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Summary

Space charge in extruded model polymeric high voltage cable samples has been
assessed under various conditions using the thermally stimulated current (TSC)
technique. All of the cable samples under investigation consisted of a stranded
aluminium core, covered by three concentric layers of polymer: (1) an inner semi-
conducting carbon-loaded polymer screen electrode; (2) an XLPE insulation layer,
and (3) an outer semicon screen electrode. Effects on the TSC due to the compo-
sition of the materials used in both the XLPE insulation and the semiconducting
screens have been studied. The semicon-insulation combination was also seen to
have an important influence on the TSC.

Thermal cycling affected the TSC, and is conclusively attributed to morpological
changes in some of the samples. The TSC measurements of other samples could
not be interpreted so definitely, however, as a consequence of their complicated
TSC curves, which arose from the novel composition of the cable materials.

TSC curves at different poling voltages were interpreted as appearing due to the
relaxation of different poled mechanisms. The TSC was measured in the 27°C to
107°Ctemperature range. Poling voltages of upto 45kV in magnitude and of either
a positive or a negative polarity were used to pole each sample at temperatures be-
tween room temperature and 107°C. The maximum poling voltage magnitude of
45kV corresponds to a geometric electric field at the inner semicon-insulation in-
terface of ~ 14kV.mm~"! and a field at the outer interface of ~ 7.4kV.mm™'. Typ-
ically, low poling voltages produced TSC peaks which were correlated with the
work of other authors, and which showed these TSC to be attributable to charge
accumulation at crystalline-amorphous boundaries. Space charge injection ap-
peared to be promoted when higher voltages (and hence, fields) were employed.
The voltage threshold above which space charge injection occurred was influenced
by the different magnitudes of electrical field at the two different interfaces.

A novel method of investigation, called the Electro-Kinetic (EK) measurement
technique, was also used to measure clectrically-induced displacements at the
surface of the cable samples to further characterise the electrical response of the
model cables. A correlation was seen between the EK measurements, made at
room temperature and with an a.c. stimulating voltage of upto 10kV,,,, and the
total space charge derived by integrating the TSC with respect to time.
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Chapter 1

Introduction

The primary objective of this thesis was to investigate whether the TSC method
can be used to distinguish various cable model samples subjected to high-voltage
DC poling. Consequently, the effect of factors such as voltage magnitude, voltage
polarity, temperature, semicon or insulation type on the space charge and polari-

sation produced in the cable model samples has been determined.

Chapter 2 introduces some important aspects of the morphology of the ma-
terials associated with the cable models investigated in this work. The insulation is
typically semi-crystalline crosslinked polyethylene (XLPE) with layers of carbon-
loaded polymer (“semicon”) separating the insulation and the metal conducting
electrodes. The interface between the XLPE and semicon is believed to play an

important role in determining the space charge concentration within the XLPE.

Chapter 3 describes the poling stage. It details the ways in which the internal
polarisation of the cable models become so distorted under the influence of high
electrical fields. The mechanisms involved include dipolar polarisation, internal

interfacial polarisation, space charge migration within the bulk of the insulation,



and electrode effects (electronic injection and electrostatic double layers) which
contribute to the polarisation of the sample. A model for quasi-continuous elec-
tronic charge transport through a semi-crystalline polymeric material is presented

which has special relevance to the cable models investigated later.

Chapter 4 details the thermally activated relaxation processes that dominate
after removal of the poling electric field. The popular models of dipolar and space
charge relaxation are described; these have been used with limited success histor-
ically to describe ideal dipolar and polarised charge systems. Analysis methods
for ideal thermally stimulated relaxation curves are also described. However, the
difficulty in introducing these ideal models to the complicated, non-ideal, real sys-
tem of a cable model is emphasized, with reference being made to recent works

concerning Thermally Stimulated Current (TSC) analysis techniques.

Chapter 5 contains a specific literature review of XLPE and LDPE samples.
The number of cited articles has been carcfully limited to particularly relevant
works. The reviewed articles discuss TSC measurements of plaque and cable
samples, which have been investigated been performed under similar conditions
to the present work. Extraordinary papers have also been included which have

special relevance to the later discussion.

Chapter 6 describes the TSC measurement Procedures I and II that have
been used in this investigation. Sample preparation is first described, followed by
a full description of the heating, poling, cooling, removal of poling voltage and

the subsequent isothermal and thermally stimulated current measurement cycle.

Chapter 7 describes the results obtained using the TSC procedures. The

MARCH, 2000 2



primary cable types investigated are 1Aa, 1Ab and 1Ba, which all have the same
insulation, but have different semicon compositions. Measurements were made
on these samples using Procedure I with negative and positive poling voltages.
The negative Procedure I measurements performed and then repeated on fresh
samples of these types show incremental changes but general repeatability due to
the temperature and voltage cycling. Procedure I measurements are also reported
for these cables. Less comprehensive measurements on samples of cables 2Ba
and 3ADb are also reported in this chapter,which serve to illustrate some effects of
different semicon types and of different XLPE composition. These measurements

are utilised in the discussion.

Chapter 8 gives some results of novel measurements of the electrokinetic
(EK) effect and presents the associated theory. The results of measurements per-

formed on the primary cable types 1Aa, 1Ab and 1Ba are reported here.

Chapter 9 contains the discussion, and brings together all of the main points
which arose from the TSC and EK measurements. The effects of the semicon base
resin, semicon carbon and insulation on the measurements are discussed, as are
the effects of thermal and voltage cycling. The thesis as a whole is summarised in

the conclusions at the end of this chapter.

MARCH, 2000 3



Chapter 2

Energy Cable Materials

This chapter describes the physical characteristics of the polymers used in the
energy distribution cables studied. In particular, the chemical composition and
morphology of the insulation and semiconducting screens are discussed. An un-
derstanding of these are required before the ‘polarisation’ processes of the mate-

rial, discussed in chapter 3, can be considered.

The main insulating material in HV energy cables is cross-linked low-density
polyethylene (XLPE), which has almost entirely replaced oil-filled paper insula-
tion over the last 20 years. The XLPE is located between inner and outer semi-
conducting polymer (‘semicon’) screens (figure 2.1) which are incorporated into
the cable geometry to reduce local field enhancement at the conductor core and to
eliminate electrical treeing from asperities on the surface of the metal conductors
[17]. An additive package containing a cross-linking agent, anti-oxidant, ultra-
violet radiation damage inhibitor, treeing inhibitor and other such compounds is
usually added to both the XLLPE and semicon to protect the materials from thermal

and electrical degradation. These additives may also modify the morphology of




2.1. POLYETHYLENE

~ outer semicon layer
- XLPE insulation
* inner semicon layer

- aluminium core

Figure 2.1. Schematic cross-section of a triple-extruded energy cable.

the materials [18].

2.1 Polyethylene

The polyethylene molecule consists of long covalently-bonded hydrocarbon chains
(figure 2.2a) formed from approximately 1000 ethylene monomer units (figure
2.2b). Unfortunately, the polyethylene molecule is rarely so ideal, often forming
branches (figure 2.3) which may be anything from a few repeat units long to the
equivalent length of the parent chain. The chains may also have ‘cross-links’,
molecular units of any size which join polymer chains as connecting branches
[17]. Cross-links are encouraged in XLPE to improve the mechanical and dielec-
tric properties of the polymer. Most notably, cross-linking restricts the flow of the
polyethylene above the maximum LDPE cable operating temperature of = 70°C,
so that the cable can continue in service at operating temperatures of 80-90°C
without excessive softening becoming a problem. XLPE cables can also withstand
brief short circuit operation at higher temperatures, up to 250°C, in comparison

to LDPE cables which have a lower limit of 160°C. Cross-linking is achieved by

MARCH, 2000 5



2.2. THE POLYETHYLENE SOLID

addition of dicumyl peroxide (DCP) to the polyethylene prior to manufacture of
the cable. Figure 2.4 shows the chemistry of the cross-linking process, with step
(3) showing the actual cross-link. The DCP reaction is thermally initiated during
the extrusion of the cable by raising the polyethylene temperature to 180°C, well
above its melting point. It should be noted that the DCP cross-linking reaction
forms volatile by-products: methane, cumyl-alcohol, a-methyl styrene and ace-
tophenone. These by-products are unwanted impurities, as are other methyl, ethyl
and butyl residuals left after the cross-linking process, although acetophenone is
known to improve the resistance of XLPE to water trees. Other chemical addi-
tives may also be considered as impurities. These impurities will later be shown

to contribute to the polarisation stage in the TSC experiment (chapter 3).

2.2 The Polyethylene Solid

Polyethylene solid is semi-crystalline, consisting of crystalline regions of well or-
dered chains which are surrounded by disordered amorphous regions (figure 2.5).
The crystalline regions form a folded lamella structure, while the amorphous re-
gions contain tangled chains. Individual polymer chains may pass through both
crystalline and amorphous regions, however. The two regions have different elec-
trical and mechanical properties and can be considered to be different materials.
Note that the amorphous phase has the lower density and has much higher free
volume, so that impurities can more easily be accommodated there. The inter-
faces between the amorphous and crystalline phases are important because they

are likely to be sites of charge trapping, as described in chapter 3. It is these
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regions which will alter significantly when temperature-induced phase changes

occur in the polymer.

2.3 Semicon

The semicon shields are usually formed from polyethylene or a copolymer of
polyethylene with acetates or acrylates. Acrylates are more common in Europe
because of the environmental aspect. Carbon is added to reduce the resistivity of
the material to between 2—4 Qcm. The semicon morphology is illustrated in figure
2.6. The carbon may be one of two types: ‘super-smooth black’ carbon is formed
by the pyrolysis of acetylene to produce a clean, smooth carbon powder, while
‘furnace black’ carbon is literally scraped from the walls of a furnace to produce
a rougher, less pure carbon. Furnace black is likely to contain other elements,
for example sulphur. Geographical origin also has a bearing on the contamina-
tion factor: furnace black from the US contains almost ten times more sulphur
(1700ppm) than European furnace black (200ppm). The super-smooth carbon
particles are rounder and smooth, and are more regular in size and shape, while
furnace black particles are rough and angular, with a wider distribution of particle
sizes. Although much has been written about the macroscopic properties of semi-
con, there is little information about the size of the carbon particles. Okamoto et
al [19] used transmission electron microscopy to show agglomerations of furnace
and super-smooth carbon particles with diameters in the 100-300nm range. Ata
high carbon concentration of 41 vol% the particles agglomerate to form larger car-

bon regions, although the degree and distribution of agglomeration is ultimately
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dependent on the semicon additives. Betteridge er al [20] found similar results
determined from atomic force microscopy images. The furnace black particles
in XLPE were twice the size of the super-smooth particles, which were approxi-
mately 100nm in diameter. By contrast, Nakamura et al [21] report much smaller

particle sizes of between 30 — 90nm for three specific carbon black types.

The dependence of the resistivity of the semicon material as a function of the
carbon content has been reported [21]. The resistivity of the semicon drops rapidly
above a ‘percolation threshold’ for a carbon content of about 5 vol%. Although
extensive empirical evidence exists, modelling work is continuing to investigate
the exact nature of the percolation threshold conduction process [22]. The popular
model describes conduction paths of almost-touching carbon particles through the
material, with a tunnelling process providing conduction from one carbon particle
to the next. A possible conduction path of this sort through the semicon is shown

in figure 2.6.

The semicon in the samples studied contains approximately 40 vol% carbon,
providing a high likelihood of direct conduction through the semicon, although

tunnelling will be the main particle-particle conduction mechanism.

2.4 Semicon-XLPE Interface

The semicon-XLPE interface is a crucial region of the cable, affecting its overall
electrical properties. The likely interfacial morphology is illustrated in figure 2.7.
Ideally, the carbon particles would be coated with the semicon polymer so that

the interface with the XLPE insulation would be a polymer-polymer interface, as
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shown at A in figure 2.7. This situation has important consequences for charge
storage at the interface, as discussed in chapter 3. However, it is also possible
that a ‘bare’ carbon particle will extend across the interface as at B, creating a
direct route for charge injection into the insulation (also discussed in chapter 3)

and enhancing the probability of electrical failure there.
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a) small portion of a polyethylene chain

H H
I

C=C
|

H H b) ethylene monomer unit

Figure 2.2. Chemical composition of polyethylene.

a) branching

b) crosslinking

Figure 2.3. Branching from and cross-linking between polyethylene chains

MARCH, 2000 10



2.4. SEMICON-XLPE INTERFACE

(1) DCP decomposition:

CH,  CH,

O Lo @ = @
CH, CH,

Dicumyl Peroxide

(2) Polymer radical formation:

(2a) @C—O +RH et @—CII— OH+R'
CH,

Cumyl alcohol

(EHa CI:H:s
(2b) @(Ij—o* B @c:o + CH, ;
CH, Acetophenone

C'H, + RH — CH,+ R"
Methane

(3) Cross-link formation:

R*+R*—-— R - R

(4) Associated reactions:

CH;
heat |
(4a) C‘— OH C=CH,+H)

o—methyl styrene Water

CH,

Tl
(4b)@& B .45 T——— @C OH+ A _— Elrzducls

(4c) CH;+ C*H3__- CH;- CH;
Ethane

Figure 2.4. Chemistry of the cross-linking process, showing the unwanted by-
products (underlined) of cumyl alcohol, acetophenone, a—methyl styrene, water
and other inert products. R is the polymer chain and A is the anti-oxidant. (after

[1].)
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crystallite-
amorphous
interface
regions

Figure 2.5. Crystalline-amorphous regions in polyethylene

" possible
conduction
path

copolymer  carbon particles

Figure 2.6. Schematic of semicon morphology
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Interface
region

Figure 2.7. The interface between semicon and XLPE insulation
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Chapter 3

The Poling Stage

An essential first step in the TSC procedure is to polarise the dielectric by applying
a high field at elevated temperature and then to cool the sample whilst maintaining
the field, so that the induced polarisation is frozen in. The processes that occur

during this poling stage are described below.

3.1 Dipolar Polarisation

Although polyethylene molecules are highly non-polar, dipoles still exist in solid
XLPE as molecular impurities. Some of the branches and end-groups on the poly-
ethylene chains may also be dipolar (for example -CH,COOH). These dipoles will
experience an orienting torque that will rotate them in the direction of an applied
electric field (figure 3.1). The degree of orientation is thermally and sterically
limited. Lower temperatures and higher electric fields produce a correspondingly

greater polarisation.
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®®® ®@®
O ® SEES

(a) No Field (b) Field F applied

Figure 3.1. Orientation of dipoles under an applied electric field.

3.1.1 Internal Interfacial Polarisation

It was noted in section 2.2 that the crystalline and amorphous regions in XLPE
have different electrical properties. Applying an electric field F' will cause a
Maxwell-Wagner-like charge accumulation at the interfaces between these regions
due to migration of the frec space charges, as long as there is a difference in the
conductivity between regions (figure 3.2). Charge accumulation in this way will

create long-range dipoles within the material.

3.2 Space Charges

Two types of space charge may exist within XLPE: ionic and electronic.

Ionic space charge consists of the various free ionic species which may be
present as impurities after cable manufacture, or may originate from reactions of
these impurities with water and oxygen which diffuse into the cable during its

service lifetime. Under the influence of an applied electric field the ionic species
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F

oy
L

Figure 3.2. Interfacial polarisation of crystalline-amorphous interfaces due to the
different electrical properties of the phases.

will drift through the free volume of the amorphous XLPE regions. Large ions are
likely to become trapped within the bulk amorphous regions, while small ions will
be able to pass through the free volume and although some may become trapped
at the amorphous-crystallite interfaces (figure 3.2), others will drift through the
polymer ultimately to accumulate at the electrode of opposite polarity to form a
heterocharge. Some of this charge may be neutralised by a counter charge injected
at the electrode (see section 3.3). Note that non-ionic dipolar molecules may also

become ions by gaining or losing net charge at an electrode.

Electronic space charge (electrons or holes) in the material (as distinct from
ionic space charge) will originate via transfer of electrons between an electrode
and the polymer matrix. The injection/ejection process will be described later in

section 3.3.

