et al., 1992]

Electrical trees may also be initiated at the site of an electrode in which case

they are known as vented electrical trees. Trees initiated in the bulk material

3-20



are orientated along the lines of the applied electrical field. Electrical trees

have been found to grow at a decelerating rate [Dissado, et al.,, 1997] until a
certain point is reached when an acceleration of the growth rate occurs

(resembling an avalanche effect) leading to electrical breakdown.

The typical growth pattern of an electrical tree is shown in figure 3.4,

Initiation and Breakdown

: Area of slowing propagation | :

Tree

Length |

Figure 3.4 Schematic representation of electrical tree growth showing the
decelerating growth rate and then the runaway or avalanche
breakdown. [Dissado, et al., 1992].

Dissado, (1997) however postulates that the “...electrical trees in solids which
demonstrate a fractal structure and decelerating growth rate are a

consequence of a deterministic breakdown mechanism operating in a regime

of deterministic chaos, rather than runaway”.
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3.2.3. Review of Ageing and Breakdown Models

There are a large number of theories and models which attempt to give a
scientific basis for the ageing of extruded HV cables, both as functions of time

and applied electrical stress. Dang, et al. (1996), review over 200 papers

covering the period 1965 to 1996. They found that most data presented was
obtained under conditions that did not allow comparison and in any case were
different from actual operating conditions. They list over 20 papers giving
details of twelve theories which relate to the ageing of extruded HV cables,
whilst Scarpa(1995) and Dissado et al, (1992), categorize the ageing models
into three groups, Physical Ageing, Chemical Ageing and Electrical Ageing. It
should be appreciated that all these mechanisms can be expected to play
their part in the ageing of insulators depending on the operating conditions.

Dissado describes this as “combined mechanical and electrical ageing”.

The degradation of the polymer insulation with time in terms of its physical
and chemical properties will eventually lead to the electrical breakdown of that

polymer. Scarpa (1995) defines electrical breakdown as “when the applied

voltage can no longer be maintained across an insulator in a stable manner
without excessive flow of current and physical disruption.” When this happens
the material is said to have failed, however the exact failure mechanism has
not as yet been established. What is certain, however, is that all breakdown

in polymeric insulators is irreversible and catastrophic.

Dissado, ef al, (1992), making a distinction between ageing and breakdown

suggest that breakdown mechanisms can be divided into four categories,
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“Electrical Breakdown”, “Thermal Breakdown”, “Electromechanical

Breakdown” and “Partial Discharge Breakdown™. There is usually assumed to
be a link between the ageing and electrical breakdown of the insulator and the
popular models seek to combine these aspects. Scarpa (1995) and Dissado
(1992) agree that models of ageing and breakdown mechanisms may be

conveniently divided into three categories: -
I Low Level (Molecular) Degradation Models

In these models the insulator characteristics at the molecular level are

deleteriously affected by an applied electric field possibly in combination with

other factors.

I Deterministic Models

These models attribute the final electrical breakdown of the insulator to the
direct effect of an earlier event or condition produced when a critical electrical

field value is exceeded.

H Stochastic Models

Here there is considered to be a finite probability that at any time the
breakdown may occur following local changes in the physical conditions or

electric fields caused by an inhomogeneous material.

The most recent research has been conducted in areas of | and 1l whilst
deterministic models have not been as productive in terms of possible life

prediction models.
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3.24. Low Level Degradation Models

3.2.4.1. Physical Ageing

This model of the ageing process is also known as the free volume model, as
it proposes a reduction in the free volume of a material. “Free volume’ is
defined as the difference between the specific volume (inverse of specific
gravity) of the actual material and that of the close packed equilibrium form of
the same material at the same temperature. The free volume Is made up of
“structural holes” formed when some potential lattice sites remain unoccupied
due to inefficient molecular packing. These holes are different to the
microscopic cavities or voids already discussed (3.2.2) which have a radius of

~0.1um or larger and smooth surfaces.

This process is self-retarded as the segmental motion that accounts for chain
rearrangement slows down as the free volume itself is reduced. Struik (1978)
proposed that mechanical stresses driving segmental motions could also
generate free volume. Other researchers [Lustiger, ef al, (1986)] pointed out
that since segmental motions can be driven electrically as well as
mechanically such process allows for electric coupling between free volume
degradation and dielectric processes on a molecular scale. Indeed, Barlow,
(1983), found that one eftect of a high level of stress on polyethylene was to
increase the microvoid density and size. The sample in this case originated

from a virgin cable.

