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Abstract

After extensive research during the last decades extruded polymeric insula-
tion is now becoming an alternative to the traditional oil-paper systems for
high voltage DC (HVDC) cables. Durability isof great importance for power
cables, and the main purpose of thiswork has been to increase the knowledge
of factors controlling the endurance of an extruded polymeric insulation
under HVDC conditions. The effect of electrical and thermal ageing on elec-
trical propertieslike space charge accumulation, DC breakdown strength and
electrical treeinitiation has been investigated and related to changes in mor-
phology, oxidation level and antioxidant concentration.

Low density polyethylene (LDPE) with and without an antioxidant additive
was sel ected asinsulating material. Test objects with plane el ectrodes or nee-
dle-plane electrodes were prepared by pressure moulding and equipped with
aluminium electrodes. Iron particles with a diameter of 45 - 55 um were
introduced to simulate conducting contaminations in the insulation. The test
objects were subjected to thermal ageing at 70°C and 90°C and the applied
electrical field during ageing ranged from zero to 150 kV/mm. Ageing was
conducted both with constant DC polarity and with polarity reversals. The
ageing period ranged from 4 weeks to 5 months.

Thermal oxidation was observed in LDPE without antioxidant and this
clearly affected the electrical properties. The DC breakdown voltage was
reduced by 40% and this was explained by enhanced high-field conduction
and increased joule heating due to the oxidation products. It was found that
oxidation was prohibited when the thickness of the aluminium electrodes
Increased.

The antioxidant additive prevented thermal oxidation, but wasfound to cause
faster space charge accumulation and larger field modifications at the elec-
trodes. The DC breakdown voltage of test objects with needle electrodes was
reduced by 16 - 26% due to the antioxidant.
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)14 Abstract

Introduction of iron particles reduced the short term DC strength by 20 -
30%, but during long term ageing with constant DC voltage no difference
was observed between test objects with and without particles. Thiswas prob-
ably caused by screening of the particles by accumulated space charge.

The experiments showed that abrupt grounding or polarity reversal initiated
electrical trees from the needle-electrodes. The longest trees were observed
when the test objects had first been subjected to thermal and electrical age-
ing. The tree formation was caused by the high electrical field arising when
the accumulated homocharge around the needle was converted to hetero-
charge at polarity reversal or grounding.

The following main conclusions were made from the work:

e Oxidation is detrimental and must be avoided in HV DC insul ation.

» The antioxidant additive can have a negative influence on the electrical
properties under HVDC stress.

» Polarity reversal or abrupt grounding can initiate electrical trees from
protrusions present at the electrode-insulation interface of a HVDC insu-
lation system.
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Chapter 1

INTRODUCTION

1.1 Background

The large majority of electric power transmissions use three-phase aternat-
ing current (AC). However, there are some situations where high voltage
direct current (HVDC) transmission is more favourable. AC cables have a
restricted maximum length due to the large cable capacitance and reactive
power flow. For long distances and particularly for water crossing HVDC is
the only possible technical solution. The world’s first HYDC submarine
cable wasinstalled between the Swedish mainland and theisland of Gotland
in 1954 and had a capacity of 20 MW at 100 kV DC. A more recent example
of a HVDC submarine cable is the Baltic cable between Sweden and Ger-
many which wasinstalled in 1994 [1]. The length of this cableis 250 km and
the capacity is 600 MW at 450 kV DC.

The insulation system used in today’s HVDC submarine cables normally
consists of lapped paper insulation impregnated with either a highly viscous
oil (massimpregnated) or afluid oil (oil-filled). Thistechnique has been used
for half acentury and has proven to be very reliable. Despite the success with
lapped paper insulation there has been a large research and development
activity on extruded polymeric insulation for HVDC purposes since the
1970s [2, 3]. There are several possible advantages of utilising an extruded
insulation system [2]: An extruded cable can be operated with a higher con-
ductor temperature which results in a higher transmission capacity compared
to amass-impregnated system. The potential environmental problemsrelated
to leakages from oil-filled cables are also removed. In addition jointing of
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2 1.2 Scope of Work

cablesin the field may be easier with extruded compared to paper insul ated
cables.