It is generally accepted that the electronic charge is accommodated within
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crystalline materials in coherent extended electronic states which arise from long-
range atomic or molecular ordering [23]. In order to accommodate injected charge,
polyethylene must possess similar energy states. It has been noted however that
XLPE is semi-crystalline (chapter 2). The crystalline regions will be characterised
by these regular extended-state energy bands with edges E, and E, (figure 3.3a),
which are separated by a band gap F,. The electron affinity x for polyethylene is
negative, such that E, falls above the vacuum energy level E,., making electron

injection into the XLPE extremely difficult. However, the irregular spacing of the

@ B w® R

Y

Figure 3.3. The energy band diagram for (a) extended electronic states in crys-
talline polyethylene and (b) localised electronic states E, and E; in amorphous
polyethylene (after [2]).

molecules in amorphous XLPE gives rise to a localisation in space of the energy
states within the energy band gap (F, — E,). It should be noted that this energy
state localisation is also found in many other amorphous solids [24]. The localised
donor or acceptor states, E; or E,, can be associated with the band edges F, and
E,, respectively, of the crystalline polyethylene (figure 3.3b). Injected electronic
charge can access these localised states more readily than the conduction band
states above E,. The extent of a state along a given coordinate direction r de-

pends on the degree of localisation. In the amorphous regions, the states will be
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highly localised since the periodicity of the polymer will be interrupted by kinks
and folds in the chains . However, the high degree of ordering and periodicity of
the polymer chains in crystalline regions will produce extended electronic states
in the direction of r. Electronic charge transport through these cxtended energy
states will be relatively easy when compared to transport through states in the
amorphous regions [25] which will have to occur by a combination of thermal

activation and quantum-mechanical tunnelling [26].

Figure 3.4. Energy diagram for a single “trap’ state.

If the localised electronic state, or ‘trap’, is an acceptor type Eg, it will be
negatively charged when filled and electrically neutral when empty. A donor state
E; conversely will be neutral when filled, but positively charged when empty.
Both types of trap can be represented by a coulombic potential well V(r) as in
figure 3.4. An electronic charge resident in the trap must gain sufficient energy F;

to escape from the trap if it is to become mobile and contribute to the conduction
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T/8
EleV | (T=300K) | (T=400K)
0.6 |[1.20x107°|3.63x 108
08 ||2.75x 1072 |1.20x 1075
1.0 || 6.31 x 10! | 3.98 x 103
1.2 || 1.45 x 10° 1.32
1.4 || 3.31 x 10% | 4.36 x 102
1.6 || 7.58 x 10! | 1.45 x 10°

Table 3.1. Electronic charge residence times in traps of depth E.

and polarisation of the polyethylene. E; will be equivalent to Ey or E,, depending
on the trap type. Detrapping is governed by thermal activation, such that the

probability p, of escaping from the trap is given by

Pe = V. €Xp (—%) (3.1)

where the pre-exponential factor v is usually taken to be the phonon frequency of
~ 10'5Hz, although it could be much less for polyethylene [27]. The time 7 that
the electron stays in the trap for any given E; will be 1/p. [28]. Trap energies
which might be typical for polyethylene are listed together with values of 7 in
table 3.1, and illustrate how a small change in F can have a significant effect on
7. For example, charge trapped in a 1.4eV trap may be resident for an average time
period of 10 years at room temperature! Elevating the trap temperature to 400K
will reduce this time to less than 10 minutes. This sensitivity to temperature forms
the basis of the TSC method as described in chapter 4. Applying an electric field F
to the trap will reduce the height of the energy barrier as shown in figure 3.5, where
E; is reduced to Ej}, making 7 less and making charge migration, macroscopic

conduction and polarisation more facile.

If an electronic charge comes to rest in a trap for a period of time which is
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F

-

potential -gFx
due to the field F

Figure 3.5. Reduction of the trap energy depth E to E} by modifying V (r) with
an electric field F'.

comparable to the relaxation time of the dipoles surrounding the trap, then these
dipoles will become polarised by the electric field of the charge. The trap energy
will be significantly modified by the energy P of the induced polarisation, which
can be as much as 2eV for polymers [29, 30]. Now it will be more difficult for the
charge to be thermally activated from the energy state, as it will be deeply trapped

within the polyethylene.

Charges trapped in localised states, whether negative (electrons) or positive
(holes) constitutes a space charge in the polymer. If the traps are sufficiently deep,
the charge may persist for very long times (table 3.1), but raising the temperature

sufficiently will release the charge.

In general, charge will be transferred between two adjacent trap states ¢

and j by a process of thermally-activated quantum-mechanical tunnelling (A-T,
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Y

Figure 3.6. Transfer mechanisms between two trap states ¢ and j.

figure 3.6) for which there are two limiting cases: simple thermal activation (A);
and complete tunnelling (T). Charge transfer between a trap and crystallite band
states, and between a trap and an electrode (section 3.3) can also occur by this
process. Redi and Hopfield [26] give a simplified treatment of the situation (see
figure 3.6), such that the rate of transfer p; from a filled trap state 7 to an empty

state j is

Wi
pe = v exp(—2c; R) exp (— kﬂf) (3.2)

where v;;, a;; and W, are complex functions of the trap energies F; and Ej, the
polarisation energies F; and P; and the physical width of the trap states [2]. Note
that equation 3.2 corresponds to that for hopping transport in amorphous solids

[31].

Ultimately, the mobile space charges may arrive at the opposite electrode,
where they will either form a heterocharge, be ejected from the material or neu-

tralise charges of opposite polarity. This is described further in the next section.
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3.3 Electrode Effects

Most of the theoretical treatments of the charge transfer processes at an interface
describe metal-polymer contacts (for example, [27, 28, 32, 33]), while little has
been written for the specific case of semicon-polymer contacts. The former case
is first described, then assumptions later will be made concerning the nature of the

latter.

3.3.1 Electronic Injection

The process of charge injection at a metal-polymer electrode is similar to that
for hopping transfer, described in the previous section. At a cathode, electrons
can be transferred by hopping from occupied states in the metal electrode into
neutral acceptor states F, in the polyethylene (figure 3.7a). Electrons injected
from the metal may also neutralise ionised donor states £ in the polymer (figure
3.7b). Similarly at the anode, electrons can be ejected from neutral donor states
Ey4 (equivalent to injection of holes) (figure 3.7¢) or from ionised acceptor states
E- (figure 3.7d) in the polymer into free states in the metal. Application of an
electric field will necessarily enhance the injection processes at the electrodes. An
applied field lowers E, and Ej with respect to the cathodic E (figure 3.82) and

raises E; and E; with respect to the anodic E (figure 3.8b).

MARCH, 2000 22




3.3. ELECTRODE EFFECTS

polymer

electrode

(a)

(©

Figure 3.7. Injection/ejection processes at (a,b) the cathode and (c,d) the anode
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Field modified
potential gradient —|
-gFx

Trap is lowered
with respect to
cathode Ej

Field modified
potential gradient

-qFx

Trap is raised
with respect to f
anode Ey

(b)

Figure 3.8. (a) lowering of traps at the cathode and (b) raising of traps at the
anode, both as a result of an applied electric field F'.
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3.3.2 Double Layers

Now that charge injection is understood regarding the localised states E, and Ey
in the region of the electrode interface, the case for large separations in these lev-
els can be considered. One of several processes may occur. At the cathode, if
E; > E, then a large number of electrons will be injected into the surface states
of the polymer. Assuming that the rate of electrons hopping away from the cath-
ode through E, states is low, then the injected charge will accumulate to form
a homocharge at the interface as shown in figure 3.9(a). This accumulation of
negative charge will in turn induce a positive image charge in the electrode, cre-
ating an interfacial double layer. Conversely, if E; < Ej then the neutral donor
states will become positively ionised as their electronic charge passes into the
metal electrode. These states will accumulate at the interface, this time forming
a heterocharge (figure 3.9(b)). A negative image charge will be induced, once
more creating an interfacial double layer. A similar situation will also occur at
the anode: a negative heterocharge accumulates when E; < E; and a positive
homocharge accumulates for E; > Ey. If the charge hopping is slow, a double

layer will be established.

The molecules that have energy states and that are located within 3A of
the interface can become strongly adsorbed to the metal, while molecules further
away from the electrode will have energy levels more related to the bulk but modi-
fied by the presence of ionic space charge, for example [28]. The magnitude of the
field in the region of the metal-polymer double layer may be as high as 10° V.m™"

and is largely independent of an applied field.
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Figure 3.9. Double layers formed at the cathode.

In comparison to a typical metal-polymer interface, studies have shown
that the interface between semicon and XLPE is confusingly different. Sigmond
and Hegerberg [34] have reported that, while metallic or pure carbon electrodes
only ever inject electrons, semiconducting electrodes can inject both electrons and
holes equally well. They attribute this effect to the field intensification and current
constriction near the tips of carbon grains bordering to the pure insulator, imply-
ing that no contribution is made to the injection process from the polymer-coated
carbon particles described in figure 2.7. However, It is not certain which base
polymer type was used in the semicon of Sigmund and Hegerberg’s studies. If
a different polymer base resin is used, then perhaps different effects would have

been observed. Further discussion of this situation will appear in chapter 9.
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Chapter 4

Thermally Stimulated Depoling Processes

Following the polarisation stage, the cable materials will be in a thermodynamic
quasi-steady-state, ready to begin the TSC depoling process. Dipolar relaxation
and space charge migration will occur as a result of the thermal energy made
available and the influence of the electric field present in the cable sample at the
instant that the polarising field is removed. The idealised models which describe
these temperature dependent processes are generally based on planar geometries,
and have been reviewed extensively by Chen and Kirsh [35] and Vanderschueren
and Gasiot [36]. The models that are specifically relevant to Thermally Stimulated

Current (TSC) measurements made on XLPE are summarised below.

The TSC method measures the current density j(¢) that flows through the
polarised sample placed in a circuit as shown in figure 4.1. The current results

from the depoling processes within the material, which can be expressed as

OF(z,1) i OP(z,t)

i) = o(z,t).F(X,t) + €x 5 5

. @.1)

where o is the bulk conductivity, F' is the electric field, €, is the optical permit-
tivity and P is the sample polarisation. The charge density p within the sample
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x=d dielectric

e S material

T E(x,t), o (x1) G@

X

x=0

Figure 4.1. Current flow through an external circuit as a result of depoling of
dipoles and space charge.

is

.aF(:c, t) + OP(z,t)

Oz Oz e

p(z,t) = €x
which is Poisson’s equation. p consists of mobile and trapped charge. The charge
will in turn influence F' and p, and thus will modify j(¢). After some simple
algebraic manipulations, and assuming €.,.F'(0,%) + P(0,t) = 0 [37] equation
4.1 can be rewritten as

i) = 00,07 (0,0 + 5 @3)

where P is the mean polarisation within the sample, and consists of contributions
from the dipole polarisation P, and the space charge distribution P,, that is, P =
Py + P,. The contributions Py and P, can be modelled separately as described

below.

4.1 Contribution from P,

In considering the dipolar contribution, the simplest approach is to adopt the
model of Bucci and Fieschi [38]. They assumed a uniform polarisation Py(t), that
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is, P;(t) = Py(t), which was generated by a set of non-interacting ideal dipoles

which relaxed at a rate proportional to the existing polarisation. Hence,

dPy
— = —P, 4.4
7 d 4.4)

or

Pi(t) = Py(0).e7" (4.5)
where P4(0) is the initial polarisation at ¢ = 0 when the poling voltage V}, is
removed, and 7 is the relaxation time. It is assumed that 7 is given by a simple

temperature activated process, so that

T} =% exp ('—Ig—,) (4.6)

where 7, is independent of temperature and E is an activation energy for dipole

relaxation.

In a TSC experiment, the sample is heated at a constant heating rate  such
that

T =Ty +ft @.7)

where Ty is the temperature at the start of heating (normally room temperature).
Thus, using equations 4.1, 4.5 and 4.7, the current j(¢) arising from dipolar polar-

isation becomes

T
J(T) = Aexp (_kﬁT) . €Xp [%[’r exp (—%) dT'] (4.8)

where

and B=—. (4.9)

Equation 4.8 has the form shown in figure 4.2. When T is near to Ty, that
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Figure 4.2. A normalised first order thermally stimulated relaxation curve.

is in the initial stage of temperature rise, the second exponential term in equation
4.8 will approximate to unity and the first exponential term alone will describe
the rise in current with increasing temperature. As the temperature rises further,
the second exponential term will become important and the current will then go
through a maximum jpeax at temperature Th,eoi before rapidly decreasing, describ-

ing the progressive depletion in the number of dipoles available to contribute to

i(®).

4.2 Contribution from P,

There are two approaches to the modelling of the relaxation of the induced polar-

isation P, from space charge. The first approach, taken by Kunze and Miiller was
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to make assumptions as to the state of the electric field F' between the electrodes
and leads to a model based on macroscopic parameters. The second approach re-
quires detailed algebra to derive P, from the thermally activated processes of con-
duction, retrapping and recombination of individual electrons, and uses localised

parameters.

4.2.1 Kunze and Miiller’s Model

The model of Kunze and Miiller [39] assumes that a non-uniform charge distri-
bution within a material can be represented by a surface charge density ) on the

electrodes which generates a uniform field F' between these electrodes such that
Ft) = %t) (4.10)

where € is the permittivity of the material. The current density j will be

it) = ——dcfl?)‘ (4.11)

which can be related to the bulk conductivity o(t) as

i(t) = o(t).F(t). (4.12)

Assuming that the conductivity o (t) arises from a single type of defect within the
material corresponding to a trapping state with a single energy level E, then the

temperature-dependent conductivity can be expressed approximately [35] as

o(T) = 0o.exp (—%) . (4.13)

so that the depolarisation current

E
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Integration of equation 4.14 and using dT'/dt = 3 gives an equation of the same

form as equation 4.8, but now

A=20@0)and B=2. (4.15)
€ €

Although Kunze and Miiller’s model gives an expression for j(t) of similar
form to that for dipole relaxation, the model is based on dubious assumptions,
particularly as it is unlikely that the field F' is uniform throughout the dielectric.

A treatment which considers the localisation of the space charge in the bulk is

more appropriate.

4.2.2 A Model Based on Localised Charge

The localisation of energy levels in materials such as XLPE (section 3.2) and the
transfer of charge between these local states by thermally-stimulated quantum-
mechanical tunnelling (also section 3.2) suggests that the TSC current j(t) arises

from these charge transfer processes.

Assuming electrons to be the dominant mobile species, figure 4.3 show the
various processes that may occur. An electron in a trap state (a) may be ther-
mally activated into a conduction state (b) where it will contribute to a conduction
current in a field F'(z, t). The initial activation of this electron will occur with a
probability per unit time 7. Once in the conduction state, the electron may then
become retrapped (c), or may recombine with a corresponding counter charge in
a valence state (d). Retrapping and recombination will occur with a probability

per unit time 7, and r,, respectively. A trapped electron may also recombine with
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(b) o — conduction
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d
(C) (d) Ex.1)
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Figure 4.3. Mechanisms contributing to the thermally stimulated depoling of
space charge.

a counter charge in a valence state (e) with a probability per unit time 77,.

The charge density within the sample can be shown to be [37]

p(z,t) = g[n.(z,0) + ni(z, 0)] exp (— fut R_].dt) (4.16)

where

R =
TrTn + (T8 + 70).70,

i (4.17)

g is the elementary charge (1.6 x 107*°C), n, is the concentration of mobile elec-
trons in the conduction state and n; is the concentration of trapped electrons. The
expression for R may be simplified for certain ideal cases. Hence, for fast retrap-

ping, i.e., 7t > Tp!

Tt

Y. S 4.18
Ty + TRTh ( )
while for slow retrapping (ry < ),
I = . (4.19)
R '

The effective mobility p' of charge undergoing trapping and release will be
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less than the mobility p of mobile charge in the conduction state. Lewis er al [37]

show that

' Ty
m= Emmme e s gy 4.20
# Ty + T4 T H ( )

For isothermal conduction, the current density is

o _dB(t) _ pQs [_ ' _1]
jl)= = ZdEOOEXP 2‘/01% dt (4.21)

where @), is the initial total charge in the sample. solving equation 4.21 for a
linear heating rate 3 with appropriate expressions for R (equations 4.18 and 4.19)
and y' (equation 4.20) will result in an expression for the time-dependent charge
relaxation of the standard form (equation 4.8). The parameters A and B will be

dependent on the retrapping rate as given below:

A B
slow retrapping —Eﬁ% 2.v (4.22)
fast retrapping  — 2‘;?:% 21";‘}?%

where v is the pre-exponential trap-escape probability defined in section 3.2, N,
is the density of conduction states and N is the density of trap states within the

sample.

4.3 Analysis of Thermally Stimulated Curves

The ideal method of analysis would be to fit the mathematical model to the real
data. The early curve fitting technique for simple TSC curves with single peaks
was that of Cowell and Woods [40]. This technique was used with limited success
by Creswell and Perlman [41] to fit data from the complex TSC of corona-charged
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polyethylene terephthalate. There have been several papers on the subject of curve
fitting since (for example, [42, 43]) although only the peak shape and not the pre-
cise physical parameters have been determined. Obtaining these exact parameters
is not a straightforward task, as Henn et al have recently shown [44]. They in-
dicate that the TSC peak analysis methods traditionally used, based on a distri-
bution of relaxation times or of pre-exponential factors, are extremely unreliable,
mathematically demonstrating the doubts raised by Halpern [45] concerning these

traditional methods.

Several effects may contribute to the formation of a non-ideal j(t) char-
acteristic. For example, dipole-dipole interactions during dipolar relaxation or a
different retrapping rate during space charge relaxation may alter the symmetry of

the curves as detailed below in section 4.3.1.