Another problem which can occur in physical ageing is that the number of

interfaces between amorphous and chain fold regions can increase [Dissado
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(1992)] giving rise to an increasing density of traps and defects and therefore

an increase in local space charge concentration. [Nath , et al, (1989),

Perlman, et al, (1986)].

Other problems include the thermal variations in operating conditions
experienced by power cables, due to I’R losses which can generate

temperatures up to 90°C, far in excess of ambient temperatures. As many of
these cables are buried underground heat dissipation becomes a major

problem. This can cause thermal disarrangement of the molecular structure

including the acceleration in the production of microcavities [Smit, (1984)]

which can be deleterious to the cable.

3.2.4.2. Chemical Ageing

This model of ageing [Reich, et al. (1971) takes place following the formation

of polymer free radicals (R*),
X+ Rap — R*a + R*b (3-1)

where X is an initiation step.

Free radicals are very reactive chemically, this can produce chain reactions
resulting in chain scission, [Ross, et al. (1992)]. The formation of these free

radicals can be initiated thermally, mechanically or may result from oxidation,

ionising radiation or UV absorption.

In addition when talking about chemical ageing it must be understood that
some chemical processes, such as cross-linking (Section 2.2.1), remain active

for some time after being initiat_ed artificially. [Struik (1978); Bhateja (1983)].
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Bhateja noted that in the case of HDPE cross-linking initiated by radiation
continued for up to 2.5 years. Other chemical changes can continue in this
fashion and unlike cross-linking in polyethylene they are not advantageous to
the properties of the polymer, some for instance lead to oxidation and
crystallisation of the polymer. Changes resuiting from continued chemical

processes such as this can be expected to lead to increased susceptibility -of

the material to electrical breakdown and degradation.

The use of additives in the polymer must also be mentioned. Barlow et al

(1983) observed that antioxidants added to polyethylene could actually
migrate out of the material leaving voids or aggregate into clusters about

25um in size [Thue, et al. (1983)]. Such clusters have led to stress cracking,

oxidation (instead of suppressing it) and evidence has been reported [Thue, et

al. (1983)), linking their formation with that of treeing failure in cables in

service.

3.2.4.3. Electrical Ageing

The physical and chemical processes described above can occur whether

there is an applied electric field or not. However, the presence of an electric

field can accelerate, initiate and drive those physical and chemical processes.
Electric fields can also promote the following effects:-

e Dissociation and transport of ionized and ionizable by-products, this
can cause an increase in local stress patterns with a subsequent

deterioration in insulation performance.
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o Water Trees; these require the presence of moisture to be initiated and

can lead to complete electrical failure.

e Partial Discharges. There is published work proposing that these can
occur within micro-cavities or voids when the electric field exceeds a
threshold value, the actual threshold value depending on void size and

local gas pressure, [Bahder, ef a/(1982).; Mason, (1981)].

e Electrical Trees as discussed in section 3.1.
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3.2.5. Deterministic Models

As already discussed, deterministic models attribute the final electrical
breakdown of the insulator to the direct effect of an earlier situation when a
critical electrical field value was exceeded. The various forms of breakdown

will be discussed using the categonzation suggested by Dissado (1992).

3.2.5.1. Electronic Breakdown

Zener breakdown and avalanche breakdown are the two best known
examples of electronic breakdown. However for polymers where the band
gap is large (>~8eV) then electric fields exceeding ~ 1x10'"V.m™ would be

required to produce Zener breakdown. In the case of avalanche breakdown
although the required conditions have been shown to exist [Ritsko (1982);
Zeller, et al (1984)] for polyethylene the average applied field is unlikely to be
high enough for breakdown to occur in the bulk material. 1t is possible that
localised electric breakdown of this form may occur at the tips of electric trees
or as a result of space charge build up near electrodes due to very high

localised fields.

In terms of an electrode-polymer interface it has been shown, Jonscher and

Lacoste (1984), that tunnel-injection of electrons from the electrodes can limit

the breakdown field to magnitudes of about 1x10°V.m™.