In 1999 the world's first HVDC link with extruded insulation was installed
on the island of Godtland [4]. This bipolar cable is 70 km long with rated
voltage +/- 100 kV DC and a capacity of 50 MW. Extruded insulation sys-
tems for higher voltage ratings are also available but have not yet been
installed: In Japan a crosslinked polyethylene (XLPE) insulation with an
inorganic filler has been developed for 250 kV DC and work is in progress
to design a cable for 500 kV DC using this extruded insulation [5]. A high
density polyethylene (HDPE) material modified with a small amount of acid
groups has also been found suitable for use at 500 kV DC [6]. In France a
cable with low density polyethylene (LDPE) insulation has been developed
for 270 kv DC [7].

In the cable systems mentioned above the extruded insulation is subjected to
amean electrical field ranging from 16 - 25 kV/mm. Thisisonly afew per-
cent of the intrinsic breakdown strength of polyethylene which is about 700
kV/mm [8]. The intrinsic breakdown level can only be approached for very
pure, thin films. An extruded cable will inevitably contain different types of
imperfections: Protrusions at theinsulation - electrode interfaces or conduct-
ing or non-conducting particles in the bulk give rise to alocal inhomogene-
ous electrical field from which breakdown can be initiated. Chemical
additives and irregularities in polymer morphology lead to accumulation of
electrical charge in the insulation with resulting local field enhancement.
Ageing under thermal and DC electrical stress further decreases the break-
down strength, and as discussed below thiswill be an important topic in this
work.

1.2 Scope of Work

Durability is of great importance for aHVDC submarine cable. Therefore it
IS necessary to investigate how extruded insulation performs under HVDC
stress on a long term basis. The purpose of this work has been to obtain
increased knowledge on which factors are controlling theinsulation life time.
Low density polyethylene was selected as insulating material sinceit is one
of the main materials used for extruded AC cables. As mentioned above a
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1.2 Scope of Work 3

HVDC cable with LDPE insulation has aready been developed in France
and have shown promising results [7]. Cable quality L DPE always contains
an antioxidant additive to prevent oxidation during production and service.
In thiswork L DPE with and without an antioxidant was investigated in order
to clarify the influence of the antioxidant under HVDC conditions.

The following hypotheses were investigated:

1. Thermal oxidation has a negative effect on the long term electrical properties
of LDPE.

2. The antioxidant additive prevents thermal oxidation but is a source of
space charge accumulation in the insulation which may have a negative
effect on the long term performance.

3. Inclusionsin the insulation or protrusions at the electrodes are detrimen-
tal to the insulation and reduce the insulation life time under DC electri-
cal ageing.

4. Defects in the insulation system are particularly critical during polarity
reversal or abrupt grounding.

In order to test the hypotheses formulated above, several types of experi-
ments were performed:

The first step was to characterize the materials used during thermal ageing.
Changesin oxidation, consumption of antioxidant, morphology and mechan-
ical properties were monitored. These results served as a basis for further
investigations and discussions and are presented in Chapter 4.

The space charge development in the material with and without antioxidant
was followed during thermal and electrical ageing for a period of up to 5
months. Comparison of the two materials gave information about the role of
the antioxidant additive in space charge formation. These results are pre-
sented in Chapter 5.

Conducting particles were introduced in the test objects and the short and
long term DC breakdown strength was evaluated. After ageing the test
objects were characterized with respect to oxidation and antioxidant concen-
tration. The results are reported and discussed in Chapter 6.
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4 1.2 Scope of Work

Finally experimentswere carried out on test objects with aneedle-plane el ec-
trode geometry, where the needle simulated an extreme protrusion at the
electrode. Reduction in breakdown strength due to electrical and/or thermal
ageing was measured and the test objects were also subjected to polarity
reversal tests. The areaaround the needle tip was closely examined to detect
chemical degradation and electrical tree growth. Chapter 7 and 8 cover these
results.

All experiments were performed on test objects with and without the antioxi-
dant additive. Thismeansthat the two hypotheses concerning the antioxidant
and oxidation are involved in all the described experiments.

In addition to the chapters mentioned above a review of the literature is
included in Chapter 2. The review focuses on theory and findings that are
related to the four hypotheses formulated above. In Chapter 3 the experimen-
tal equipment and the preparation of the test objectsis described. In Chapter
9 the results are discussed with respect to the four hypotheses. Conclusions
of the work are presented in Chapter 10.
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Chapter 2

LITERATURE REVIEW

The subject of polymeric HVDC insulation has been extensively investigated
during the last decades. The scope of thisliterature survey isto present theory
and findings which are of importance in relation to the current work. The
effect of oxidation, antioxidant additives, mechanical strength and irregular-
itieson electrical propertieslike space charge accumulation, conduction cur-
rent and breakdown will be discussed.