Specifically for trapped charge, Chen and Kirsh ([35], p88) reported that
in thermoluminescent (TL) experiments, a quasi-continuous distribution of ac-
tivation energies is quite common in amorphous samples, which was originally
suggested by Randall and Wilkins [46]. For a semi-amorphous material such as
XLPE, the amorphous regions will create a broader, asymmetric charge relaxation
TSC peak with an apparently lower activation energy, while crystalline regions
are likely to produce a peak of the standard form. However, overlapping of the
two peak types on the temperature scale will make one indistinguishable from the

other.

For dipolar relaxation peaks, although the Bucci-Fieschi model assumes a

single Debye relaxation where 7, is independent of temperature, relaxation pro-
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cesses with a distribution of 7, have been found (see [35]) although not specifically
in polymers. A distribution in the activation energies F is common in polymers,
however. For example, Fischer and Rohl [47] determined the TSC spectrum of
polyethylene in the range 80-320K to consist of three peaks centered near 140K,
205K and 245K, each of which resulted from a Gaussian distribution of activation

energies.

4.3.1 Kinetic Order

Although Bucci and Fieschi derived the standard mathematical function for ther-
mally stimulated depolarisation of dipoles (equation 4.8), Randall and Wilkins
had earlier derived a function of an almost identical form for thermoluminescent
(TL) emission as a result of localised trapped electronic charge recombination
[46]. Because the form of the equation is identical, analytical methods for de-
termining the parameters for one type of curve (TL, TSD, TSC) can be used for

another type ([35], p11).

Randall and Wilkins’ theory for TL relaxation was described by a ‘first or-
der kinetic’ equation for the recombination of charge in alkali halide phosphors.
Assuming the retrapping to be insignificant, the TL intensity for the first order

kinetics was given as

f == = n(t).sexp (—kﬂT) (4.23)

where n was the number of electrons in traps of a single depth F, and s =~

108+1s~1 for most phosphors. Solving for a linear temperature rise 3 (equation
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4.7), the first order kinetic equation 4.23 became

T
I=A exp (_%) . exXp [—%L exp (—%) dTJ (4.24)

where

A=n(0).s and B=s. (4.25)

Garlick and Gibson extended Randall and Wilkins’ theory [48] to include
the case of strong electronic retrapping. They assumed that the probability of an
electron recombining with a vacant luminescence centre was equal to the electron

retrapping probability, as evidenced in Randall and Wilkins” work ([46], p405).

If a phosphor contains N traps of which n are filled, then there will be
(N — n) empty traps and n empty luminescence centres previously vacated by
the trapped electrons. The probability p. that an electron will recombine and not

become retrapped will be

n n

== — 4.26
e (N-n)+n N (4.20)
and the TL intensity I will now be described by a second order kinetic equation

such that

dn n? E
el il =z _
TN 5exp ( kT) (4.27)

which, when solved for a linear temperature rise 3 becomes

_ n(0)? E n(0) s [T E -2
= N .S exp (—k_T) : [1 + —-N;—B s exp (_ﬁ) dT] . (4.28)

The shapes of first and second order TL relaxation peaks given by equations 4.24

and 4.27 are compared in figure 4.4. The second order peak is more symmetrical
than a first order peak. This symmetry is discussed further below.
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Second order TSC peaks may describe, for example, dipole-dipole interac-
tions during the relaxation of dipoles. However, the ideal cases of first and second
order peaks are unlikely. Halperin and Braner [49] formulated the empirical ‘gen-
eral order kinetic’ model for their TSC charge peaks, such that, using the same

notation as for equation 4.8,

b
E B [T E =
j(t) = A.exp (_ﬁ) . [1 - 7/ exp (_ﬁ) dT] (4.29)

where b is the kinetic order. Equation 4.29 includes the second order case and,
although not valid for the first order case, it reduces to the standard first order TSC

equation (equation 4.8) as b tends to 1 ([35],p10).

The simplest method for determining the kinetic order for a TSC peak is by

measuring its symmetry factor p, [49], such that

== T2 - Tpea.k
Hs Tz = T1

(4.30)
where T}, Tp and Tpeqi are defined in figure 4.4. p, = 0.42 is the characteristic
symmetry factor for a first order TSC peak, while p, = 0.52 for a second order
peak. Fractional kinetic orders of 1 < b < 2 have been observed experimentally

by Halperin and Braner, and are more likely than the ideal first and second order

cases.

4.3.2 Initial Rise Method for Determining £

The activation energy E of a TSC process can be derived simply using the initial
rise method of Garlick and Gibson [48]. For temperatures 1" close to the initial
temperature Tj, the second exponential term in equation 4.8 will approximate to
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Figure 4.4. Comparison of first and second order TSC peaks.

unity. In this initial phase of temperature rise, the current will be given by

E
j(T) = A.exp (_ﬁ) ‘ (4.31)

A plot of In j(T') versus 1/T yields a linear curve of gradient —E /k, where k is
Boltzmann’s constant, equal to 8.6175 x 10~°eV /K. As k is known, the activation
energy E of the process may be found. The initial rise method is also valid for
the second order and general order kinetic cases, as the arguments regarding the

smallness of the second exponential term still hold in these instances.

1t should be noted, however, that application of the initial rise method to the
analysis of a peak originating from a distribution of the relaxation times (Bucci-
Fieschi model, section 4.1)

T(T) =) .Y mexp (%) (4.32)
i=1 1

j:
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or a distribution of conductivities (Kunze-Miiller model, section 4.2.1)

o(T) = Z : Z 0; eXp (—%) (4.33)
=1  j=1

will result in inaccurate values of E.

For the case of a distribution only in pre-exponential factors 7; or o; such
that F is a single, constant value, the initial rise method invariably yields a value of
E that is too low due to overestimation of the role of the slowest relaxation times
([36], section 4.6.4). For a symmetrical distribution in pre-exponential factors,

van Turnhout [50] has shown via model calculation that equation 4.31 becomes

E
J(T) = A.exp (—%:) (4.34)

where w depends on the distribution type of the pre-exponential factors.

Note that a similar, simple relation cannot be derived for a distribution in
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Chapter 5

Review of the Literature on TSC in LDPE

and XLPE

The preceding chapters have laid the theoretical foundations. This chapter pro-
vides a review of the published works that are most relevant to the experimental

work discussed in chapter 9.

Comprehensive reviews of TSC literature have recently been published.
Lavergne and Lacabanne [51] cover a variety of materials, while Suh et al [52]
targets polyolefins and particularly polyethylene. For this reason, the number of
works reviewed here have been limited. Since the cable samples under investiga-
tion are cross-linked low-density polyethylene (LDPE), TSC studies of HDPE and
LLDPE samples have largely been omitted. Papers in which corona charging and
irradiation was used to polarize and inject charge into the samples have also been
largely omitted, since these experimental conditions are very different from those
adopted here. Finally, papers which investigate TSC in a temperature range well

below that employed here have also been omitted, since the processes relating
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to that temperature range will have become fully relaxed during the isothermal
conditioning stage and thus will not make a contribution to the TSC at higher

temperatures.

Literature that reports TSC measurements made specifically on plaque and
film samples will be discussed first, followed by work that reports TSC on triple-

extruded cable samples or on the polymer material from such cable samples.

5.1 TSC in Plaque Samples

The work of Fleming and Balbachus [3] presents an interesting and simple intro-
duction to TSC measurements performed on plaque samples. The samples em-
ployed were plaques of XLPE, each of which had one aluminium and one copper
evaporated electrode to reproduce the conditions of a cable with inner aluminium
and outer copper electrodes. The sample had been crosslinked with dicumyl per-
oxide which was added to the polyethylene in a weight ratio of 100:2, a similar
ratio to that used in commercial HV cable. The 100um thick samples were po-
larized with a voltage V, = *1kV (ie, F, = 10kV/mm) which was applied
to the aluminium electrode, while the copper electrode was grounded. The TSC
spectrum for this arrangement is shown in figure 5.1, where the temperature Tpeax
at which the current reached its maximum current value is 50°C. Fleming and
Balbachas assumed that the current originated from movement of space charge
in the material. They also found that repetition of the polarization/depolarization
cycle at the same polarity yielded similar TSC peaks and magnitudes, indicating

that the space charge that remained in the sample after depoling did not disturb
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Figure 5.1. TSC spectra for (a)V, = +1kV, (b) V, = —1kV and (c) V, = 0kV

(from [3]).

the electric field and charge profile during the next polarization cycle. This result
will be important for the discussion in chapter 9. However, it can be argued that
the ability to repeat the results without change in the TSC spectra indicates that
the samples had been well-conditioned, so that no morphological changes (for ex-
ample, annealing or degassing) occur during subsequent repetitions of the TSC
measurement cycle. Interestingly, figure 5.1 shows that positive poling produces a
peak with double the magnitude compared with that for negative poling voltages.
Fleming and Balbachas neither provide an explanation for, nor acknowledge, this
difference, although there is evidence to suggest that the different electrode metals
will permit different quantities of charge to be injected at the electrode-insulation

interfaces [53].

MARCH, 2000 43



5.1. TSCIN PLAQUE SAMPLES

Other authors have reported TSC spectra recorded in similar low-density
polyethylene samples which are similar to the spectrum obtained by Fleming and
Balbachus, although the temperature Ty is found to vary slightly. This variation
may be due to a number of factors which include different material specifications
(e.g., manufacturer, additives, density) or different sample preparation conditions,
although it is difficult to be more specific from the often inadequate information
provided in the literature. An example of this variation in Tpear is provided by
Oda et al [4], who performed TSC measurements on sheets of XLPE using both
corona and contact charging. Their as-grown XLPE films, polarized at a voltage
V, = —5kV at T, = 96°C for ¢, = 2h, produced a Tpeax at 60°C, a slightly
higher temperature than Fleming and Balbachas’ T (figure 5.2a). Oda et al’s
second XLPE film sample was annealed for 6 hours at 85°C and then poled at
T, = 85°C for t, = 2 hours with V, = —5kV. They identified a positive polarity
TSC peak observed during the heating of this second sample similar to the peak in
their first sample (figure 5.2b). However, they fail to report that there appears to
be a second peak superposed on the falling side of the first at about 80°C, similar
to the peak observed by Gubanski et al [15] in an unaged, sand-blasted sample,
which is discussed further below. The peak current Jpeqx 15 also slightly lower for
the annealed sample, but this may be due to variations in the sample geometry
or in the field Fj, since the film thicknesses are quoted as being between 150um
and 2mm. However, assuming the value of F}, = 28kV.mm ™! reported for a
later sample is the same in these first two samples, F), is approximately twice as
large as the highest fields employed in the present work. The poling field will be

shown below to have an important influence on charge injection into polymeric
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materials. Oda er al also studied a cable sample and slices from a cable; these will

be discussed in section 5.3.

Dorlanne et al [5], using a.c. stressing and double needle electrodes in their
investigations, produced an interesting TSC spectrum, similar to those of Oda
et al and Fleming and Balbachas. Room temperature poling of blocks of high
purity LDPE, into which pairs of 50um steel needles had been molded at a point
separation of 3mm, was employed. The spectrum, shown in figure 5.3, has two

peaks: a smaller one at 65°C and a larger one centred at 85°C. Since a high field

%10 "8

100 1(%)

Figure 5.3. Dorlanne ef al’s TSC curve from a double needle polyethylene sample

using a.c. stress (from [5]).

( Finaz = 120kV.mm™" at the needle tips) was used, the 85°C peak may result

from a massive charge injection, although it is possible to argue that the high
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purity of the material may have had a more important influence on the shape of
the spectrum, reducing the low temperature peak (which is believed to result from
charge trapped at crystalline-amorphous interfaces) so that the 85°C peak became
more dominant. Dorlanne er al concluded that the TSC measurements of space
charge agreed well with the “conventional” TSC experiments of Fischer and R6hl
[47]. This statement is incorrect, however, as Fisher and Rohl studied the dipolar
relaxation of LDPE in the temperature range -197°C to 47°C, while Dorlanne et al
had earlier stated that their TSC spectrum, in the higher 35°C to 100°C range was
due to injected space charge. Dorlanne et al also found the space charge density
to be ~ 2.7 x 1073C.cm™ in agreement with other authors [54, 55], although
the injection threshold field was an order of magnitude lower than other reported

values.

It is useful to emphasize here that Dorlanne have used needle electrodes
to verify that space charge injection can occur and give rise to a TSC. This is

important for the interpretation of the experiments reported in the present work.

Sawa et al [6] had previously observed similar TSC spectra to those of Dor-
lanne et al while using plaques of Yukalan-LK50 LDPE with gold evaporated
clectrodes and a lower heating rate of 0.5°C.min~*. Peaks appear in Sawa et al’s
spectra at 85°C and 50°C with F,, = 100kV.mm " and ¢, = 1 hour (figure 5.4).
Li et al [7] have also studied treeing in LDPE and found similar two-peak TSC
spectra in plaque samples polarized using a voltage applied to contact electrodes,
although Li et al examined the effect of water treeing with ionic solutions, and

not electrical trees, on the TSC. Their TSC peaks occur at lower temperatures
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than either Dorlanne et al’s or Sawa et al’s peaks (figure 5.5).

Referring back to the work of Sawa et al, an interesting observation was that
the charge decay time constant, estimated from the isothermal decay currents, was
much longer that the time constant calculated from the TSC peak at 85°C. Conse-
quently, Sawa et al suggested that the detrapping of charge by heating is enhanced
by physical changes to a trap state itself, as well as from the increase in thermal
energy of the carrier in this state. Such a comment is in agreement with Boustead
and Charlesby’s suggestion that the potential well of the trap might decay due to
molecular motion as a result of heating [56]. Sawa ef al reported that the mag-
nitude of the 85°C peak depends on the crystallinity of the polyethylene, and
suggested that a peak at this temperature may be associated with the crystalline
phase. Sawa et al also stated that the difference in magnitude of the 85°C peak in
the TSC spectra for the LDPE and HDPE materials was too great to depend solely
on the bulk crystallinity of each material, and they suggested that the main TSC
contribution to this peak was provided by traps at amorphous-crystalline inter-
faces, an idea that corresponds closely to those which are proposed in the present
work and which shows some agreement with the thermo-mechanical relaxation
work of Ward [57]. Sawa et al also emphasized the invalidity of standard analyt-
ical methods with respect to the analysis of the Tpeac = 85°C peak, due to the
aforementioned molecular motion altering the trap state itself, a point which is

similar to one made in chapter 4.

Finally, Gubanski et al [8] have performed TSC investigations on a number

of LDPE and XLPE plaque samples. The samples, 0.8mm thick and 8mm in
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diameter, were fully degassed and had vacuum-cvaporated gold electrodes. The
mean poling field was only 3.5kV.mm™", which is very low in comparison to the
fields employed in the other TSC experiments discussed above. This may explain
why there is very little detail in the TSC spectra of the LDPE samples in the

temperature range 25°C to 107°C (figure 5.6), of interest in the present work.

However, sharp TSC peaks observed by Gubanski et al above T' = 100°C
were attributed to the melting of the samples, since they correlate well with the
corresponding melt peaks determined by differential scanning calorimetry. Guban-
ski et al also examined the TSC spectra of DCP-crosslinked polyethylene homo-
and copolymers. The TSC spectrum for the XLPE homopolymer (figure 5.7) will
later be compared with the spectra for one of the cable samples investigated in
the present work (chapter 7). The spectrum of this XLPE homopolymer exhibits
three main peaks: a strong positive peak in the temperature range 50°C to 125°C;
a second, negative polarity peak between 125°C and 175°C; and a sharp, positive

melt peak, superposed over the first at 7' = 100°C.

In comparison to the homopolymer spectrum, the TSC of the XLPE copoly-
mers (figure 5.8) shows much broader peaks between 50°C and 175°C, all with
melt peaks above 7' = 100°C. In their conclusions, Gubanski er al noted that only
the peroxide-crosslinked copolymers were without a negative component to the
TSC spectrum and suggested that this may indicate that the copolymers possessed
a stronger resistance to space charge accumulation. As a point of interest, it will
be seen in the present work (chapter 7) that although the TSC spectra may be of

a single polarity, it may also comprise peaks of opposite polarity which are not
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sufficiently large to change the polarity of the total TSC in its local range.

The number of different sample types and experimental conditions allows
only vague speculative comparisons to be made between the works reviewed
above. It is important to note that high fields will inject significantly more charge
as shown by Dorlanne er al. Peaks at temperatures close to 55°C are usually
present in both LDPE and XLPE samples, and probably result from charge accu-
mulation at crystalline-amorphous interfaces. However, the crosslinking process
can both broaden this peak, and introduce new peaks at higher temperatures. Re-
peated thermal cycling of polyethylene may alter the material morphology and
consequently can cause physical changes to the trap states. These changes have
an important effect on the resultant TSC spectra. A melt peak can be observed in
different polyethylene materials in the temperature range 100 to 120°C which is

influenced by the additives included in the material during manufacture.