3.2.52. Thermal Breakdown

Thermal breakdown occurs when cumulative heating effects, specifically joule

heating, lead to increased carrier numbers and mobility giving rise to
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increased conduction and ultimately “thermal runaway”. This has been

observed to be a bulk phenomenon, Kiein (1969). However this form of

breakdown usually leads to a localised filamentary breakdown path.

3.2.5.3. Electrically Induced Mechanical Breakdown

Dissado (1992) describes this as “the electrostatic attraction of the electrodes
which decreases the width of the insulation by an amount depending on
Young's modulus.” This reduction in insulation width increases the field,
thereby increasing the attraction, local heating and softening then exaggerate

this.

Dissado, therefore, is talking of a bulk process and he makes the point that

even if polyethylene insulated power cables are operated above the softening

point “...then they are usually cross-linked and sufficiently thick for this effect

to be negligible.”

3.2.5.4. Partial Discharge Breakdown

Within the bulk material of a polymer insulator there will inevitably exist small
voids or cavities and these will contain gas and therefore have a lower
permittivity than the bulk polymer. Depending on the gas and the local
pressure the applied field may cause breakdown or discharge within the void.
This effect is usually local and is therefore termed Partial Discharge

Breakdown.

Cavities are an unavoidable consequence of manufacture. In particular the
various processes which are applied in order to improve one or another

attribute of the insulator may themselves introduce voids. For instance, cross-
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linking can introduce voids and the introduction of impurities (such carbon

particles from the semicon interface) may also create voids or cavities.

Partial discharge breakdown can also promote the formation of electrical trees

which themselves can lead to breakdown of the bulk material.

3.2.6. Stochastic Models

Stochastic models use empirical statistical distributions to develop predictions

of physical breakdown.

Scarpa (1995), lists the following stochastic modeis,

e The Fluctuation Model [Dissado, et al (1987)]

e Fractal Models [Barclay, et al (1990).; Dissado, et al (1987).]

o Cumulative Defect Models [Lloyd, ef al. (1977); Jonscher, et al.(1984)}

3.2.6.1. The Fluctuation Model

The Fluctuation models assume that the material is divided into small local
structural units. These units or clusters are composed of atoms, molecules,
chain segments and other structural elements whose displacement motions
are connected. [Dissado, et al. (1992)] Under the influence of an applied
electric field the intrinsic fluctuations of the system will cause the aggregation
or fragmentation of the clusters. When an electric field is applied to the bulk
those clusters possessing a polar charge will modify the magnitude of the
local electric field by polarisation or depolarisation. These intrinsic fluctuations

of the local fields within the bulk system will be spread over a range of values
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with a probability that at some point the field of a particular cluster will exceed

the breakdown value.

3.2.6.2. Fractal Models

The Fractal models explain the tree like discharges as examples of branched
stochastic fractals [Barclay, et al (1990) Niemeyer, et al.(1984); Dissado, et

al.(1987)].

3.2.6.3. Cumulative Defect Models

The cumulative models assume that the eventual breakdown of an insulator is

not linked to a single event, but rather to individual processes that combine to
generate new defects and extend existing defects untili breakdown is

inevitable.
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3.2.7. Space Charge Considerations

Space charge accumulation in insulating materials is widely recognised as
being one of the causes of deterioration in HV cables and several methods

are available for the measurement of space charge. [Abou-Dakka, ef al.

(1997)]

Stucki (1994) proposed a model based on space-charge injection under high
fields leading to cumulative effects. A critical total injected charge density Qe
is suggested as being necessary prior to any permanent damage occurring.

Using this concept he postulates that a critical total charge injected or de-

trapped per unit area leads to micro-voids and subsequentiy tree formations.

Zebouchi [Zebouchi, et al., 1997], also considered the effects of pressure and
temperature on space charge. Their model combines thermal and electronic
breakdown models taking into account the charge carrier hopping transport

mechanism and local field distortions due to space charges.

The effect of heat treatment and vacuum treatment on the formation of space
charge in XLPE cables is discussed by Wang et a/ (1995). They discovered

that if the cable was heat-treated, space charge previously formed under an
applied voltage, disappeared. If electrical stress was applied once again
space charge reformed, however if they then degassed the sample and
heated it for a long time not only did the space charge disappear but also the
re-application of a dc voltage failed to create space charge in the cable.

These results may well be related to those of Bamiji et al (1991) where they
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relate the presence of oxygen in the free volume of insulators to the eventual

degradation of that insulator.