2.1 Basic terms

This section contains a brief description of some basic terms used when dis-
cussing the electrical properties of polymers with references to further read-

ing.

Semicrystalline material: A polyethylene molecule typically consists of
103 - 10° repeating -CH,, units. These long molecules build up asemicrystal-
line structure consisting of crystalline and amorphous regions [9]. In the
crystalline regions the polymer chains are arranged in folded structures
called lamellas as shown in Figure 2.1.
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6 2.1 Basicterms

Figure 2.1 Two-dimensional model of a lamella structure. The polymer
chains are folded back and forth on themselves to form a

semicrystalline, ribbon-shaped region known as a lamella. lllustration
from Billmeyer [9].

Charge injection: Electrons or holes entering the insulation from the elec-
trodes must overcome an energy barrier. The height of the barrier is deter-
mined by the work function of the metal and polymer. High fields can reduce
both the barrier height and width. These effects are included in the Schottky
and Fowler-Norheim models for charge injections [ 10, 11]. The shape of the
barrier will be modified by surface states arising from chemical and physical
defects at the interface [12].

Charge traps: The chemical and structural defects existing in disordered
regions of a polymer act as traps for electrons or holes [13]. The trap depth
Isgiven by the amount of energy required to release the charge from the trap.
Thermally stimulated current measurements (TSC) on polyethylene have
shown that the trap characteristics are closely related to the polymer mor-
phology. The origin and depth of the traps in different types of polyethylene
has been discussed in areview by leda[14].

Conduction: The conductivity of polyethylene is very low, typically less
than 108 Qtm™ at 40°C [15]. The conductivity increase with increasing
electrical field and temperature. At low fields the conduction is ohmic but at
high fields (>10 kV/mm) the conduction becomes non-linear. In the high
field region the charge transport can be described as a field-dependent hop-
ping transfer of electrons between the charge traps [10, 11]. The electrons
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2.1 Basicterms 7

taking part in conduction can be injected from the cathode or released from
donorsin the bulk of the insulation. Several electrode- and bulk-limited con-
duction mechanisms have been proposed for polyethylene but there is no
general agreement about which model to apply. A review of the conduction
mechanismsin general and the specific case of polyethylene can be found in
the book by O’ Dwyer [11].

Space charge: Space chargeislocalized charge of one polarity which is not
compensated by an equal charge concentration of opposite polarity at the
same location [16]. This charge causes a local field enhancement given by
Poisson’ s equation:
_ Pc

VE == (2.1)
where p.. is the charge density (Cm'3) and € is the permittivity. One example
of space chargeisionized donorsthat areleft behind by the electrons donated
to the conduction band. Another exampleis electrons or holes trapped in the
amorphous regions of the polymer as was discussed previoudly. If the elec-
tron or holeistrapped by alocal arrangement of the molecular chains (cavity
trap, self-trap) no counter charge is present and a space charge arises[14].

Homocharge: Space charge of the same polarity as the adjacent electrodeis
termed homocharge, see Figure 2.2. Homocharge is generated when charge
injected from one or both electrodes istrapped in the vicinity of the injecting
electrode. This can be viewed as a situation where more charge is injected
from the electrodes than the insulation is able to carry off [17]. The homo-
charge reduces the field at the electrode, the injection decreases and the
charge distribution stabilizes.

Heterocharge: Space charge of the opposite polarity as the adjacent elec-
trode is termed heterocharge, see Figure 2.2. One possible origin of hetero-
charge is ionization of low molecular species. Heterocharge can also be a
result of insufficient injection from the electrodes. Charge move faster
through the insulation then it is supplied from the electrodes, and a layer of
heterochargeisleft in the electrode regions [17]. The heterocharge enhances
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8 2.2 Effect of thermal oxidation during DC electrical ageing

the field at the electrodes, the injection of charge from the electrodes
increases and again the charge distribution stabilizes.

homochar ge heterochar ge
cathode anode cathode anode
_ N —
_ & ty _
N + 4 _ - +
_ n —
— + + —

Figure 2.2 lllustration of homo- and heterocharge accumulation in the
anode and cathode regions of the insulation.