5.2 TSC in Copolymers

As described in section 2, the semicon electrodes consist of carbon mixed into a
base polymer of either polyethylene or a copolymer of polyethylene. Since it is
possible that the copolymer used in the semicon electrodes may become polarized
and thus contribute to the TSC spectra of the cable samples used here, it is useful

to review the limited information available on the TSC of copolymers.

Chern er al investigated carboxylated polybutyl-acrylate (BA) with added

acrylic acid (AA) or methacrylic acid (MAA) [9], which formed a latex material.
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They used TSC to determine the glass transition temperatures T of the copoly-
mers. The TSC polarization conditions were not reported. They also calculated T
for a homogeneous BA/AA blend containing 90% BA and 10% AA to be -46°C
and for a BA/MAA blend in similar proportions to be -43°C. However, the TSC
spectra for BA/AA (figure 5.9a) and for BA/MAA (figure 5.9b) exhibited two sep-
arate peaks instead of the single peak expected for a well-blended homogeneous
copolymer. Chern et al suggested that the peak separation was related to the het-
erogeneity of the copolymer mixes, such that the BA/AA TSC peaks indicated
accumulation of the AA at interfaces, while the closer proximity of the BA/IMAA
TSC peaks indicated a better distribution of MAA within the latex. This peak
separation will be important in the samples examined in the present work (chapter

9); the position of Tyeax ~ 32°C for BA/AA must especially be born in mind.

Tbrahim er al [10] studied polyvinylalcohol- polyethylene copolymers and
also observed two TSC peaks (figure 5.10), one at T' ~ 77°C and a second at
T ~ 127°C, after poling (T, = 75°C, t, = 2 hours) with various fields. However,
Iyeax and Tpeq show no correlation with the poling field, an effect which was not

satisfactorily explained by Ibrahim er al.

Thermally stimulated polarization (not depolarization) by Mizutani et al
[11] of 30um thick poly(ethylene-vinylacetate) films containing between 6 and 22
wi% of vinyl acetate revealed a current inversion peak at T' = 27°C (figure 5.11).
They derived the average effective dipole moment of the vinyl acetate branch
unit from the peak to be 1.8 Debye, significantly smaller than the value of 4.8

Debye reported in the “Polymer Handbook™ [58]. Mizutani er al also studied
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LDPE films, but those samples which were not x-ray irradiated showed only an

increasing current from T' =57 to 107°C, and so will be excluded in this review.

It has been scen that there is very little work that examines the TSC of
the semicon copolymers, implying that charge accumulation in these materials
has, in general, been insufficiently considered. However, from the work above,
inadequate blending of copolymers have been shown to introduce dipolar peaks
into the TSC spectrum in the temperature range of interest in the present work.
It has also be observed that parameters predicted from TSC spectra can be quite

inaccurate.

5.3 TSC of Cable Models

Recently, the TSC technique has increasingly been used to determine the charge
storage and polarization properties — and thus to diagnose the effect of ageing
processes — within cable materials. Authors of earlier papers tended to study
slices of material taken from cables, while more recently, TSC of whole cable
sections or cable models have been used. It is important to note that the poling
voltage was applied to the inner electrode for all of the concentric cable samples

studied, while the outer electrode was grounded.

Braun et al [12] have investigated the effect of the roughness and cleanliness
of the semicon screen/insulation interface in four different 15kV XLPE cables
(designated A to D) using TSC. Their cable samples had the same geometry as

those examined in the present work (chapter 6.1). The TSC parameters used were
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0kV <V, < +140kV, T,, = 22°C and 8 = 3°C. Cables A and B were nominally
made of the same compounds, although cable B had been manufactured a year
after cable A, and improvements in semicon quality over that time resulted in a
smoother and cleaner semicon/insulation interface in cable B. The measurements
were performed on as-received cable samples, i.c., they had not been either voltage

or environmentally aged.

Only one TSC spectrum for cables A and B was illustrated (figure 5.12 ),
but Braun ef al reported that the resultant TSC spectra of cables A and B con-
tained peaks of the same polarity as V, increased. Consequently, the charge that
was injected could be determined simply by integrating the thermally stimulated
current-time curve (figure 5.13). Braun et al found that cable A released more
charge during the TSC measurements than cable B, consistent with a rougher
screen/insulation interface for cable A. A threshold field for charge injection was
determined to be of the order of 12kV.mm ™", but this field was lower for cable A
than cable B, again reflecting the superior charge injection characteristics of the

rougher, dirtier semicon in cable A.

It should be noted here that the field at the inner screen is approximately
twice as large as at the outer screen (see section 7.2) by virtue of the concentric
cable geomeiry. Although Braun er al expected a negative poling voltage to inject
more charge than a positive one, the converse was found to be true, for which
no firm explanation was given. They did suggest however that when a negative
voltage is applied, negative charges accumulated and were trapped at the semicon-

insulation interface, thus reducing the local field there and limiting the injection
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of electrons. By comparison, if there was a lower trapping probability (higher mo-
bility) for injected positive charges (holes) compared with electrons, they would
not influence the local field at the interface to the same extent as negative charges.
Therefore more holes could be generated in a larger volume at the interface. This

is a very important point which will be discussed further in chapter 7.

Cables C and D had a different type of insulation to cables A and B, one
which was specifically designed to resist electrical and water treeing. No com-
ment is made by Braun et al as to the semicon type in comparison to cables A and
B, but cable C was reported to have a conventional, furnace black screen while
cable D had a supersmooth screen. The TSC spectra of samples C and D had
both negative and positive peaks. It was therefore impossible to determine the
total charge released from the TSC of these two cables using the same simple
method of current integration used for cables A and B. Atlow V,, cable C showed
a conventional response (figure 5.12). As V,, increased, small side peaks appeared
(figure 5.14) which were presumed to be evidence of a broad heterocharge peak
that overlaid a narrower homocharge peak. Cable D exhibited almost exclusively
a homocharge peak which moved from Tjeac = 85°C t0 Tpeax = 55°C as Vj
increased from -50kV to -100kV. It will be seen that similar TSC spectra are ob-

served for certain cable types investigated in the present work (chapter 7).

A similar TSC spectrum to that for cable C was observed by Doughty et
al [13] after poling 100mm long 15kV XLPE cable samples in an oxygen at-
mosphere, of a similar cross-sectional geometry to the samples examined in the

present work (section 6.1), with V, = 5kV, .. However, the spectrum changed
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when a nitrogen atmosphere was used (figure 5.17). By poling similar sam-
ples at T, = 56°C with half-rectified a.c. voltages, Doughty et al also showed
that a positive poling voltage injected more charge than a negative one (figure
5.16), in agreement with Braun et a/’s findings. Note that the poling field (F}, ~
1kV.mm~') was significantly lower than Braun’s 12kV.mm ™", although T, was
higher. This suggests that injection of charge is likely to be enhanced at elevated

temperatures, in agreement with the model described in section 3.2.

Doughty er al also studied d.c. poled cable samples, and found that the TSC
spectrum from samples poled for £, = 1000s at T, = 58°C with V, = +10kV
was an almost exact mirror image of identical sampled poled with the opposite
polarity of V,(figure 5.15). Doughty et al attribute this effect to the ‘symmetry’ of
the system, although it is uncertain what was meant by this. However, as can be
seen in figure 5.15, a large peak was observed at Theax = 65°C. A similar peak was
observed by Motori et al [14] (figure 5.18) in cable samples with XLPE insulation
type 4201, aged for 800 hours at 7, = 130°C according to the testing standard
IEC 216. However, it is unlikely that Motori er al and Doughty et al’s peaks
originate from the same physical conditions. Doughty et al’s peak was associated
with charge injection, although interfacial polarization could also have occurred.
However, Motori et al reported that their 55°C peak resulted from the relaxation
motions of ionic charge carriers that were already present in the samples, and not
from injected charge, a sensible assumption when one considers the low poling
voltages involved (350V). Although there is little similarity between the origin of
the two peaks, this example illustrates the difficulty of determining the location

and origin of individual relaxation peaks, as mentioned in chapter 4.
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It is interesting to note that Motori ef al suggests that their TSC peak re-
sulted from ionic charge motion, as this implies that the charge in the sample (and
therefore the 55°C peak) appears as a result of the cable degradation, and not from
injection of space charge. Motori e al emphasized the role of ions as part of this
process. However, it could be argued that the low poling voltage is sufficient to
inject charge at the semicon-insulation interface (described in chapter 3) if the

semicon screen is sufficiently rough to cause localised field enhancement there.

Amyot and Pélissou [59] examined 200m-thick ribbons of material, peeled
from both unaged and service-aged 28kV power distribution cables which had the
same XLPE insulation as the samples investigated by Motori er al — XLPE type
4201. The magnitude of a TSC peak at -25°C was seen to correlate with the
cable age, and peaks were observed above 100°C which could be argued to be
melt peaks as seen in Gubanski er al’s work described above in section 5.1. No
peaks were observed at temperatures between 0°C and 100°C, which possibly
explains the general lack of published information from TSC studies on ageing in

this temperature region.

In addition to the work cited above on plaque samples, Oda et al [4] have
also studied 0.35mm thick slices from 15kV cables polarized using a -5kV corona
voltage. In contrast to Amyot and Pélissou, Oda et al found 3 peaks in the 20°C
to 120°C temperature range: a small peak at 50°C; a large peak at 65°C; and a
broad, medium sized peak at approximately 100°C (figure 5.19). Since corona
charging allows all the traps on the surface to be filled, it can therefore be argued

that this is analogous to an efficiently injecting semicon electrode. This will be
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discussed further in chapter 9.

Oda et al also made measurements on 5m long 6.6kV cables. The TSC
spectra (figure 5.20a+b) show similar spectra to that for Braun’s cable D, indicat-
ing a heterocharge peak located at Tpeac = 70°C, which had a threshold injection
field of 7.4kV.mm ™" (Vp =20kV) and a homocharge peak at Tpeax = 50°C with

a higher injection threshold of 14.8kV.mm™!.

Gubanski et al [15] studied TSC of 0.6mm thick films cut from 35kV cables
with 4201 type XLPE insulation. The films were fully degassed and assumed
to be free of volatile crosslinking by-products. The films were cut into 27mm
diameter discs and an aluminium electrode was evaporated onto one side of the
disc while the other side was lightly sand blasted, to provide water tree initiation
sites. The initial TSC spectrum for a sandblasted sample before poling or ageing
(figure 5.21) revealed a small peak at ~ 75°C. Ageing of the samples with a
field F, = 6kV.mm™" a.c. at 1kHz was thought to generate water trees in the
insulation and produced a TSC peak at 50°C. This peak became larger as the
ageing time increased. The authors noted that the TSC peaks shown in figure 5.21
disappear after the samples were dried, suggesting that the ionic species which
are associated with water trees either are removed or become immobile after the

removal of the water solvent.

After polarizing the samples using F, = 0.73kV.mm ™" and T, = 110°C
for ¢, = 10 minutes, and then cooling to 25°C, the subsequent TSC spectra shown
in figure 5.22 were recorded. The peak magnitudes can be seen to have initially

increased with ageing time, but then have subsequently decreased for an ageing
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time of 500 hours. Tpeax is also seen to decrease with ageing time. Gubanski et
al reported that van Turnhout [60] observed similar changes in the TSC spectra of
polymer electrets which were attributed to varying depth of charge penetration; an

increase in charge penetration caused Tpeax t0 shift towards lower temperatures.

In a later paper Gubanski er al [16] found that ageing created a peak at
75°C (figure 5.24). By using a fractional poling technique, similar to procedure
II (section 6.2), on this single peak, a number of ‘clementary’ peaks were found
and were deemed to be a result of ionic relaxations. However, Gubanski et al
stated that the fractional poling peaks have a normal distribution similar to that of
fractional poling peaks associated with the dipolar glass transition peak at T' =
—25°C, figure 5.23, implying that the 75°C peak may have originated from dipole
relaxation. This point has important consequences for the analysis of the results

obtained in the present work, as will be discussed further in chapter 9.

5.4 Summary

The papers reviewed above illustrate how the TSC spectra can vary significantly
depending on the field, the poling conditions, the cable age and also the materials

which are used in cable manufacture.

Plaques and cable slices sometimes produce similar TSC spectra to cable
geometry samples, although the results of Oda et al, and perhaps also those of
Braun et al, illustrate that this correlation between plaque and cable spectra is very

dependent on the materials used. Peak temperatures are not strictly dependent on
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the magnitude of the poling fields, but are more likely to be related to the morpho-
logical characteristics of the materials, especially to interfaces between dissim-
ilar regions, for example semicon-insulation, electrode-insulation or crystalline-
amorphous regions. Higher fields were seen to increase the total charge derived
by integrating the thermally stimulated current-time curve. However, assuming
the spectra of cable geometry samples to be solely due to space charge relaxation
would be ill-advised, as the polarization of the copolymeric semicon material is
likely to introduce dipolar relaxation peaks. Increasing the poling temperature
generally increases the total polarization and thus the total depolarization current

but, as shown in rare cases, not necessarily in a predictable manner.
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Figure 5.8. TSC spectra of crosslinked PE copolymers (from [8], figure 4).
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Chapter 6

Experimental TSC Procedures

6.1 Cable Samples

The cable samples, each &~ 1.2m long, were cut from various medium voltage
15kV cables and supplied by BICC Supertension and Subsea Cables Limited.

Figure 6.1 shows a cable cross-section. A central multi-stranded aluminium core

Figure 6.1. Schematic cross-section of a cable sample

13
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is surrounded by an extruded semicon layer to a diameter of ~ 12.5mm. Co-
extruded with this layer is the XLPE dielectric insulation, which covers the inner
semicon layer and has an optimum thickness of ~ 4.5mm. A final semicon layer
of & 0.9mm is extruded around the XLPE. All three polymer layers are formed at

the same time around the central core in a single co-extrusion process.

The ends of the cable samples were prepared as follows (figure 6.2a). 275mm
of the outer semicon layer was stripped from each end to reveal the XLPE insu-
lation. This increased the length of the air-insulation interface between the outer
and inner semicon electrodes and reduced the chance of unwanted electrical dis-
charges. 25mm of the XLPE insulation and inner semicon was then removed to
expose the inner conductor for electrical connection purposes. With this arrange-
ment a triple junction between the outer semicon, insulation and surrounding air
still existed at A, and the high stress at this point was reduced by placing specially-
shaped pre-formed stress cones there (figure 6.2b). The high stress at the cable
end B was relieved by 40mm metal spheres placed over the exposed conductor.
Finally, a layer of copper braiding was wrapped around the outer semicon layer
between the stress cones to provide a good electrical contact to the semicon and

to facilitate a more even temperature distribution when heating the cable sample.

Electrical heating tapes were next wound uniformly around the sample be-
tween the stress cones. A thermocouple was attached centrally between the cones
and in direct contact with the outer semicon layer, to allow the sample temperature
to be monitored. The sample was then thermally insulated with cotton wool and

placed in a plastic tube which held the insulation in place. The tube was coated
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a)

copper braid

metal /

sphere stress cone

b)

Figure 6.2. Modifications to cable ends.

with aluminium foil which was earthed to electrically screen the cable sample.
A lead connected to the sample copper braiding was brought out of the tube and
connected to a ground point. The heating tapes were connected to a low-voltage
power supply which was switched by a Eurotherm temperature controller type
63e, operating in conjunction with the thermocouple. The system was arranged to
provide a linear heating rate to the sample, which is essential for the TSC proce-
dures. After the sample was polarised (figure 6.3), the isothermal and thermally
stimulated currents were measured using a Keithley k602 electrometer connected
between the inner and outer electrodes (figure 6.4). The electrometer output is
recorded on a personal computer (PC) via an analogue-to-digital conversion unit

and data-logging software.
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Figure 6.3. The outer electrode is shorted and the polarisation voltage £V, is

applied to the aluminium core.

Figure 6.4. The current is measured between the inner and outer electrodes.
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6.2 Procedures

The cables have been investigated using two TSC procedures which are shown

diagrammatically in figures 6.5 and 6.7.

In procedure 1 (figure 6.5), the cable sample is first heated to the poling
temperature T,= 107°C before the poling voltage V; is applied. The sample is
then allowed to cool naturally overnight to room temperature 1y (17-20°C). The
rate of cooling is not linear; a typical time-temperature curve during cooling is
shown in figure 6.6. V, is then removed and the sample is shorted through the
electrometer. The current is recorded for 2 hours, stage B, allowing a quasi-steady
state charge condition to be established. At the end of this period, the sample is
heated at a linear rate 8 = 0.5°C.min" (stage C) and the thermally stimulated
current is recorded up to a maximum temperature Tmax = 7. The sample is
then maintained at a maximum temperature 71,5 for approximately 2 hours while
the current continues to be recorded. At the end of this stage, the electrometer
is disconnected. The procedure may now be repeated from stage A as required,

possibly with a different polarising voltage V.