Different mechanisms of charge trapping are discussed by Dissado et al.
(1995) and incorporated into a life model “..through an alteration to the free
energies of the reacting system.” They show that trapped charge can
contribute to the ageing of insulators when conditions exceed suitable
temperature or field threshold values. They also make a tentative suggestion
that the “...stored mechanical energy used in the degradation mechanism is
released in a co-operative manner along a polymer chain.” Coudray et al
(1996) also discuss the electromechanical energy stored in a dielectric
containing trapped charges and also attribute the degradation of dielectric
materials to the release of this energy following the de-trapping. They also
arrive at a value for the energy released of 5 - 10 eV per trapped charge
dependent on crystal structure and location of trapped charge, either at an
atomic site or inter site. They also state that this energy around a trapped
charge, spread over less than 100 atoms, is sufficient to produce molecular

level damage when it is released on the de-trapping of the charge.

Summary

It is possible that all of the above processes may occur independently.
However in the real world there is likely to be a combination of these forms of
ageing taking place together wvith an additional factor which must represent
the interaction of these processes, for instance the presence of an electric

field will accelerate some processes or initiate others.

3-33



A generally accepted model that will predict and explain all of the various

processes experimentally observed in the generation and propagation of tree

structures in the degradation of electrical insulation has still to be put forward.
Such a model will probably encompass many aspects of other theories and
models already proposed. A recent paper for example [Parpal, et al. (1997)]
proposes a model to describe a wide range of experimental observations that
were described in an earlier paper [Dang, et al.(1996)]. In this paper they
state “.the proposed model described relies on simple thermodynamic
arguments (Crine 1990), on part of the free-volume breakdown theory of
Artbauer (1996) on the formation of sub-micron sized cavities observed by
Zhurkov (1972) during the mechanical ageing of polymers and on the

molecular ageing model of Crine and Vijh (1985)
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3.3. The Electro-mechanical Model of Breakdown.

Electromechanical breakdown In polymers has attracted much less attention
in published works on insulating material failure. It is quite possible, however,
that it is a common breakdown mechanism, the generally accepted view that
an increase in temperature is accompanied by a decrease Iin breakdown
strength tends to support this view. When it is discussed, however, the aspect
that is usually being examined is that of electrostriction. This is defined as the
expansion or contraction of a dielectric in the presence of an electric field.
This can occur when there is a potential across two electrodes leading to an
electrostatic attractive force.  This manifests itself as a mechanical

compressive force, breakdown occurs when this force can no longer be

balanced by the dielectric elasticity.

There is also a transverse stress on the dielectric. Lewis et al (1996) explain

this effect in terms of the Lippmann electro-chemical equation which states

that a change in interfacial tension Ay, generated by a change in potential

difference across an interface AV is given by

Ay =-qAV (3.2)

where q is the surface charge density on the electrode.

In polyethylene, being a bulk insulator, the field is present through out the
material and there may well be trapped charges in the bulk material, not just

at the interface region. This situation was addressed by Sanfield et al (1968)
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resulting in a generalised Lippman equation predicting an increase in the

transverse stress o, in a dielectric between metal electrodes, of magnitude
.
c =¢kE (3.3)

where ¢ is the permittivity of the dielectric and E is the electric field strength.

In the case of an alternating electric field (E = E, Sin ot ) the stress sE* will

result in an altemating strain of frequency 2. (Lewis et al (1996))

Lewis et al explored the consequences of invoking this model in the case of

electrical failure of polyethylene used as a bulk insulator in power

transmission cables. They argue that the stress eE? acts to reduce the

activation energy for thermally-induced bond scission in the molecular
structure of the polymer accelerating the rate of bond scission and leading to
the ultimate failure of the material. By assuming that failure of the insulator
occurred when 10% of the bonds were ruptured their model predicted “time to

failure” characteristics in reasonable agreement with experimental results.

In addition Lewis at al discussed the possibility that the mechanical stress
would lead to a propagating crack process based on the Griffith model (1920).
The transition from bond breakage to crack development and subsequent tree
generation depends on the release of stored mechanical energy. Figure 2.5
shows a representation of the inter-lamella space; it is important to note the
presence of tie molecules across this inter-lamella or amorphous region.