2.2 Effect of thermal oxidation during DC electrical ageing

In extruded polymeric cables oxidation may take place both during produc-
tion and service. Crine et a. [18] investigated a series of extruded polyethyl-
ene transmission and distribution cables. They found that al cables, even
unaged ones, contained traces of oxidation and that the oxidation increased
during ageing. Many investigations have been carried out to see how oxida-
tion affects the electrical properties of polyethylene. Some important results
will be summarized below.

2.2.1 The oxidation process

Oxidation is the most important mechanism giving rise to chemical degrada-
tion of polymers. It takes place when polymeric materials are exposed to el e-
vated temperatures or UV-radiation in the presence of oxygen. Molecular
oxygen attacks the hydrocarbon chains and initiates a series of reactions.
This process is termed autoxidation. It is slow in the beginning, but after an
induction period the rate of oxidation increases rapidly; the first formed oxi-
dation products accel erate further degradation [ 19]. The autoxidation process
results in formation of carbonyl groups (C=0), hydroperoxides (C-O-O-H)
and carbon-carbon double bonds (C=C).
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2.2 Effect of thermal oxidation during DC electrical ageing 9

2.2.2 Conduction current and space charge accumulation

Severa investigations have shown that the electrical conductivity increases
with oxidation in polyethylene [20,21,22]. This increase is explained by
enhanced charge injection from the electrodes and formation of localized
states below the conduction band resulting in easier charge transportation.

M easurements of space charge accumulation also suggest increased charge
injection from the el ectrodes due to oxidation. Suzuoki et al. [23] have shown
that negative charge accumulates near the cathode when PE is oxidized in
ozone atmosphere. They observed no positive charge near the anode, indicat-
ing that it was mainly the electron injection from the cathode that was
affected by the oxidation. Dominating electron injection from the cathode is
also supported by leda et al. [22] who measured the electric field at the elec-
trodes in oxidized samples. They observed a large reduction in the cathode
electric field but only asmall decreasein the anode electric field due to accu-
mulated charge. Both Suzuoki and leda found that the amount of negative
charge near the cathode decreased with increasing temperature.

2.2.3 Electrical breakdown

Increased electrical current and space charge accumulation due to oxidation
will affect the breakdown strength of the insulation. For thin PE films (20 -
150 um) there seemsto be ageneral agreement that oxidation reducesthe DC
breakdown strength in the temperature range from 20 - 90°C. Thisresult is
obtai ned both when the sampl es are oxidized in ozone atmosphere [20,21,24]
and when thermally aged at 100°C [25]. Thereduced DC breakdown strength
Is explained by localized Joule heating due to the increased high field con-
duction in oxidized samples. Tsurimoto et a. [24] have observed increased
Joule heating due to oxidation. They found an inhomogenous heating across
thefilm areaand observed that breakdown occurred at the hottest spot on the
film. The inhomogenous heating was explained by enhanced heating in weak
parts of the insulation, i.e. in amorphous regions with high concentration of
oxidation products.
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10 2.3 Effect of the antioxidant additive

2.3 Effect of the antioxidant additive

All extruded polymeric cables contain antioxidant additives in order to slow
down the oxidation process. Chain terminating antioxidants like SantanoxR
and Irganox are the most common for cable insulation. These antioxidants
are hydrogen donors and replace the very reactive -R-O,’ radicals by stable,
non-reactive radicals [26]. Thisretards the chain reaction and slows the oxi-
dation. Figure 2.3 shows the chemical structure of the SantanoxR molecule.

t-Bu t-Bu
CHj, CHj,

Figure 2.3 Chemical structure of SantanoxR [26]. t-Bu is a butyl group,
i.e. a chain of four carbon atoms connected by single bonds.

The two hydroxide groups are the active parts of the SantanoxR. The
chemical reaction is shown in Figure 2.4 where the SantanoxR molecule is
represented as OH-A-OH.

OH-A-OH * -R-0, — OH-A-0 * -R-O)H

SantanoxR perOXy non- rgactl ve hydro_
radical radical peroxide

Figure 2.4 The chemical reaction between SantanoxR and the free
radicals taking part in the oxidation process.