In procedure I (figure 6.7) the polarisation stage A is substantially different.
The sample is heated to a temperature T;,.x but then cooled to a temperature T},
between iy and 1. Cooling is then arrested. The poling voltage V,, is applied
for a time ¢, and then removed. The sample is then allowed to cool overnight to
room temperature 7y before stage B begins as before. This is followed by stages
C and D which are the same as for procedure I except that the temperature is now

taken up t0 Tiyax, rather than 75,
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Chapter 7

TSC Results

In this chapter, the results of the TSC experiments performed on cable models
are described and some comments made. A more complete discussion will then

appear in chapter 9.

7.1 Cable Types and Numbering

Cables may be one of several types, and each type will have a certain XLPE
insulation, semicon base polymer and semicon carbon black. The cable samples
were provided by BICC Cables Limited, Erith with, unfortunately, a confusing
array of sample numbers. To aid the identification and comparison of cable types,

a simplified numbering system has been adopted.

Each cable type will be designated by a number, followed by an upper case
and lower case letter, for example “1Aa”. The number (“1”) identifies the type
of insulation, the (pper case letter (“A”) indicates the semicon base resin, and the
lower case letter (“a”) identifies the type of carbon in the semicon. To identify
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multiple samples of the same cable, a sample number will be appended. For

example, 1Aa/3 is the third sample of cable type 1Aa.

The full list of cable types is given in table 7.1.

Cable | Insulation Semicon
Type Type | Resin | Carbon Type

1Aa || FE1139 | EBA | supersmooth
1Ab | FE1139 | EBA | furnace black
1Ba | FE1139 | EVA | supersmooth
2Ba | FE1137 | EVA | supersmooth
3Ab S4201 EBA | furnace black

Table 7.1. Cable types upon which TSC measurements have been made.

7.2 Field Distribution within a Cable

Since the cable samples have a concentric cylindrical geometry, the field F' in the
insulation is not uniform and varies across the cable radius r according to the law

v Vv

0= =

(7.1)

where r; and r, are the inner and outer radii of the cable insulation, and V is the
potential difference between the inner and outer conductors, ie., V = V; — V.
For the cable models employed here, 7; =5mm and r, =9.5mm and so F(r;) =
—0.3125.V (kVmm™!) and F(r,) = —0.164.V (kVmm™"), while the mean field
F would be —0.238.V (kVmm™'), where V is in kV. Thus the field at the inner
semicon interface is almost twice as great as that at the outer semicon. This is
likely to have a strong influence on charge injection processes and on the charge
and field distribution following poling. It must be remembered, however, that
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these are geometric hypothetical values because charge injection will immediately

upset the field at the semicon-insulation interfaces.

7.3 Isothermal Measurements

As with much of the published literature, the thermally stimulated currents are of
primary interest to this thesis. However, a large quantity of space charge is also
released during both the initial isothermal Stage B and, in much smaller quantities,

the final isothermal Stage D prior to poling and cooling.

During these isothermal stages, polarised dipoles and space charges that
have an activation energy lower than or close to the ambient temperature of the
cable sample arc released with an exponential, time-dependent characteristic, as
previously described in chapter 4. The typical room temperature isothermal cur-
rent curves shown in figure 7.1 are very similar for different V,. By integrating
these curves with time, the charge released during the isothermal period can be
determined, and larger variation between different magnitude V), can be observed.
Figure 7.2 shows the isothermal charge released for each of cable types 1Aa, 1Ab
and 1Ba at different magnitudes and polarities of V},. It is interesting to note that
there is only a small variation between the total charge released for different cable
types. Note also the existence of a threshold in the region of poling voltage magni-
tude |V,| = 35kV at which the total charge increase from one voltage to the next is
reduced. This feature is also observed in the thermally stimulated measurements,

as will be described later in this chapter.
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Figure 7.1. A set of typical isothermal current curves, obtained from cable type
1Aa.
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Figure 7.2. Total charge released during the isothermal Stage B for the three main
cable types at a range of both positive and negative poling voltages. A net negative
charge was released during +V}, poling, while a net positive charge was released
during —V,, poling for these cable types.
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7.4 TSC Procedure 1

7.4.1 Cable Type 1Aa

Cable type 1Aa has an experimental insulation, an ethyl-butyl acrylate copolymer

semicon base resin and a supersmooth carbon black in the semicon.

Sample 1Aa/1

The measurements made using Procedure I on sample 1Aa/1 for a range of V,,
from —5 to —45kV are shown in figure 7.3. As the magnitude of V,, increases,
the temperature, 7;,e,1, at which the current peak occurs decreases steadily for all
values of Vj,. The corresponding maximum current Jpeq also steadily increases,
until V;, reaches ~ —25kV, beyond which e first decreases, before resuming
an increasing trend. This surprising behaviour is repeatable only on previously

unpoled samples, as demonstrated in later sections of this chapter.

Measurements were next made on the same sample using positive V,, as
shown in figure 7.4. In this series, four repeat measurements were made at V,, =
+5kV, followed then by a sequence of measurements made at each value of V,
increasing from +10kV to +60kV in 4+10kV steps. As noted in section 7.2, the
geometric field will be less at the outer electrode, which is the cathode for positive
Vp. As electron injection was expected to be the main process in the formation
of these peaks, significantly lower pecak magnitudes were expected when using
positive V;, than when using negative Vj. It was somewhat surprising, therefore,

to observe current peaks in the +V}, series to be of similar magnitude to those
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Figure 7.3. TSC measurements made using procedure I and negative V,, on sample
1Aa/1. The values of V, are indicated. All V,, refer to the inner conductor, as
previously defined in figure 6.3.
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Figure 7.4. TSC measurements made using procedure I and positive V;, on sample

1Aa/1. The values of V, are indicated.
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Figure 7.5. Repeat TSC measurements made using procedure 1 and negative V,,
on sample 1Aa/1. V,, are shown.
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Figure 7.6. Three repeated procedure I measurements on sample 1Aa/1 using
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in the —V}, series (figure 7.3). This forced a radical re-appraisal of the expected

mechanism of space charge generation, as will be discussed in the next chapter.

A further series of measurements were then made on sample 1Aa/1 using
negative poling voltages again, with the result shown in figure 7.5. Following this
sequence, repeat procedure I measurements were then made on this sample with
Vp = —5kV (figure 7.6) in the hope that the peak at ~ 80°C originally observed
when poling with V}, = —5kV (figure 7.3) would be recovered. It is clear that the
TSC response has now been altered considerably as a result of the experimental
procedure, in that there is now a significant negative-going current at temperatures
above 80°C. This is similar to the phenomena observed by Gubanski er al [8] for
their copolymer samples, as noted earlier in chapter 5. The magnitude of the
T > 80°C peak does not regain the shape seen in figure 7.3, but does increase
slightly upon repetition. It is more important to note that the repeat TSC curves

have changed shape markedly from those seen for Vj, = —5kV in figure 7.3.

Fresh Sample 1Aa/2

To verify some of the features observed for the procedure 1 TSC measurements
on sample 1Aa/1, and to determine the effect of thermal cycling on a sample, two
series of similar experiments were performed on a previously unused (“fresh”)
sample 1Aa/2. In the first series, very similar results were seen to those shown
in figure 7.3. The first series procedure 1 measurements (figure 7.7) show that the
peak occurring in the 70-80°C temperature region at low negative poling voltages

(Vp < —30kV) moves progressively to lower temperatures as V;, becomes more
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negative. Note also that I,eqi initially increased with more negative V;, until about
—30kV was reached. For V, = —35kV however, Ipex is less, but then increases
again for V, = —40kV and —45kV. At these higher poling voltages, there is
also a marked change in the characteristic above 80°C, a phenomenon which is

discussed later (chapter 9).

The second series of procedure 1 TSC measurements were made on this
sample immediately after the first and are shown in figure 7.8. The 80°C peak
previously seen for V,, = —5kV, figure 7.7 has now changed appreciably in shape,
being smaller and broader and has shifted to 7' ~ 100°C. The dominant peak seen
in the first measurement scries (figure 7.7) at V,, ~ —30kV has also disappeared
now. It would appear that this dominant peak, seen only in the first measurement
series, is probably associated with the 80°C peak of the first series. Note that
now in the second series the high temperature behaviour for all V;, follows the
Vp > —30kV characteristic of the first series; the 80°C peak previously identified

at low V}, has now disappeared for all V;,.

To better illustrate the differences noted above, the peak maximum, Jpeax
(figure 7.9) and the temperature, Tpeac at which the peak occurs (figure 7.10)
have been plotted as a function of V,, from the measurements shown in figures 7.7

and 7.8.

Figure 7.9 shows the reduction in the overall peak magnitude on repetition
of the TSC measurement series. It also illustrates well the inflexion point in Jeqx

at |V,| = 35kV for the first series and it’s notable absence during the second series.

The shift in position of the current peak Tpeax upon repetition of the TSC
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Figure 7.7. Procedure I TSC measurements made on a fresh sample 1Aa/2 using

negative V. Note the decrease and significant shift in Tj,eq, in the region of Vj, ~
30kV.
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Figure 7.8. Repeat of the procedure I TSC measurements on sample 1Aa/2 using
negative V.
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Figure 7.9. Values for I e versus V), from figures 7.7 and 7.8. The circles show
the data from the first negative-V}, TSC series (figure 7.7), while the squares show
those of the repeat series (figure 7.8).
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Figure 7.10. Values for Tpeqk versus V), from figures 7.7 and 7.8. The circles show
the data from the first negative-V, TSC series, while the squares show those of the

repeat series.
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measurement series can clearly be seen in figure 7.10. Teax is also higher for the
second series than the first for [V,| > 25kV. For values of |V},| below this, Tpeax
appears to be significantly higher on repetition by as much as 20°C. However, this
change in Tea may be considered to be artificial because the current peak is now

very broad and of a very low magnitude under these conditions.

Fresh Sample 1Aa/3

A series of measurements was also made on another fresh sample, 1Aa/3, this
time using positive V}, in the range +5 to +45kV, as shown in figure 7.11. At
first glance, the TSC appear to be almost the mirror image in the T-axis of the
negative V;, measurements for sample 1Aa/2 (figure 7.7). However, there are
several important differences. For V, = +5kV, the high temperature peak appears
at Thear ~ 85°C, approximately 5°C higher than the similar peak for V, = —5kV
(figure 7.7). It is a coincidence that the temperature variation across a sample of
the type examined here has been measured to be ~ 4°C. The consequences of a

temperature variation across a sample will be discussed in chapter 9.

Although the position of the peak seen at Tpeax = 80°C for V, = —5kV is
polarisation-dependent, the position of Tpeax as |V,| increases becomes polarity
independent, which suggests that the peak at ~ 60°C resulted from dipole re-
laxation, or charge injection and ejection, at both interfaces, irrespective of the
field there. This point will be discussed later in chapter 9. As found earlier (sce
Vp = —5kV, figure 7.7) the measurements made using +V;, shown in figure 7.11

also exhibit a) the reduction in the magnitude of Ipeax at high |V}, although for
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Figure 7.11. Positive V}, Procedure I TSC measurements made on fresh sample
1Aa/3. V, are indicated.
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this sample and voltage polarity the reduction occurs above V, = +40kV; and b)
the flattening of the response above 80°C as |V,| increased. It is most probable
that these two phenomena are related, and coincide with the disappearance of the

80°C peak observed when |V,| = 5kV, as before.

7.4.2 Cable Type 1Ab

Cable type 1Ab has the same insulation and semicon base resin (EBA) as type

1Aa, but with furnace carbon black rather than a supersmooth carbon filling.

Sample 1Ab/1

The measurements made on sample 1Ab/1 for V,, between -5 and -45kV are shown
in figure 7.12. The TSC of this sample of 1Ab did not exhibit the large shift in
Tear seen previously in fresh samples of 1Aa because poling voltages in excess
of —30kV had previously been applied to the sample. However, the low broad
peak (V, = —5kV) at T' ~ 100°C was still present and as V;, increased a second
peak appeared in the region of 65°C. At 'V, = —45kV, this second peak eventu-
ally became quite large ( approximately 80pA) when compared to the 40pA peak

produced by similar conditions for cable type 1Aa (figure 7.5).

Sample 1Ab/2

As previously for type 1Aa, it was deemed necessary to perform further exper-
iments on fresh samples of 1Ab to ascertain the effect of thermal cycling. Two
series of negative polarity V,, measurements were made on sample 1Ab/2. For the
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Figure 7.12. Early TSC measurements made on cable sample 1Ab/1. V} are
indicated.
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first series (figure 7.13) the low V}, peak appeared at ~ 75°C and again decreased
steadily as |V,| was increased, as seen in the fresh samples of 1Aa. The poling
voltage at which I,e. decreased before increasing again, was observed to be in
the region of —25kV. However, the TSC for V,, = —45kV appeared to reach a

slightly lower Tjeax 0f ~ 55°C.

A repeat series of measurements is shown in figure 7.14. The low V,, peak
appeared at a slightly higher temperature of ~ 90°C, with the beginnings of the
lower temperature peak appearing on the low temperature side of the 90°C peak.
As V), increased, 50 Tpear 0Once more decreased until reaching T' ~ 65°C for V), =
—45kV. The extra high peak that was present at 45°C in the first measurement
series (figure 7.13) has now disappeared to leave a smooth single peak at T' ~
65°C. This second TSC series is very similar in form and shape to the second
negative series previously observed for cable sample 1Aa/2 (figure 7.8), although

the respective values of I,e,y are again slightly larger in magnitude.

Sample 1Ab/3

Positive polarity V;, measurements were also made on a fresh cable sample of type
1ADb. The resultant TSC are shown in figure 7.15. There does not appear to be
a significant peak shift at [V,| ~ 40kV, although the initial current at T' ~ 27°C
when V,, = +45kV decreases contrary to the TSC measurements made at lower
Vo 1Aa/3 (figure 7.15) exhibits a similar shift in current. Note that Ieax =
—120pA at V, = +45kV, 50% larger than the similar I;eax seen for sample 1Aa/3.

The significance of this observation will be discussed in chapter 9.
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Figure 7.13. First series of procedure I TSC measurements on fresh sample 1Ab/2.
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Figure 7.14. Repeat of the measurements made on sample 1Ab/2 and shown in
figure 7.13
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Figure 7.15. Positive V, Procedure 1 TSC measurements made on fresh sample
1Ab/3. V}, are indicated.
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7.4.3 Cable Type 1Ba

Cable type 1Ba has the same insulation type as cable types 1Aa and 1Ba. The
semicon base polymer is an ethylene-vinyl acetate (EVA) copolymer which con-

tains the same supersmooth carbon black as cable type 1Aa.

Sample 1Ba/1

The measurement series made on cable sample 1Ba/1 using procedure I is shown
in figure 7.16. The responses are distinctly different from those of cable types
1Aa (for example, figure 7.3) and 1ADb (figure 7.12). A notable feature of the
TSC in figure 7.16 is the almost constant current level found above T' = 80°C.
This sample was used for a number of preliminary experiments, so it is possible
that the history of this sample has influenced the TSC (this will be verified below
with repeat measurements made on fresh samples of this type). A low temperature
peak appears at T' ~ 50°C, and a trough at T' ~ 65°C before the current reaches a
constant level. However, the trough may actually be caused by a peak of opposite

polarity, a possibility which is investigated in section 7.4.4.

Sample 1Ba/2

As for the other cable types, procedure I measurements were performed next on a
fresh sample of cable type 1Ba. The results are shown in figure 7.17. The TSC
peaks exhibit more detail, but less peak temperature variation, when compared to
those of the previous cable types 1Aa and 1Ab. A peak appears at 7" ~ 50°C for
Vp as low as —10kV, and the peak remains within ~ 5°C of this temperature for all
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Figure 7.16. Procedure I negative V;, TSC measurements made on sample 1Ba/1.

Vj are indicated.
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Figure 7.17. TSC measurements made on fresh sample 1Ba/2 using —V,, and
procedure 1.
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negative values of V. There also appears to be a second peak at Teax ~ 65°C for
V, > —20kV. However, there is a possibility that these two peaks were actually
a broad peak of one polarity with a smaller peak of an opposite polarity at T' ~
55°C. This suggestion will be confirmed, to a certain degree, as a characteristic
of the EVA semicon base resin type by experiments performed on cable type 2Ba
(section 7.4.4). Note that the high temperature current response is very flat, as for
sample 1Ba/1, but is of a much lower magnitude. As noted above, the TSC peak
did not shift in temperature appreciably, and there was no significant increase in
Ineac When |V, increased from 35kV to 40kV. This may be an indication of the
same effect in this cable type as the peak inflexion previously seen in the first
series of negative polarity measurements made on types 1Aa (figure 7.7) and 1Ab

(figure 7.13).