These tie molecules maintain the structural integrity of the polymer stabilising

the individual lamella and therefore the bulk material. The tie molecules offer
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resistance to any stress that might act to move the lamella apart, this
resistance is limited however by a process known as reptation whereby the tie
molecules unravel themselves from the crystalline lamella. The tie molecules
may become completely disassociated from one or other of the lamella or may
reach a limit due to entanglement of the ends of the tie molecules. In the
latter case the tie molecules still bridging the amorphous region may
eventually experience bond scission due to the continued application of the
mechanical stress. Lewis et al suggest that these ductile creep processes of
reptation and disentanglement in the polymer are likely to correspond with the

a process of relaxation in polyethylene in which a chain twist propagates

through the crystalline structure by a thermally-activated stepping mechanism.

Lewis et al therefore suggest that the process of crack initiation and

propagation could commence by a process of fibrii thinning due to tie
molecule reptation induced by the electromechanical transverse stress. This
would lead to craze and crack nucleation, these sub-microscopic cracks and
crazes would grow further by way of reptation processes, continuing to be
driven by the externally generated transverse electromechanical force.
Eventually the strain on the remaining tie molecules would drive them beyond

their breaking point leading to active fractures of the material and electrical

failure. Lewis at al assume that any applied stress would be shared equally
by a certain concentration of taut tie molecules and that the reptation velocity

depends on this stress. Using this approach an expression is derived for the
rate of craze growth dd/dt the activation energy involved in this expression

is of the form shown in equation 3.4.
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Q= Q, - AeE’ (3.4)

The activation energy given by Lewis et al is of the order of 1.2 eV, which is

reasonably in agreement with experimental evidence (Amelin et al (1971) and

Masyo (1976)).

It is evident that for any given tie molecule there will be an initial entanglement
length / and that there will therefore be a finite time t for a particular molecular

chain to move out of the lamella by reptation. The possible stress will depend

on / and there will be a critical value of / beyond which the chain will fail by

molecular scission rather than reptation. The rate of increase of stress do/dt

will therefore become an important factor.

When molecular scission happens it is likely that oxygen will be an important
feature of the process. There will always be some oxygen present in XLPE
even in the presence of anti-oxidants and crucially this oxygen will be
concentrated in the amorphous region since it is relatively insoluble in the
crystallites. It is known, for instance, that oxygen is capable of hydrogen

abstraction from a polymer chain to form chain-side and hydroperoxy radicals

and that the activation energy for this reaction is in the range 1.3 to 1.95 eV.
[Kagiya, V.T. et al (1979)] Moreover the hydrogen atoms most vulnerable to
abstraction are those at carbon sites or where cross-linking or chain-
branching occur, XLPE therefore being particularly susceptible. During bond
scission highly reactive polymer free radicals will be produced and the stored
elastic energy in the broken parts of the polymer chain will be released. The

release of this energy at the free radical sites can take part in a cyclic process
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resulting in continuous polymer decomposition and further free radical

generation.

The effects of bond.scission therefore are likely to be several, including an
increase in the number of end-groups, an increase in the number of shorter
polymer chains, resulting from the scission of the longer chains. The
increase in end-groups will potentially increase the number of CO, CH3; and
C=C end groups as these are all possible end groups for polyethylene. The
change in the ratio of shorter polymer chains to longer polymer chains should
be detectable by using Raman spectroscopy in particular by concentrating on
the Disordered Longitudinal Acoustic Mode peak which shows at around
200cm™ for polyethylene. The change in end-group concentration should
show up in peak development, the relevant peak for the CO end group is at
1725cm’! in the FTIR spectrum of polyethylene, for CH; and C=C at 1373 and
1600cm™ respectively in the Raman spectrum.  In particular the peak due to
the stretching vibration of the C=C group is, when present, one of the most
intense peaks in the Raman spectrum. (Hendra et al, 1991) Therefore the
appearance of or increase in concentration of any end-groups of this

configuration should result in a significant change in the resultant spectrum.