2.3.1 Space charge accumulation
The antioxidant may give rise to space charge accumulation in several ways,

indirectly by altering the polymer morphology or directly by acting as a
charge source or trapping site.
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2.3 Effect of the antioxidant additive 11

Cartwright et al. [27] compared L DPE with and without an antioxidant addi-
tive (unknown type) with respect to morphology and space charge accumu-
lation. They found that in samples without antioxidant there was a
considerable variation in morphology through the sample; some regions had
a fine texture while others consisted of large spherulites. The samples with
antioxidant on the other hand had a uniform microstructure consisting of
small spherulites. Thiswas explained by the antioxidant acting as nucleating
agent for the formation of spherulites. Based on the morphology observa-
tions one would expect less charge to accumulate in LDPE with antioxidant,
but this was not the case. A large amount of negative charge accumulated
close to the anode in LDPE with antioxidant, no positive charge was
observed. After 48 hours of ageing at 60 kV/mm and room temperature the
anode electrical field was doubled due to the accumulated charge. They con-
cluded that the antioxidant acted as a localized state trapping negative
charge, while the microstructure was only a second-order effect.

A similar observation of negative charge close to the anode in LDPE with
antioxidant was made by Mizutani et al. [28]. Other workers have observed
both positive and negative heterocharge in LDPE with antioxidant [29, 30].
Thetype of antioxidant used isnot given in any of theinvestigationsreferred
to here. Thus different types and concentrations of antioxidant may explain
the different space charge results.

2.3.2 Consumption and migration of antioxidant

During production and service the antioxidant is consumed, and thus the pol-
ymer isonly protected for a certain period of time. Consumption of the anti-
oxidant can be significant during production when the temperature is high,
while at normal service temperatures (below 70°C) the consumption is a
slow process. As an example alow density polyethylene sample with 0.1%
antioxidant additive was protected for 100 hours at 140 °C while the protec-
tion time at 70°C was extrapolated to 200 years [31]. A protection time of
200 yearsis not obtained in reality since another mechanism comesinto play
at temperatures below the melting point of polyethylene: Most antioxidants
have avery limited solubility in solid L DPE and consequently migrate out of
the polymer [32]. In the example above the actual protection time at 70°C
was measured to be 90 days due to the loss by migration [31].
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12 2.4 Effect of mechanical properties

L oss of antioxidant due to migration has also been observed in high voltage
cables. Parpal et a. [33] measured the radial antioxidant profile in aged and
unaged cross-linked PE (XLPE) transmission cables. They found a region
depleted of antioxidant close to the semiconductive shields both in unaged
and aged cables. This was not the case in LDPE cables investigated by
Andref et al. [34]. They observed a homogenous distribution of the antioxi-
dant through the insulation shortly after fabrication, but when the cables had
been stored several years at room temperature the region close to the semi-
conductive shield was completely depleted of antioxidant. This difference
between the investigations could be due to the higher production temperature
for XLPE cables compared to LDPE cables. Andref} also found that the dif-
fusion of the antioxidant was controlled by the semiconductive shields. In
samples without semiconductors no concentration gradient was observed
after ageing. Thus they concluded that the antioxidant was absorbed at the
insulation/semiconductor interface and that the carbon particles played an
important role in the absorption due to large active surfaces.

2.4 Effect of mechanical properties

2.4.1 Breakdown

Y oung’s modulus is a measure of the resistance to deformation of a material
when an external force is applied [35], and in polyethylene this elastic mod-
ulus decreases rapidly with increasing temperature[36]. It iswell known that
the breakdown strength of polyethylene also shows a strong decrease with
increasing temperature above 30°C [37], and in 1955 Stark and Garton [38]
introduced the theory of electromechanical breakdown for polyethylene.
According to this theory, compression of the polymer caused by the applied
electrical stress leads to electromechanical instability and breakdown. The
critical field at which the instability occursis given by [39]:

_ G
E itica = 0-61 J:—e (2.2)

where G is Young's modulus and ¢ is the static dielectric constant. The cal-
culated critical field for temperatures above 50°C agrees well with the meas-
ured breakdown level in PE. Stark and Garton also showed that crosslinking
of PE by irradiation significantly increased the breakdown level at high tem-
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2.5 Irregularitiesin the insulation system 13

peratures. This was in agreement with the corresponding improvement of
Y oung’s modulus in the crosslinked polymer.