Repeating the negative V,, series (figure 7.18) on sample 1Ba/2 did not cre-
ate any obvious changes in the TSC. However, closer examination of the results
revealed an increase in the magnitude of the 65°C peak, and it now first appears
when V,is —10kV instead of —20kV. The peak at 7' = 50°C does not move in
temperature during the repeated cycle. The high temperature current (I > 80°C)
also is now greater in magnitude following repetition, in agreement with the cor-

responding current seen in sample 1Ba/l.

Sample 1Ba/3

Positive polarity V,, measurements were made on cable sample 1Ba/3, and these

are shown in figure 7.19.
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Figure 7.18. Repeat of procedure I TSC measurements made with negative V, on
cable sample 1Ba/2. V,, is indicated.
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Figure 7.19. procedure I TSC measurements made on cable sample 1Ba/3 using
positive V,, as indicated.
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The TSC steadily increases with V. A peak first appears at T' ~ 45°C
when V, = +10kV. As V,, increases to +20kV, the second peak at T' = 65°C
begins to appear. The peak at 45°C increases until V, = +35kV, when it attains a
constant magnitude of around —65pA. By comparison, the peak at 65°C increases
steadily until V, reaches +35kV, slows when V;, = +40kV, then increases by a
larger amount when V,, progresses to +45kV. This suggests that there is a voltage
at which a change occurs, similar to the voltage seen in TSC series of 1Aa and
1Ab. As previously observed in these other types, this change occurs at [V| of 35
to 40kV for positive poling voltages and is slightly higher than for their negative
counterparts. The alternative behaviour of the 1Ba type (arrest in the increase
of peak height, as opposed to the peak shift seen in types 1Ab and 1Aa) is also

evident.

7.4.4 Cable Type 2Ba

The Procedure I measurements performed on sample type 2Ba reveal a very low
TSC current. It is interesting to note the appearance of a trough at T' ~ 55°C
for V, > —35kYV, indicating a threshold field at this V3. A second notable feature
is the high temperature TSC, which becomes increasingly negative as the high
values of V,, are used. This indicates the presence of a different, negative peak,
just outside of the measured temperature range, which could be attributed to the
insulation type. To investigate this high temperature peak, an extra Procedure
1 measurement was then performed (figure 7.21). for this measurement, V,, =

—45kV and T, = 107°C, as for a standard Procedure I measurement. However,
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Figure 7.20. Procedure I measurements made on cable type 2Ba using negative
polarity V. V;, are indicated.
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Figure 7.21. Final TSC measurement made on cable type 2Ba. T, = 107°C,
Tnax = 130°C.
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Figure 7.22. Partial heating TSC measurement on cable type 2Ba.
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Tmax Was increased from the usual 107°C to 130°C, so that the peak suspected to
exist above 107°C could be observed. However, this TSC measurement showed

no further peaks above 107°C under these poling conditions.

Following the Procedure I and Procedure II (§7.5.4) measurements made
on sample type 2Ba, investigations into the feature appearing at ~ 55°C were
performed. It was uncertain whether the “trough” seen at this temperature was
indeed a trough, or was actually a peak of opposite polarity charge. To test this, a
modified Procedure I technique called “Partial Heating” was used. This involved
poling and cooling the cable as before, but during the TSC measurement, the
cable was only heated a part of the way to Trmax before being cooled again. This
allowed the relaxation of the easily-activated charge, while leaving the deeper-
trapped charge poled. The technique is also known as “Peak Cleaning”, as the
lower temperature peaks are cleaned out to allow other peaks to be observed more

readily.

After performing several partial heating steps on cable type 2Ba, the par-
tial heating TSC in figure 7.22 was obtained, which allowed the true nature of
the “trough” to be revealed as a negative charge peak. This has important conse-
quences for the analysis and interpretation of the TSC measurements, and will be

discussed fully in chapter 9.

MARCH, 2000 115



7.5. PROCEDURE Il MEASUREMENTS

7.5 Procedure II Measurements

The experimental procedure known as Procedure II has previously been described
in chapter 6. It is important to notice that during Procedure Il the samples are
poled with a voltage V,, at a single temperature 7}, for a fixed poling period Z,
after which V}, is removed before allowing the sample to cool to room tempera-
ture (circa 17°C). This procedure permits a ‘window’ of polarisation, such that
space charge (unipolar and dipolar) with a small range of activation energies are
polarised. As suggested by Hobdell et al [61], poling in this manner prevents ac-
tivated processes below a certain energy depth from being polarised during ¢,, as
the space charge will possess too much energy to remain in the polarised state. It
should be noted that V,, = —45kV for all of the results presented in this section,

unless otherwise stated.

7.5.1 Cable Type 1Aa

The Procedure II TSC measured in cable type 1Aa are shown in figure 7.23. It
can be seen that an e = 55pA occurs at T' ~ 65°C after poling at T, ~ 47°C.
The current at T' ~ 100°C appears to vary little with Tp,. The TSC response can be
considered to originate from a single process, and hence values of the symmetry
factor p, (section 4.3.1) can realistically be considered. p, can be determined best
from the T, = 47°C peak, giving a value of p1, = 0.54, a value which is equivalent
to that for a process obeying second order kinetics. This will be discussed further

in chapter 9.
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Figure 7.23. Procedure IT measurements made on type 1Aa. T, are indicated, %,
is 2 hours.
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7.5.2 Cable Type 1Ab

The procedure 11 TSC for cable type 1Ab are shown in figure 7.24. This cable
type exhibits a large peak at T ~ 65°C that is similar to that seen in type 1Aa,
but with a smaller Ijea of ~ 75pA. Again, the peak is best reproduced by poling
at T, = 47°C, but the magnitude of the peak when T, = 42°C compared to
T, = 53°C suggests that the optimum T}, for the largest peak would be nearer to
45°C. There is also a minor peak at T' ~ 100°C which is present for most of the

higher 7, measurements. However, this minor peak is absent when 7, = 37°C.

A realistic value of the symmetry factor, g, for this series of TSC curves
cannot be obtained due to the presence of the 100°C peak. However, qualitative
observation shows the main peak at 65°C to be too broad to be of first order
kinetics. This broadness suggests a range of trapping levels or activated processes
as per the models described previously in chapter 3, and hence a non-first order

space charge kinetic.

7.5.3 Cable Type 1Ba

The Procedure 11 measurements obtained from cable type 1Ba, figure 7.25 are
very different from those for types 1Aa and 1Ab. At the high T}, of 87°C, there is
a broad peak which appears to reach a maximum value at a temperature > 100°C
and beyond the range used here. For values of T, between 27 and 47°C, there are
two peaks. As noted on several previous occasions, the feature seen here is most

likely a small negative polarity peak superposed upon a larger positive polarity
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Figure 7.24. Procedure I measurements made on type 1Ab. T, are indicated, 1,
is 2 hours.
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Figure 7.25. Procedure Il measurements made on type 1Ba. T, are indicated, ¢,
is 2 hours.
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peak (section 7.4.4). It is obvious that a value of 1, cannot be obtained from these

curves due to the complex nature of the peaks.

7.5.4 Cable Type 2Ba

The procedure II measurements performed on 2Ba are plotted in figure 7.26. They
show an interesting progression as T;, changes. The most notable feature of these
TSC curves are their very low magnitudes. The T, = 27°C TSC is featureless
and flat. Conversely, the T, = 47°C measurement exhibits the same negative
polarity peak superposed on a broad positive peak as that seen in the procedure
II measurements for 1Ba above. It will be argued in Chapter 9 that this negative

peak is characteristic of semicon Ba.

The TSC at T, = 67°C and 87°C exhibit a broad peak at T' ~ 90°C, a peak

that is somewhat similar to that observed in the TSC of 1Ba at these temperatures.

7.5.5 Cable Type 3Ab

The first procedure I1 measurements made were performed on cable type 3Ab.
The poling time #, was only 1 hour, half of the time used for the procedure II
measurements on other cable types. Despite this difference, qualitative observa-

tions can still be made of the type 3ADb results.

Figure 7.27 shows the TSC measurements using procedure II on cable type
3ADb. The TSC for T, = 27°C is characterised by a very low current magnitude.

This is as expected: the temperature is not high enough to allow charge to be
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Figure 7.26. Procedure II TSC measurements made on cable type 2Ba.
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Figure 7.27. Procedure Il measurements made on type 3Ab. T;, are indicated, ¢,
is 1 hour.
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energetically injected into the XLPE, and any polarisation would relax as soon
as the poling voltage is removed. This point will be discussed in chapter 9. As
T, increases to 47°C, a curve is obtained that is similar in shape to that for type
1ADb at this same T},: a curve with a main peak centred at ~ 70°C with a minor
peak appearing on the high temperature side of the main peak at T ~ 100°C.
However, as T}, increases to 67°C, a negative peak appears in the high temperature
region which reaches Tpeax above 107°C. As T, increases further to 87°C, the
low temperature positive peak at ¢ ~ 70°C disappears completely and a high

temperature negative peak at Tj,e ~ 104°C now dominates the curve.

The magnitudes of these TSC are similar to those seen for 2Ba in figure
7.26, although the poling time ¢, employed during these measurements was sig-
nificantly shorter than those of 2Ba. This suggests that the TSC of 3Ab would be

larger if ¢, had been longer.
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Chapter 8

The Electrokinetic Effect

It is understood that poling, as in the TSC procedure, will leave a cable sample
with some degree of persistent polarisation and/or space charge, which is then
released in the TSC experiment. Space charge in particular will leave the cable
sample with an internal electric field, the presence of which might be detectable
using a novel measurement technique, which has been called the electrokinetic
method [62]. Space charge detected in this way could then be correlated with the

TSC measurements.

8.1 The Electrokinetic Measurement Technique

In principle, the electrokinetic (EK) measurement technique is very simple. Ap-
plication of a steady bias voltage, V}, together with a small alternating signal v,
where

v = v, sin(wt) (8.1)
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has been shown to induce measurable mechanical displacements in a range of

materials [62, 63].

Application of the combined signal V, + v induces displacements in the
sample with components at zero frequency, at the fundamental frequency w and at

the second harmonic 2w, such that the displacement at a given point is given by:
D = C.Vi? 4+ AV,usin(wt) + B.v®sin(2wt). (8.2)

It can be seen from equation 8.2 that the fundamental component of D is propor-

tional to both V;, and v, and that the second harmonic is proportional to v? alone.

The displacements D, and Ds, of a point on the surface of a coaxial model
cable sample at frequencies w and 2w, respectively, can be measured using a
Michelson interferometer, as shown schematically in figure 8.1. The coherent
light beam from the Helium-Neon (HeNe) laser, with a wavelength A = 632.8nm,
is split into two by a beam splitter and travels to two mirrors, one of which is
attached to the sample surface and the other is servo driven. The two beams are
then reflected back and produce an interference pattern in the region of the photo-
diode, which then converts the light level to a voltage V. The two light paths
are approximately the same length. If the sample mirror is kept stationary but the
servo mirror is displaced by an amount x, then a change in the interference pattern
will be detected by the photo-diode (figure 8.2). If the servo mirror is displaced by
a distance x = % then the interference pattern is displaced by exactly one “fringe”,
as indicated in figure 8.2. Constructive interference of the light causes a voltage
V' at the diode to reach a maximum value of Vj, while destructive interference

causes a minimum —V}. The voltage generated at the photo-diode as a function
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m) (8.3)

2 2
ﬂ = V;,_TW cos (-Azm) : (8.4)
D) £

of mirror displacement is

V=Vg.sin(

w|>~| _t\}‘:

and its differential is

dz

The maximum sensitivity of the interferometer occurs at the crossover points, i.e.,

at the maximum of dV//dz, and has a value

i ﬂg when -%Z;E = 0,5,20 c0n (8.5)

| dIE |ma.z: T )\
Measurements of displacement are therefore made at the crossover points, where

a sufficiently small change in displacement Az produces a corresponding linear

change in the photo-diode voltage AV:

A Al

AV

The servo mirror only responds to noise at a frequency less than w, so that
any signal measured at a frequency of w or 2w can be attributed to movement at
the surface of the cable sample mirror. The lock-in amplifier (figure 8.1) is used
to measure the amplitude of the components of the signal at the fundamental fre-
quency w and the second harmonic 2w. These voltage amplitudes can then be
converted into displacements using equation 8.7. The sensitivity of the interfer-
ometer enables sample displacements in the picometre range to be measured at the
frequencies w and 2w. Note that the static displacement at zero frequency (C.V;?)

cannot be detected by the interferometer.
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Figure 8.1. Schematic diagram of the Michelson interferometer used to measure
picometer displacements in model cable samples.
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Figure 8.2. The variation of the photo-diode output voltage V' with the position z
of the sample mirror.
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The next step taken, which was novel, was to consider that quasi-static space
charge induced in a sample as a result of poling would generate a field equivalent
to that which would be produced by external application of a steady bias voltage
V. It was then argued that in this case, the displacements D, and Dy, would still

be measured when only an alternating signal v was applied to the sample.

The gradient dD,,/dv was expected to be constant and equal to A.Vj, and
therefore directly related to the space charge present within the sample. On the
other hand, D,, would be independent of space charge. Dy, could then be ex-
pected to follow a square-law dependency on v and be characteristic of the ca-
ble type. Observations made during preliminary measurements showed Dy, was
not independent of space charge, however. The theoretical model was then reap-
praised [64] to accommodate space charge induced variations in Dy,,. As a conse-
quence, it was now no longer possible to simply characterise a cable type by the
Dy, measurement, as Dy, would change due to space charge in a similar manner

to D,,.

A number of difficulties with the experimental apparatus prevented a full
and extensive investigation from being made of the EK effect in model cable sam-

ples. However, some results have been obtained that are nevertheless interesting.

8.2 EK Measurements

EK measurements were made as follows.

A small mirror of approximately 2mm in diameter was mounted on a cable
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sample as one arm of the Michelson interferometer (figure 8.1). An alternating
voltage V' was then applied to the inner conductor of the sample at a frequency,
f = 220Hz, where

w
f=q (8.8)

As erratic displacements were often recorded during the first 30s of measurement,
the lock-in amplifier voltage reading was permitted to settle before several mea-
surements were recorded at one second intervals over a period of between 30 and
60 seconds. The lock-in amplifier was then switched to monitor the second har-
monic, 2f, of 440Hz, while v remained at 220Hz. Again, the equipment was
allowed to settle before several measurements were recorded. The voltage mea-
surements were later converted to picometer displacements using the conversion

equation 8.7.

The alternating voltage v was increased in 1kV steps from 0 to 10kV, and
then reduced in 1kV steps back down to 0kV. Measurements of Dy and Dy; were

made at each value of v.

Measurements were made on cable samples 1Aa/3, 1Ab/3 and 1Ba/3, after
they had previously been used for the TSC measurements reported in chapter 7.
As such, the samples had all experienced similar poling, discharge and thermal
cycles. The samples were not polarised prior to the EK measurements. The mea-
surements reported here were performed on the samples directly after the TSC
measurements were made. The EK responses are therefore due to residual space
charge within the samples, most likely permanent dipoles and charge at semicon-

insulation and at crystalline-amorphous interfaces. They can also be interpreted
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as resulting from the composition of the cable samples after annealing.

As only one of each cable type has been investigated, the samples will only
be referred to by the cable type in the following text, not by the individual sample

number.

8.3 Results

Typical EK responses for type 1Aa are shown in figure 8.3a-c. The measurements
were repeated, such that the voltage v was raised from 0kV up-to 10kV and then
down to OkV in 1kV steps for cach measured EK response. Three sets of EK data

were recorded in this way.

Although the graphed data is useful for obtaining a “feel” for the response of
a cable sample, more indicative results can be obtained by performing regression
and curve fitting analyses of the data. As noted above, the f data varies linearly
with v while the 2f data has a square-law dependc?ncy on v. So if the f data can

be fitted with both linear regression and curve fitting techniques using
Dyg =mypv+c. (8.9)

It should be noted here that linear regression and curve fitting are essentially the
same measurements. However, the software package used to fit the curves ap-
proaches the two methods slightly differently, i.e., the curve fitting method can
be customised more fully by the operator than linear regression technique. For
this reason, then, using both methods permits an extra verification route for the
analyses. Additionally, the curve fitting technique provides comprehensive error
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analysis functions, while the linear regression provides a regression coefficient

which directly relates to goodness of fit.

The 2f data can be fitted using a curve fitting algorithm of
Dyp = mgpv® +c (8.10)
or a square-law regression of
Dy = masv® +nv + c. (8.11)

The results of the data analysis are shown in tables 1 and 2. 2 in table 1 is the
regression analysis confidence parameter. The error in the curve fitting parameters
are variable: ¢ typically has a large error of between 40% and several 100%.
Conversely, m, s and mgy have a very low error of only 1 or 2%. This indicates
that the curve shape can be fitted accurately, but determination of the initial (v =
0) offset value is difficult. It would be desirable to determine the value of the
displacement D at v = 0, as this would then directly relate to the space charge in

a sample.