Figure 3.5 summarizes these concepts; the lamella being under an
electromechanical strain, reptation taking place resulting in the remaining tie
molecules being placed under greater individual strain resulting in eventual
rupture. The role of oxygen and free radicals are also introduced resulting in

the growth of end-groups one possible type being shown.
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Figure 3.5 Showing the progressive nature of electromechanically induced
reptation and bond scission.
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4. Surface Investigation Techniques

4.1. Vibrational Spectroscopy

41.1. Raman Spectroscopy

When monochromatic light is incident upon a transparent target, most of that

light is transmitted unaffected. A proportion however is scattered by the
molecules of the target. The scattered radiation mostly consists of photons
with the same frequency, v, as that of the incident radiation; this is called
Rayleigh scattering. However a small proportion of photons with frequencies
v+v; Or v—vq, where vy is a vibration frequency of the scattering molecule.
The photon frequency is therefore shifted and this implies a change in photon
energy; this process is therefore called inelastic scattering. This effect was
first observed by C.V. Raman in 1928. The lines due to photons with

frequency, v + vy are known as Anti-Stokes lines whilst those due to photons
with frequency v-v; are known as Stokes lines. Since the ratio of the intensity

of the Stokes to Anti-Stokes lines is approximately 10:1, it is usual to

concentrate experimental work on the Stokes lines especially as the Raman

shift is the same.

4.1.1.1. Origin of Raman Scattering

According to the classical theory of Raman scattering a molecule in an electric
field of strength E has an induced dipole moment P = g E where a is the

polarizability. This polarization can be affected by incident photons, which are

equivalent to a varying electric field, and it is this that gives rise to inelastic
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scattering. On the other hand the quantum mechanical mechanism of Raman

scattering can be envisaged by reference to figure 4.01.

Virtual State 2
Virtual State |
Vv vV —V] Vv Vv Vv V+ V]
WA ¢ 35 e =
| E] -E= th I

Figure 4.01 Energy level diagram showing the raising of the molecule to a
‘virtual state’ and then that energy being lost, resulting in the
production of the Stokes and anti-Stokes lines. The population
of the excited vibrational state, E4, is less than that of the ground
state and as a result the Anti-Stokes lines are weaker than the

Stokes lines.

In each case the incident photon (of frequency v) interacts with the system

and is leading to an upward transition in the energy of the scattering molecule.

In the case of Stokes lines there is an upward transition between energy level
E and virtual state 1: there is then an immediate downward transition' to
energy level E; resulting in the generation of a new (scattered) photon with
frequency v — vi. In the case of Rayleigh scattering the system starts and

finishes at the same energy level, E, and the annihilation of the incident

photon, with frequency v, is therefore accompanied by a new scattered

' Virtual States are used merely (0 simplily the explanation; there are no real energy levels at this
exciled condition which 1s why there 1s an immediale downward (ransition from these staies.
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photon, of frequency v. For Anti-Stokes lines the incident photon, of

frequency v, is absorbed, and the system is excited to virtual state 2; the

immediate downward transition to E is accompanied by the emission of a

photon of frequency v + vy.

The number of systems present in the excited vibrational state E4 will be less

than that of the ground state E, this leads to the resuit that intensities of the

Stokes lines are far greater than the intensities of the Anti-Stokes lines.

The crucial point to be observed in figure 4.01 is that there are effectively
transitions between E and Ey when the system is excited by the incident

photons; these transitions cause changes in the Raman spectrum of the bulk

material which can be identified and associated with various chemical

species.
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4.1.1.2. Changes in the Raman Spectra

The Raman spectrum obtained is dependent on the bonds between atoms
and the masses of the atoms involved. Considering the molecules in a crystal

structure as harmonic oscillators their resonant frequency can be modelled

approximately by using the formula for SHM.

Q= J(B/M) (4.1)

Where 2 represents the resonant frequency, B the spring constant of the
bond and M the mass of the molecules involved. It can be seen therefore that

any change in the resonant frequency can be related to a change either in the
bond strength (representing the spring constant in our simple model) or the

mass of the molecules. Therefore if the electrical field applied affects the
structure of the material either by breaking bonds or in some other way then

this should cause a change in the Raman Spectrum.