2.4.2 Ageing

When polyethylene is subjected to thermal ageing Young's modulus may
change due to annealing and recrystallization [40] or degradation caused by
oxidation [41, 42]. According to the electromechanical breakdown theory
thiswill ater the breakdown level of PE at temperatures above 50°C. As an
exampleit has been shown that the breakdown level of high density polyeth-
ylene at 90°C increased due to annealing and corresponding improvement of
Y oung’s modulus [43].

During electrical ageing the polymer is subjected to a continuous el ectrome-
chanical stress. Accumulated space charge will attribute to this stress due to
local enhancement of the electrical field. Dissado et al. [44] have discussed
the possibility of microvoid formation and crazing in the regions with high
electromechanical stress, which eventually will lead to initiation of electrical
breakdown. The electrical field necessary to initiate this process will depend
on the elastic modulus of the insulating material.

2.5 Irregularities in the insulation system

An extruded polymeric insulation system will inevitably contain different
types of defects like conducting or non-conducting inclusions, protrusions at
the semiconductive electrodes or voids. In the case of extruded AC cablesit
iswell known that such defects reduce the endurance of the cable [45,46,47].
The defects giveriseto local field enhancement and initiate electrical treeing
or water treeing.

The effect of defects on the long term endurance under DC conditions has
been less investigated, but work done by Chen et al. [48] indicates that
defects have the same detrimental effect under DC fields. They introduced
artificial defectsin LDPE test samples which were aged with a constant DC
voltage at room temperature. Both 50 um copper spheres and 50 um voids
reduced the characteristic insulation life time from approximately 6000 to
2000 hours compared to control samples without defects. One should be
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14 2.5 Irregularitiesin the insulation system

aware that these defectswererelatively large, they made up about 30% of the
total insulation thickness. Such large defects are not very likely to appear in
an extruded cable. Chen et al. also performed measurements of short term
DC breakdown strength. The size of the particles was varied and they found
that particles with adiameter below 15 um had little effect on the short term
DC breakdown strength.

Many experiments have been performed with a needle-plane electrode con-
figuration to simulate the inhomogenous field around a defect or protrusion
in polyethylene[49-51]. Thishas mainly been short term experimentsrelated
to DC electrical treeing and breakdown. An advantage of needle experiments
isthat the electrostatic field around the needletip iswell defined. Mason [49]
has showed that the maximum electrostatic field at the needle tip in the
absence of space chargeisgiven by:

E =-_ 2V (2.3)

max
rln(l + 4?)

where V' isthe applied voltage, » isthe needle radius of curvature and d isthe
distance from needle to plane. This expression isvalid when d > 10r.

leda et al. [50] performed needle experimentswithr =5 umand d = 2 mm.
They observed DC treeing for voltages above 50 kV depending on polarity
and voltage rising speed. This correspondsto an electric field > 2700 kV/mm
which is about 4 times the intrinsic breakdown strength of polyethylene. PE
can not survive at such high fields and it was concluded that homo-space
charge must accumulate around the needle tip and cause afield reduction.

The needle experiments have also shown that DC tree inception and break-
down isvery dependent on the polarity of the needletip. The breakdown and
tree initiation voltage is always higher with negative polarity on the needle
tip. For example, Kawamuraet al. [51] found that the DC tree inception volt-
age in LDPE was 100% higher with negative polarity compared to positive
polarity. Mason [49] and leda [50] explained the polarity effect by the differ-
ence in hole and electron injection: With a negative needle electrons are
injected until the electrical field at the needletip reaches athreshold valuefor
injection. In the case of a positive needle the homo charge is created when
electrons are extracted from the polymer at the anode, leaving a positive
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2.6 Effect of DC polarity reversal 15

charge behind. The number of electrons available for extraction is limited
and thus less positive charge is formed and the screening of the needleisless
efficient under positive polarity.

The homo-charge accumulationin thevicinity of adefect may become aseri-
ous problem if an abrupt grounding or polarity reversal takes place. Thiswill
be discussed in the next section.

2.6 Effect of DC polarity reversal

Many investigations have shown that DC polarity reversal is very critical in
the case of extruded insulation [3]. Thisis due to the accumulation of space
charge during DC voltage application giving rise to field enhancement in
parts of the insulation when the polarity is reversed. Defects causing inho-
mogenous fields are especially critical during polarity reversal. Homo-
charge accumulates during the DC period and reduce the electric field in the
vicinity of the defect (Section 2.5). If the polarity is changed abruptly the
homo chargeis converted to hetero charge. Thisresultsin avery high electric
field exceeding the intrinsic breakdown strength of the polymer. Thus a par-
tial breakdown takes place in the insulation.