The shape parameters, m,s and moy, are the parameters of most interest
here. The values of m,; determined by both analytical techniques for D,y are

similar, indicating the usefulness of either technique.

The variation in the analysis parameters derived from the D,y data is not
unexpected, as the fitting equations for each technique (equations 8.10 and 8.11)
are slightly different. Despite this difference, may is surprisingly similar for both

techniques, indicating that the linear parameter n is not significant.

MARCH, 2000 135



8.3. RESULTS

Bz Day

Sample | Repetition | ¢ | miy | 7%/% c n may | 7% /%
1Aa 1 44 1178 99 2.682 | -2.006 | 4915 | 100
1Aa 2 45 | 182 99 1.483 | -0.336 | 4.799 | 100
1Aa 3 04 [ 195 99 1.345 | -1.402 | 5.414 | 100
1Ab 1 2.0 [25.0| 98 | 0.800 | 0.024 | 0.590 | 100
1Ab 2 49 1208 | 99 0.674 | 0.077 | 0452 | 100
1Ab 3 50 [ 222 99 2.332 | 0.059 | 0493 | 100
1Ba 1 35 ({123 97 0.87 | -0.28 | 0.79 | 100
1Ba 2 6.7 | 120 97 1.04 | -0.27 | 0.89 | 100
1Ba 3 13.5 | 154 | 99 1.32 | 047 | 0.92 | 100

Table 8.1. Linear regression results from analysis of the EK data from the given
sample measurements.

le Dgf

Sample | Repetition c mif c | Moy
1Aa 1 44 17.8 0.7 4.7
1Aa 2 4.5 18.2 0.9 4.8
1Aa 3 0.4 19.5 -1.0 53
Error | > 18% | < 4% || > 30% | <1%

1Ab 1 2.0 25.0 0.8 0.6
1Ab 2 4.9 20.8 0.8 0.5
1Ab 3 5.0 2.2 13 0.5
Error || >60% | <5% || > 16% | <1%

1Ba 1 3.5 12.3 04 0.8
1Ba 2 6.7 12.0 0.6 0.9
1Ba 3 13.5 15.4 05 0.9
Error || > 40% | < 2% || > 100% | < 1%

Table 8.2. Curve fitting results from analysis of the EK data from the given sample
measurements.
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8.4 Consistency of m

8.4.1 Cable Type 1Aa

When the EK measurements were repeated on cable type 1Aa, values of both
mis and myy increased (tables 8.1 and 8.2). As the voltage v used during the
measurement was relatively low, it is expected that the change in EK response
resulted from migration of space charge — and hence, a change in the electrical

field — within the sample, and not from injection of further space charge.

A noteworthy feature of the EK response (figure 8.3) is that the D,¢ mea-
surements at v = 10kV arc approximately three times larger than D¢ at this v.

This will be discussed in chapter 9.

8.4.2 Cable Type 1Ab

The EK measurements made on cable type 1Ab (figure 8.4) showed no definite
trend in their m-parameters. This suggests that the charge within the sample is
very mobile, and the space-charge-induced electric field distributions return to
an equilibrium one in a short period of time after perturbation by the voltage v.
Despite the EK response originating from the presence of a field arising from
persistent DC charges within the sample, the high mobility of the charge suggests
that this charge may be a different type to the long-term charge released during

the TSC measurements.

As can be seen in tables 8.1 and 8.2, type 1ADb has the largest values of myy,
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but the smallest values of mqy. This is notable in the discussion, when comparing

the EK and TSC measurements.

8.4.3 Cable Type 1Ba

EK displacements measured in 1Ba (figure 8.5) at first glance appear to increase
in magnitude from the first to third measurement. Indeed, the error margins of
the first two values of m,; shown in table 8.1 overlap, suggesting no change in
the internal field of the sample. The third m,; shows a 256% increase for both
analysis methods, although the final two measurements of may using the curve
fitting technique could be argued to be statistically identical, with a difference of

only 0.02 between them.

8.4.4 Summary

There are clearly differences between the EK responses of the three types of cable

and these will be discussed and correlated with the TSC responses in chapter 9.

8.5 The Effect of Poling

EK Measurements were also made on sample 1Aa/1 under different poling con-
ditions. Initial EK measurements made after poling in the TSC apparatus failed to
produce any identifiable change in the EK response, probably because that poling
method allowed charge to migrate and the electric field, upon which a good EK

measurement depends, would have reached equilibrium. The aim was to create
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poled and unpoled states which were significantly different, and the field would
be in different states approaching the equilibrium charge distribution and field. To

this end, the samples were heated in-situ in the EK apparatus.

Figure 8.6, plot 1, shows measurements after 1Aa/1 had been maintained at
a temperature of T' ~ 50°C for 48 hours and subsequently cooled to room tem-
perature while electrically shorted. This was done with the intention of removing
all space charge from the sample. Measurements were made for voltages v up
to 5kV,. and not 10kV,, as in the previously reported measurements. Even so,
the responses for sample 1Aa/1 in figure 8.6, plot 1, are of similar magnitudes to
those seen in figure 8.3 illustrating good correlation between samples of the same

cable type.

Sample 1Aa/1 next was re-heated to T ~ 50°C while short-circuited, to
simulated the discharge measurement of a TSC procedure. The sample was poled
at this temperature and V,, = —45kV for a period of 23 hours and was then cooled
to room temperature. The cable sample was then short-circuited while at room
temperature for a period of 1 hour, again to simulate the TSC procedure, and an-
other EK measurement was made. The results of this measurement (figure 8.6,
plot 2) show a marked increase in d D y/dv — a three-fold increase in the magni-
tude of my s was observed, as confirmed from the linear regression analysis results
(table 8.3). Dsy increased only slightly, indicating it’s relative independence of
space charge when compared to Dyy. This is a good result, indicating a response

due to the presence of space charge in the sample.

The cable was then re-heated once more, with the intention of returning
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Figure 8.6. Measurements made after various poling stages on 1Aa/l. @: D;;; l
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1Aa/1 to the space charge state of the sample before the data in figure 8.6, plot 1
were obtained. The aim was to take the sample up to a temperature of T' ~ 100°C,
but the sample was erroneously heated to 130°C, in excess of the melting temper-
ature of LDPE. This may have altered the morphology of the cable, although the
previous thermal and electrical cycling performed during the TSC measurements
should have fully annealed the sample already. Heating this high also has the
effect of certainly removing any space charge in the sample. The sample was
then cooled to room temperature and a third EK measurement was made (figure
8.6, graph 3). D, /dv had decreased significantly, indicating the removal of space
charge. Linear regression analysis (table 8.3) showed m to be lower for the third
EK measurement than for the first. The coefficient mgy of the Dyy measurement
was also much reduced. This reduction in Dy was interpreted as a morphologi-
cal change in the sample, because Doy depends on the mechanical modulus and

dielectric constant of the cable insulation material.

As noted earlier in this chapter, Doy was originally expected to be indepen-
dent of space charge, and at first was assumed to be characteristic of the cable
type. However, after the changes in Dy reported above were observed, reap-
praisal of the EK theory showed that Dyy may also vary with space charge, and

the Dyy measurement could no longer be interpreted as being cable-dependent.

The changes in D;y and Dy reported above indicate that there is a corre-
lation between the poling condition of a cable and the measured EK response.
However, the difficulties encountered while attempting to reproduce this effect

suggest that the electric field, upon which D,y depends, is not solely dependent
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on the presence of space charge to produce a change in the EK effect. It would ap-
pear that the electric field distribution within the cable sample and, perhaps more
importantly, at the semicon-insulation interface, has a greater influence over the
results obtained with the EK measurement technique than the mere presence of

space charge within the sample.

The results reported and the point raised above will be discussed further in

chapter 9.
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Dy Day

Plot Number | ¢ | mas | 7%/% || ¢ | nap | may | 7%/%
1 139 (199 | 98 53|-33| 58 | 100
2 11.0(652] 100 || 46| 24 | 4.6 | 100
3 16.9 | 12.8 96 541-09| 1.6 100

Table 8.3. Linear regression analysis of data plotted in figure 8.6.
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Chapter 9

Discussion

There are several interesting points that have arisen as a consequence of the TSC
and EK measurements reported in chapters 7 and 8, respectively. In this chapter,
these points will be discussed and consideration will be given to the main effects

found in the various cable samples.

1t is useful to recall the three main mechanisms involved in TSC, those of
dipolar relaxation, the relaxation of displaced intrinsic space charge and the mi-
gration and relaxation of injected space charge. The injection of space charge has
been reported [12] to occur mainly at electric fields that are much greater than the
average macroscopic fields used in the present work. However, as noted in chap-
ters 3 and 5, the roughness of the semicon-insulation interface may be sufficient
to promote some space charge injection below this well-defined threshold level,

perhaps providing an explanation of the effects found as |V},| approaches 45kV.

This leaves the other two mechanisms of dipole and intrinsic space charge

relaxations to dominate the low |V,| measurements, where peaks in the TSC
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arise due to charge effects at both the semicon-insulation and the morphological

crystalline-amorphous interfaces.

The effects observed during the present work have had many different ori-
gins, e.g., semicon carbon, semicon base resin, thermal cycling, voltage cycling.
An effort has been made to discuss each of these individually, but there is neces-
sarily some overlap which, the author hopes, will neither confuse nor obscure the

importance of the effects themselves.

The main concern of any experimental work is reproducibility of the results.
Reproducibility of TSC results is possibly more difficult to define, given that the
mere act of performing a TSC measurement will leave a sample in a different
state. If the exact same measurement sequence is repeated on the same cable sam-
ple at the same poling voltage, then the TSC will change from one measurement to
the next. Consequently the total time-integrated charge will change. Examples are
the repeated TSC cycle measurements of 1Aa/1 (figures 7.7 and 7.8), and the TSC
measurements of 2Ba performed at different times during the experimental pro-
gramme (figures 7.20 and 7.21). By contrast, features of the TSC, such as peak
temperature Tpeac, Will remain the same on repetition of TSC at a given poling
voltage on a given sample, as shown in the aforementioned figures. Additionally,
performing the same TSC measurement series by starting on a fresh sample will
produce the same TSC at the same measurement in the series as on another sim-
ilar sample. Deviation from the measurement series will necessarily introduce a
deviation from the repeatability of the measurement series. The measurement is

therefore repeatable as long as the measurement conditions are well-defined.
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9.1 Effect of Polarity and Magnitude of V,

Figures 9.1-9.3 show the total charge released for three cable types 1Aa, 1Ab and
1Ba respectively, determined by integrating the TSC with respect to time for V,

values of both sign.

It was originally expected that poling with negative V;, would provide larger
total charge and higher TSC peaks than with positive V), due to the combined ef-
fects of (a) dominant electron injection as described by several authors [3, 34, 65]
and noted in chapter 5, (b) a geometric field enhancement at the conductor screen
and (c) the observation [3] that in an aluminium-polyethylene-copper system, the
charge injected was double when the aluminium electrode was the cathode. Fig-
ures 9.1-9.3 show that this is not the case in the present study, and that simi-
lar amounts of charge are present with either polarity V,. This implies that the
semicon electrodes do not act in the same manner as a metallic electrode such
as aluminium or copper which inject only electrons efficiently. It seems that the
semicon may permit ready injection of either positive or negative charge accord-
ing to the polarity of Vj,. This is in agreement with the findings of Sigmond and
Hegerberg [34] who reported that semicon electrodes were found to inject both
holes and electrons equally well into polyethylene. Additionally, the low voltage
results reported in the present work agree with the low electric field measurements
of Doughty er al [13] who also observed mirror-image TSC for opposite polarity
poling voltages. However, if Doughty et al’s work is compared with that of Braun
et al [66], it can be concluded that the space charge seen in the majority of the

TSC reported in Doughty et al’s work do not originate from injected charge at all.
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Figure 9.1. Magnitude of total charge from TSC measurements for cable type
1Aa. A,+V,, data from figure 7.9; ®, -V}, data from figure 7.5; B, -V}, data
from figure 7.6.
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Figure 9.2. Magnitude of total charge from TSC measurements for cable type
1Ab. A,+V;, data from figure 7.13; ®, -V}, data from figure 7.11; B, —V,, data
from figure 7.12.
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Figure 9.3. Magnitude of total charge from TSC measurements for cable type
1Ba. A, +V,, data from figure 7.17; ®, -V}, data from figure 7.15; B, —V/, data
from figure 7.16.
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As noted in chapter 5, Braun er al investigated samples with similar geometries to
those studied here, and their work therefore has the most relevance to the present
work. Their samples also had the same insulation type as sample 3Ab. They found
a threshold field above which charge injection occurred in the neighbourhood of
12kV.mm™!. For the samples used in the present work, the geometric field would
reach this threshold value at the inner semicon electrode when |V,| = 38.4kV, or

at the outer electrode when |V,| = 73kV; values well in excess of those employed.

It is therefore obvious that the measurements reported in chapter 7 were, at
best, made at the threshold for space charge injection at the inner interface, and
well below it at the outer interface. Braun et al reported that 12kVmm™" was
only an approximate value for the threshold field and that the true value might be
lower. It can be seen, however, that if charge injection has been observed in the
present work then it is likely to have occurred only at the inner semicon-insulation
interface and then only at the highest V, employed. It might therefore explain the
changes in the shape of the TSC characteristics above certain threshold poling
voltages, which were noted at several points in chapter 5 and reported in chapter

7

The work of Braun er al suggests that most of the poling voltages used in
the present work are too low to encourage any significant charge injection into the
samples. It is sensible therefore to attribute the TSC seen at the lower voltages to
intrinsic space charge and dipolar relaxation. Caution should be maintained how-
ever when considering the effects of the high poling voltages used in the present

work, which correspond closely to a macroscopic geometric field at the inner
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semicon-insulation interface of similar magnitude to Braun et al’s critical injec-
tion field. As explained in section 3.3.2, significant ficld enhancement may occur
at this interface as a consequence of efficient injection and the formation of dou-
ble layers at the semicon-insulation interfaces. The issue of dipolar relaxation also
becomes very important when considering the effect of the semicon base resin, as

will be argued in section 9.4.

Thus far, only the total charge released has been discussed. However, there
are some interesting differences in the main TSC peak temperature, Tpeax, Which
should be commented upon here. For example, comparison of —V,, measurements
on a fresh samples and of the opposite 4V, measurements reported in chapter 7
shows the shape of the TSC curves and the trends of Tpeqi to be different for the

combinations of insulation and semicons investigated.

TSC measurements performed on 1Aa (figure 7.6) and 1Ab (figure 7.13)
show peaks at ~ 80°C at the lower poling voltages (V, < —15kV). This tempera-
ture corresponds to a mechanical relaxation peak in LDPE [57] and to a TSC peak
originating from charge trapped at crystalline-amorphous boundaries [6]. It can be
argued then that this peak is attributable to the relaxation of space charge that had
accumulated at crystalline-amorphous phase boundaries during poling and conse-
quently relaxed when heated during TSC. It is important to note that the samples
in which this 80°C peak was observed (1Aa and 1Ab) have the same semicon base
resin and insulation. The 80°C peak disappeared upon repetition of the Procedure
I TSC series on 1Aa and 1Ab, a fact that could be attributed to mechanical and

morphological stress within the samples present since manufacture.
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9.2 Thermal Gradient in Samples

As was noted briefly in chapter 7, there is a ~ 5°C difference (observed primarily
at the low poling voltages of +5kV) between Tpear for positive V, and those for
negative V,, which corresponds to a measured difference in temperature across a
cable sample of ~ 4°C. The origin of this temperature difference should now be
considered. The situation described below applies equally to both positive and
negative charge, but only the case for negative charge will be explained here. The

TSC peak polarity will depend upon the polarity of the charge.

If heat is applied to the outer electrode of the cable sample, a temperature
gradient will form which depends on the rate of temperature rise and the thermal
conductivities of the metal core, the semicon and the insulation materials, giving
rise to the observed 4°C temperature difference. This temperature difference can
therefore be expressed in terms of the temperature at each semicon-insulation in-
terface, such that the the outer interface is at a temperature 7' °C while the inner
interface is at a temperature (T'—4)°C. As a consequence of this temperature dif-
ference, a TSC peak at the lower poling voltages (|V,| < 15kV) may be dominated

by mobile charge which has accumulated at only one electrode.

Consider negative charge which, at the elevated temperature of poling, was
sufficiently mobile to migrate towards and to accumulate at the outer interface
during poling under the influence of a negative V,,. Subsequently, it becomes
trapped at that interface (figure 9.4a) when the temperature is reduced. As the
sample is heated past the activation temperature 7, of this charge, a corresponding

TSC peak will appear at T'.
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a) accumulated charge at the  b) accumulated charge at the
outer interface. inner interface.