4-44



4.1.1.3. Interpretation of Raman Spectra

4.1.1.3.1. Vibrational Assignments in Raman Spectroscopy

A Raman spectrum obtained from a sample consists of many peaks and to
interpret a spectrum one must assign those peaks; that is to understand the
origin of each peak. The line or peak may be assigned at various levels of
detail. These are to a chemical species or molecular configuration, to a
crystalline or amorphous region, to a specific molecular conformation, to a
symmetry species or to a specific normal mode. Raman spectroscopy has
become an easily accessible technique due to the introduction of the laser as
an intense monochromatic light source and computers to ease the analysis
and spectrum production. Reported Raman investigation into the structure of
cables and in particular the physical changes taking place due to the presence
of stress, whether mechanical or electrical, is somewhat limited. However,
there is significant literature [Nielson and Woolett, 1957: Snyder, 1967: for
example] on the investigation of the structure of polymers using Raman
spectroscopy and in particular polyethylene which, of course, forms the basis
of the insulator in XLPE HV cables. The assignment of the various peaks in

the spectrum of PE is the subject of much discussion in the literature. Figure

4.02 summarises the currently accepted main vibrational assignments for

polyethylene.
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Figure 4.02 Raman active vibrational modes for polyethylene after Bower
and Maddens (1989). Skeletal modes, vs, are associated with
the molecular framework rather than with specific atomic groups.

In addition to the seven main peaks indicated, overtones® of other Raman
peaks or IR peaks can be found. For instance weak peaks at 2926 and

2946¢cm-1 have been assigned to overtones of the 1463 / 1473cm™ IR active
doublet in Fermi resonance with the v(CH2) stretching fundamentals. In

addition combination’ frequencies may occur.

4.1.1.3.2. End Group Identification

The long chain molecules that make up any polymeric substance are
terminated by a variety of chemical groups these are known as end groups.
These end groups differ significantly from the repeat unit of the polymer and
they are detectable Dby vibrational spectroscopy even though their

concentration must by definition be far lower than the repeat unit of the

2 Integral multiplies of the fundamental frequencies

3 Sums or differences of integral multiples of the fundamental frequencies of two or more modes.
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polymer. Obviously where one is looking for signs of increased bond

breakage (and therefore the appearance of end groups) this is a great

advantage. This is especially true since the rupture of chemical bonds has
been shown to lead to the appearance of free radicals and that the

appearance of free radicals has been linked to end group formation. In

addition it has also been shown that ruptured bonds can localise into micro

regions forming sub-microvoids which have been found to lead to the physical

breakdown of the polymer. [Zhurkov et al. (1974)]

4.1.1.323. Crystallinity

There has been a significant amount of published work carried out with
Raman spectroscopy on the crystallinity of polymers and particularly PE. This
has resulted in the identification of the three main spectral regions that give
structural data relating to the degree of crystallinity of the polymer
[Mandelkern et al. (1993), (1990) and others]. The so-called internal modes
or fingerprint region, in the range 900 — 1500cm™ give quantitative information

on the elements of the phase structures. The longitudinal acoustic modes
(LAM), which lie in the range of about 5-50 cm™, give the ordered sequence

length®. Because of the low frequency of these vibrational modes these

proved impossible to examine with the equipment available for the present

study.

On the other hand the disordered longitudinal acoustic modes (DLAM), in the

region of 200cm™, were observable. These modes give a measure of the

* Ordered sequence lengths ie. the length of the straight chain segments in the crystal lamella.
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long-range conformational disorder and are the dominant feature in the low
frequency spectrum of a liquid n-alkane longer than about Ce. [Snyder et al.

(1986); Mandelkern et al (1993)]

Looking first at the intemal modes Strobl and Hagedorn (1978) showed that
the integrated intensity of the band at 1416cm™ (which they linked to CH.
bending — since assigned to 1440cm™) is related to the degree of
orthorhombic crystalline material present. @ They also related the broad
shoulder of the 1296 cm™ band at 1303 ecm™ and the band at 1080cm™

(integrated intensities) to the amount of amorphous material present in the

sample.

LAM vibrations arise as a result of the molecular chains vibrating along their
length in an accordion like fashion and the frequency of these vibrations

depends on their molecular length. These bands are therefore used to

measure the physical size of the lamellae in polymers which is closely related

to the degree of crystallinity in the material.

The DLAM mode was identified by Snyder et al. (1986) at 206 cm’™ for a semi-

crystalline PE and by a broader band at 202 cm™ in molten PE. Snyder also
examined the use of the DLAM band in the determination of the crystallinity of
polyethylene. They found that the frequency and the shape of the DLAM
peak were dependent on the average number of carbon atoms in the chain
and on the ratio of trans to gauche bonds. In particular they established that
the DLAM band could be detected in solid polyethy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>