Needle experiments can give information on the mechanisms that take place
in the vicinity of a defect during polarity reversal or grounding. A common
approach isto apply a DC voltage to the needle for a certain period of time
before a fast grounding is performed. If an electrical tree is generated the
length isrecorded. ledaet al. [50] have performed thistype of grounding tree
experiments on LDPE. They found that the length of the electrical tree
depended on the DC prestress time. At 30°C a maximum tree length was
reached after 20 minutes of prestress while this time was reduced to 5 min-
utes at 60°C as shown in Figure 2.5. A marked polarity effect was observed:
The length of the trees formed after a positive DC prestress was only 1/6 of
thetree length obtained with negative polarity. Thiswas explained by thefact
that less charge accumulates around a positive needle (Section 2.5) resulting
in a weaker field enhancement at grounding. There is a general agreement
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16 2.6 Effect of DC polarity reversal

that the length of the grounding treeis closely related to the amount and dis-
tribution of the space charge accumulating during DC prestress [50 - 53].
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Figure 2.5 Effect of duration of DC prestress on the length of short-circuit
tree. (From leda et al. [50])

Shimizu and Uchida [54, 55] have described electrical tree initiation in
regions with inhomogenous field from a more chemical point of view. They
worked with AC voltages in their needle experiments. According to Mam-
meri the mechanism for electrical treeinitiationisvery ssimilar under AC and
DC polarity reversal [52, 56] and thus the results may be relevant in these
casesaswell. Thework of Shimizu and Uchidashowed that oxidation played
an important role in the electrical tree initiation. The tree initiation voltage
was six times higher in samples where oxygen was removed by vacuum
degassing than in samples kept in air atmosphere. This was explained in
terms of an autoxidation process: chain scission caused by injected electrons
from the needle was the first stage of the tree initiation. Free radicals were
formed and reacted with available oxygen. New radicals were formed and an
autoxidation process developed. This led to a rapid development of a tree
channel. In the absence of oxygen no autoxidation took place and this
resulted in aconsiderably higher treeinitiation voltage. FTIR measurements
confirmed that a higher number of C=C and C=0 groups were present in the
vicinity of the needletip compared to the bulk of the material even at thevery
early stage of tree initiation.
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2.7 Discussion

This review has summarized experimental results related to ageing of poly-
meric insulation under HVDC conditions. The referred results served as a
basis when choosing the four working hypothesis of Section 1.2. It is clear
that more work is required to make any conclusions on the hypothesis, and
thiswill be discussed in the following sections.

Hypothesis 1. Thermal oxidation has a negative effect on the long term
HVDC properties of LDPE.

Thisliterature survey has shown that oxidation gives rise to enhanced charge
injection from the electrodes under DC stress, which again reduces the DC
breakdown strength. The majority of the experiments were performed with
thin films (<100 um) heavily oxidized after being kept in an ozone atmos-
phere for afew hours. In order to understand how thermal oxidation affects
the long term HVDC properties it is necessary to perform experiments on
thicker samples which are thermally oxidized at normal operation tempera-
ture. In addition it is not clear whether oxidation is accelerated in the vicinity
of irregularities. Shimizu et a. [55] have measured enhanced oxidation
around a needletip under AC conditions, but what happens at a defect when
aDC field is applied? Chen et al. [48] observed oxidation close to a particle
after long term DC ageing, but this observation was done at a breakdown site,
and thus the oxidation was probably caused by heat generated during break-
down. FTIR spectroscopy should be carried out systematicaly around
defects after ageing with DC and DC polarity reversal voltage to see if
defects accel erate oxidation.

Hypothesis 2: The antioxidant additive prevents thermal oxidation but is a
source of space charge accumulation in the insulation which may have a neg-
ative effect on the long term performance.

From the literature reviewed it is clear that an antioxidant additive may give
rise to large heterocharge concentrations. All these experiments were per-
formed at room temperature during a short period of time (hours). What hap-
pens during long term ageing at higher temperatures? Migration, depletion
and consumption of the antioxidant will affect the space charge generation.
L ong term ageing of L DPE with and without antioxidant must be carried out
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18 2.7 Discussion

in order to evaluate whether the antioxidant has a net negative effect on the
HVDC properties.