T T

T (T+4)

Figure 9.4. The influence of a thermal gradient on TSC peak temperature Tpeax
due to spatial location of the semicon-insulation space charge accumulation.
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If the poling is then repeated but with the opposite, positive polarity V),
(figure 9.4b), the charge will now accumulate and become trapped at the inner
interface. This charge will still be activated at T,. However, the temperature at the
inner interface will now be (T — 4)°C with regard to the measured temperature
T,, at the outer interface. The activation temperature 7, will not be reached at
the inner interface until (T + 4)°C, i.e., the TSC peak will now appear to be at a

temperature 4°C higher after 4+V}, poling than after —V,, poling.

It can therefore be concluded that a TSC peak with this amount of tem-
perature variation in Tpe,x under opposite polarity V), conditions is due to mobile
space charge within the cable system. A similar result could be expected for pos-
itive charge, although the peaks would be the opposite polarity. This means that,

at low [V,

, the relative position of the positive and negative polarity V;, peaks on
the temperature scale is an indicator of the polarity of the space charge. It should
also be noted that this effect was only observed in the opposite polarity measure-
ments performed on samples of 1Aa and of 1Ab, but not on 1Ba samples. The
effect was also only observed at low V. As Vj, increased, Tpea became increas-
ingly polarity independent, indicating the emergence of another charge relaxation

phenomenon at higher poling voltages.

As |V, | increases above ~ 25kV, the TSC changes shape (figure 7.7 for 1Aa
and figure 7.13 for 1Ab). This change is most noticeable on comparison of the
first and second negative V,, measurements on all the primary sample types. This
effect is probably due to space charge injection. At these higher poling voltages,

it is expected that some charge injection may have occurred, as will be discussed
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elsewhere in this chapter.

9.3 Effect of Thermal and Voltage Cycling

Some interesting points have arisen as a consequence of repeating —V,, TSC mea-

surements performed on 1Aa, 1Ab and 1Ba.

First consider and compare the TSC of 1Aa and 1Ab. The first cycle of
TSC measurements performed on 1Aa after poling from —5kV to —45kV (figure
7.6) show appreciable differences to the second cycle (figure 7.7). Close exami-
nation of the V,, = —5kV measurements shown in both of these figures shows that
a large peak at T ~ 80°C in the first has become much reduced in the second.
This peak, and its consequent reduction in magnitude, is also manifest in the —10
and —15kV measurements. A similar trend concerning the reduction of this peak
can be observed in the first —V, measurement (figure 7.13) and second —V;, mea-
surement (figure 7.14) of 1Ab. The reduction of this peak appears to be a result
of the combined thermal and voltage cycling performed during the TSC measure-
ments. In other words, the peak reduction is a consequence of (a) morphological
change, particularly in the crystalline-amorphous structure of the samples due to
thermal annealing; (b) stress reduction in the cable samples; or (c) the injection of
necutralising charge at the higher poling voltages where space charge injection is
at least possible from one electrode. The observed TSC reductions are unlikely to
be attributable to crosslinking byproducts, as the samples were taken from cables

that had been stored for a period sufficient to allow them to fully degas.
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If the TSC cycling of 1Ba is now considered, a very different situation is
found. Recall that 1Ba differs from 1Aa and 1ADb in its semicon base resin. On
repetition of the cycle (figure 7.18) the TSC of 1Ba appear very similar, but closer
observation shows that the high temperature TSC (above 60°C) is greater in the
second cycle than the first. This observed increase continues on further repeti-
tion, as results from sample 1Ba/1 indicate (figure 7.16). Remember that sample
1Ba/1 had more preliminary tests and thermal cycling performed on it before
an organised programme of TSC measurements was established and employed.
Consequently, the magnitude of the high temperature current measured in 1Ba/1
is much larger. These observations suggest that 1Ba is accumulating charge as
the TSC cycles are performed. This is possible, as the higher values of V, (and
hence, electrical fields) employed will permit some space charge injection (§9.1).
It may be argued therefore that the combination of insulation 1 and semicon Ba
creates a system that slowly accumulates space charge with thermal cycling under

the electrical stresses employed in the present work.

In summary, it can be seen therefore that 1Aa and 1Ab both exhibit a char-
acteristic change in TSC on repetition of the TSC cycle. By comparison, the TSC
of 1Ba changes in a different manner to these other two types. This shows that the
type of semicon base resin used in the samples investigated has a very important
role to play in: (a) the formation of crystalline-amorphous phase boundaries close
to the semicon-insulation interfaces, evidenced by the change in the high temper-
ature current of 1Aa and 1Ab from a relaxation similar to that seen in many other
works (see chapter 5 for many examples); (b) injection of space charge, as seen

by the increases in TSC on application of the higher V},; and (c) neutralisation of
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intrinsic charge.

9.4 Sample Composition

The composition of the cable samples has indirectly “intruded” on the discussion
of the effects discussed in section 9.3. It is important, however, to state specifi-
cally the effects that arise from varying the composition of the cable materials. To
enable a direct comparison of the materials to be made, two figures have been plot-
ted using TSC data obtained from “first time” measurements described in chapter
7. Figure 9.5 shows the TSC measurements made at V,, = —15kV on cable types
1Aa, 1Ab, 1Ba and 2Ba. Figure 9.6 shows similar measurements made on these
cable types, but at —45kV. These figures serve to illustrate the differences from ca-
ble type to cable type, and also help to illustrate the effect of varying the semicon

carbon, semicon resin, and insulation composition on the TSC measurements.

It should be emphasized that, although Braun er al [12] somewhat acciden-
tally managed to compare the effect of the semicon carbon on their TSC results,
no other work has been reported that comprehensively compares the consequences

of alterations to the fundamental materials of such extruded cable systems.

94.1 Semicon Carbon

The effect of the semicon carbon can be seen by comparing 1Aa (supersmooth
carbon) and 1Ab (furnace carbon). The measurements made at both —15kV (fig-

ure 9.5) and —45kV (figure 9.6) show very little difference. This observation is
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Figure 9.5. Comparison of —15kV TSC measurements made on different cable
types. The TSC are taken from figures shown in chapter 7.
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Figure 9.6. Comparison of —45kV TSC measurements made on different cable
types. The TSC are taken from figures shown in chapter 7.
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also echoed in the total charge measurements (figures 9.1 and 9.2) and the EK

measurements (chapter 8).

The repeated TSC cycle measurements on these cable types are also very
similar (figures 7.8 and 7.14). 1Ab exhibits a slightly larger total charge than 1Aa,
which can be attributed to the slightly higher space charge injection at high V,, an
effect in turn due to the rougher furnace black of semicon Ab. Ty in figure 7.14
for 1Ab also appears to be higher than T}, for 1Aa in figure 7.8. However, this is
an effect of the peak sitting on a “skewed” baseline arising as a consequence of the
~ 80°C crystalline-amorphous peak underlying the main TSC peak. Cable 1Ab
was expected to have significantly larger TSC peaks than 1Aa due to the field
enhancement by the rougher furnace carbon particles causing local high stress
regions at the interface and thus injecting more charge here (as described in section
2.4). However, this effect is small enough to conclude that space charge injection
is not the main space charge process seen in the TSC measurements of samples
1Aa and 1ADb in the present work. This means that the peaks result mainly from

relaxation of dipolar and intrinsic space charges within the cable samples.

9.4.2 Semicon Base Resin

The effect of the semicon base can be seen by comparing 1Aa (EBA base resin)
and 1Ba (EVA base resin). The measurements shown in figures 9.5 and 9.6 show
the difference in the magnitude of the TSC measurements on these samples. Cor-
responding differences are also seen in the EK measurements (chapter 8) and the

total charge measurements (figures 9.1 and 9.3).
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Other work on TSC of ethylene-based copolymers (Cited in Chapter 5 [9])
has shown that TSC peaks appear at temperatures in the region of 0°C, and a peak
at T ~ 32°C for an BA/AA copolymer was noted as being important. The peaks
that appear closest to this temperature are those at ~ 50°C in the present work.
The peaks in this temperature region may be attributed, therefore, to relaxation of

space charges within the semicon base resins.

It is suggested that semicon base resin A produces a positive peak which
results from the relaxation of accumulated space charge at the semicon-insulation
interface. Similarly, semicon base resin B also produces a peak at Tpeax ~ 60°C,
but with a negative polarity, so that its superposition on the broad positive peak
results in a net decrease in the magnitude of the TSC. This observation is rein-
forced by the work on 2Ba, which also shows an opposite polarity peak in the

same temperature region as for 1Ba.

It is still uncertain whether the negative peak in type 1Ba simply masks the
presence of the positive peak during measurement of the TSC, or whether it makes

a real contribution to the reduction of space charge within a cable sample.

9.4.3 Insulation

The effect of changing the insulation can be seen best by comparing 1Ba and 2Ba
shown in figures 9.5 and 9.6. Details of the difference in the additive packages of
the insulation has not been forthcoming from BICC, and so only very vague spec-
ulation can be made as to the origin of the change in TSC spectra. Additionally,

a very limited series of TSC measurements were made on sample 2Ba, further
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restricting knowledge of the space charge in this cable type.

Comparison of the TSC shown in figures in chapter 7 and in figures 9.5 and
9.6 indicate that there is a difference between the space charge characteristics of
1Ba and 2Ba. In particular, 2Ba shows a significant fall and current inversion at
the highest temperatures and highest values of V, employed. However it is uncer-
tain whether this is a consequence of different types of additives to the insulation,

or just different quantities of the same additives.

Comparison can also be made of the Procedure IT TSC measurements of
1Ab and 3Ab (figures 7.24 and 7.27 respectively). There appears to be a TSC peak
at Tpear ~ 65°C for both cable types. However, the TSC of 1Ab remains positive
in polarity at all T, while the TSC of 3Ab exhibits a peak at Tpeax ~ 100°C
which becomes more prominent as T}, increases. This 100°C, negative polarity
peak appears at the same temperature as a positive peak observed previously in
1ADb (section 7.4.2). It is therefore valid to argue that the two peaks are associated

with the presence (or absence) of a particular additive in the insulation.

It can be concluded that changing the insulation composition (anitoxidants,
peroxides) will introduce different peaks that are related to these compounds.
Changing the relative amount of these compounds from one sample to another
will directly alter the magnitude of space charge peaks arising from the presence

of these compounds.

Further, it can be expected that the balance of antioxidant to cross-linking
peroxide is very delicate, as one will neutralise the other. This will consequently

affect the amount of amorphous material in the bulk XLPE insulation, as well as
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the distribution and quantity of crystalline-amorphous phase interfaces.

9.5 EK Measurements

As reported in chapter 8, it was not possible to pursue a full investigation of EK
measurements due to equipment difficulties. However, those few measurements
that were obtained and were reported in chapter 8 have raised some important
points which will now be discussed. Correlation between the TSC and EK mea-

surements will be discussed separately in section 9.5.2.

9.5.1 General Observations

The EK measurements reported in chapter 8 agree with the theoretical model for
EK [64]. The D;; measurements follow a linear dependency on v while Dyy

measurements follow a square law dependency on v.

It is interesting to compare the EK responses of the various cable types in-
vestigated, shown in figures 8.3 to 8.6. Type 1ADb (figure 8.4) produced the largest
values of Dy for a given v, followed in decreasing order of magnitude by 1Aa
(figure 8.3) and 1Ba (figure 8.5). However, this does not necessarily indicate that
1ADb has the most space charge in it. The measurements performed on 1Aa/1 (fig-
ure 8.6) suggest that the length of the period between poling and EK measurement
has an important effect on the magnitude of D, ;. Further, these measurements can
be argued to show that the magnitude of D; ¢ is heavily influenced by the electric

field within the cable. If the electric field has not reached a steady state, then a
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larger EK measurement can be expected. It has been noted during the investiga-
tion that EK measurements are very difficult to obtain immediately after poling
due to instability in the lockin amplifier. It is suggested that this is due to the high
mobility of space charge within the sample at this time, which in turn is associ-
ated with a change in the electric field distribution as it approaches an equilibrium.
Additionally, it is suggested that the mere presence of space charge in a sample
is not sufficient to produce an EK measurement. Obviously, the position of the
space charge within the sample will influence the electric field. It is only as a
consequence of the accumulation of space charge that such an electric field will

produce a strong EK response.

The D,y measurements also provide some interest. Those of 1Ab and 1Ba
are both of relatively low magnitude in comparison to those of 1Aa. As reported
in section 8.4.1, the Doy measurements of 1Aa were significantly larger than D,
at v = 10kV, and they were also much larger than the Dy measurements of either
of the other two types investigated. It is suggested that the combination of the
material compounds of which 1Aa was manufactured give rise to an especially
large electric field at the semicon-insulation interface. A large magnitude of Dy
appears to be typical for type 1Aa. The magnitude of Dyy at V' = 5kV both
in figure 8.3 and in the later figure 8.6 are the same, adding credibility to the
argument that the D¢ curve is characteristic of a particular cable type. However,
figure 8.6, plot 3 suggests that the characteristic Dy curve of a cable will change if
the temperature of the sample is raised particularly high. If this argument correctly
indicates a characteristic Doy measurement for a given cable type, then it would

appear that concerns of variation in this parameter were unfounded. The variations
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observed in the magnitude of Dy during early measurements may have therefore
been a result of the problems encountered, and not result from changes in Day

influenced by the presence of space charge.

9,5.2 Correlation Between TSC And EK

The correlation between TSC and EK has been noted at several points. This cor-
relation can be seen by considering the magnitudes of the D,y EK measurements
and TSC total charge measurements of cable types 1Aa, 1Ab and 1Ba. To aid
the comparison, table 9.1 shows the mean m-coefficients (from the tables in chap-
ter 8) and the total charge values at —15kV and —45kV for the three cable types

(figures 9.1 to 9.3).

TSC total charge / nC || EK Coefficient

Sample | @—15kV | —45kV || my | may
1Aa 135 235 [185] 49
1Ab 19.0 250 [[227] 05
1Ba 2.0 130 [132] 09

Table 9.1. Comparison of Selected TSC and EK data.

The data in this table shows excellent evidence that the TSC and EK tech-
niques are correlated. In particular the values of the TSC total charge at —15kV
and —45kV, and the shape parameter m, ¢ are directly correlated. 1ADb has the

largest values of total charge and m; ¢, followed by 1Aa and then 1Ba.

However, there is not the same correlation between the TSC total charge and
moag, which suggests that myy is characteristic of the material state of the sample

and not of the space charge in the sample. This has already been argued above; the
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example of the overheating of 1Aa/1 to 130°C (figure 8.6) was cited as evidence.

9.6 Conclusions

The following are the main conclusions from the investigation:

e The semicon base resin has a major influence on the TSC characteristic and
hence the polarisation within a cable sample. Cable samples that possess an
EVA semicon have lower TSC and consequently lower space charge than

those with an EBA semicon.

e Furnace semicon carbon injects more charge than supersmooth semicon car-

bon.

e The semicon-insulation combination also influences the TSC characteristic

and hence the polarisation within a cable sample.

e A TSC peak in the region Tpeq ~ 50°C arises from the semicon-insulation
interface, and is heavily influenced by the polarisation of the semicon base

resin.

e TSC peaks that appear at the same Ti,.ox for both positive and negative V),
are a result of either (a) the relaxation of dipolar polarisation, most probably
at the semicon-insulation and morphological interfaces, or (b) the simulta-

neous charge injection at both interfaces.

e A temperature variation in Tpea between the negative and positive poling
polarity TSC at the same V), can be attributed to the relaxation of intrinsic

MARCH, 2000 166




9.6. CONCLUSIONS

space charge that is mobile in the sample at a sufficiently high temperature.

e Low —V}, TSC peaks that appeared in the spectra of 1Aa and 1Ab during
the first TSC cycle were much reduced during the second, indicating that
a morphological change has occurred in these samples as a result of the

thermal and electrical cycling.

e The author is still sceptical as to whether the total charge, determined by
integrating the TSC curve with respect to time, can be used as an accurate
and direct indicator of the magnitude of the space charge within a cable
sample. This concern would benefit by comparing results obtained using

TSC to results obtained on the samples of other investigation techniques.

e The magnitude of a cable’s Dy EK measurement is directly correlated to its

total space charge determined by integrating the TSC with respect to time.

e TSC and EK measurements give no clear independent indication to the via-
bility of the model cables as HVDC cables. It is suggested that they are used
as an indicator of suitability in conjunction with other test methods (break-
down, PEA/LIPP, etc.). Once this work is performed, however, the TSC and

EK methods may be useful as diagnostic non-destructive techniques.

e It is uncertain whether 1Aa and 1Ab are better cables, due to their initially
large TSC which then becomes reduced on thermal and electrical cycling,

than 1Ba whose TSC increases with thermal and electrical cycling.

e Despite the previous conclusion, type 1Ba appears to be the better cable of

those which were thouroughly investigated, by virtue of the lower magni-
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tude of its TSC space charge and EK D, s measurements. It is hoped that

future work will be able to verify this conclusion.
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