Hypothesis 3: Inclusions in the insulation or protrusions at the electrodes
aredetrimental to theinsulation and reducetheinsulation lifetime under DC
electrical ageing.

Few experiments have been reported concerning the influence of defects on
the HVDC endurance. Chen et a. observed a reduced time to breakdown
when different types of defects were included in the insulation. The particles
were large compared to the insulation thickness and one should perform long
term experimentswith smaller particlesin order to obtain amore realistic sit-
uation. The short term needle experimentsreviewed here have focused on the
inception voltage for DC treeing. It has been shown that electrical trees are
initiated from the needle tip when the DC voltage exceeds a certain level.
What happens around the needle tip if a DC stress is applied for a longer
period of time? L ong term experimentswith needle-plane el ectrodes can give
information on degradation in the high field area around defects in extruded
insulation.

Hypothesis 4: Polarity reversal or fast grounding accelerates the ageing
process in the vicinity of particles or protrusions.

Needle experiments have shown that defects in extruded insulation are par-
ticularly critical if the polarity isreversed or the voltageis grounded abruptly.
Therisk of electrical treeinitiation is high since homocharge injected during
the DC period is converted to hetero charge at reversal, and this resultsin a
very high local field stress. Again it is mainly short term results that are
reported and it is necessary to perform long term experiments to learn more
about the ageing process in the vicinity of particles or protrusions.
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Chapter 3

EXPERIMENTAL TECHNIQUES

This chapter contains two main parts. First the materials and types of test
objects are described. There are three types of test objects; homogenous
objects, objects with included iron particles and objects with needle prints.
The first type was used for space charge measurements while the two last
ones were used for breakdown tests and long term ageing. The second part
deals with the different characterisation techniques used. These techniques
include the PEA method for detecting accumulated space charge, FTIR for
determination of oxidation degree and crystallinity and DSC measurements
to reveal the melting properties and antioxidant content of the materials.

3.1 Materials

3.1.1 Insulating material

All the investigations throughout this thesis have been performed on low
density polyetyhlene (LDPE) with and without the antioxidant additive San-
tanox R. LDPE was selected as insulating material since this is one of the
main materialsused for extruded A C cableinsulation. A HVDC cable system
with LDPE insulation has already been devel oped and has shown promising
behaviour [7]. The other material widely used for AC cables is cross-linked
polyetyhlene (XLPE). Antioxidant additive is required in XLPE due to the
high cross-linking temperature of typically 180°C [58]. After manufacturing
XLPE must be subjected to a degassing procedure at a temperature of typi-
cally 70 - 90°C for several days to remove volatile by-products from the
cross-linking process [58]. This heat treatment may alter the polymer mor-
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20 3.1 Materials

phology and the antioxidant concentration and distribution as discussed in
Chapter 2. LDPE was thus preferred since it gave the opportunity to work
with an additive free materia that had not been subjected to any thermal
treatment before the electrical measurements started.

The materials with product codes LE4147 and LE1800 for LDPE with and
without antioxidant respectively, were supplied as pelletsfrom Borealis. The
two materials were of the same cable quality, super clean, but LE1800 was
removed from the production line before the antioxidant was added. The
antioxidant concentration was not given by the manufacturer but was proba-
bly in the range from 0.4 - 1.0 weight%.

3.1.2 Electrodes

The electrodes were either aluminium or gold deposited with a JEOL JEE-
4X vacuum evaporator with resistive heating source. Semiconductive elec-
trodes were considered since this would give test objects with a construction
more similar to real cables. The semiconductive materials commercialy
available from Borealis consist of ethylbutylacetate (EBA) with added car-
bon black and the antioxidant additive Santanox R. Preliminary tests with
such electrodes revealed diffusion of low molecular EBA components from
the electrodes into the insulation. This is shown in Figure 3.1 where the
absorbance of the ester group in EBA has been measured through a cross-
section of test objects with and without semiconductive electrodes. The fig-
ure clearly demonstrates the diffusion of low molecular weight EBA from
the semiconductive electrodes and this type of diffusion has also been
observed by others [57]. The main focus of this thesis was the ageing prop-
erties of the insulating material itself, and influence of the electrodes was not
desired. In addition the diffusion is difficult to control and will vary with
time, temperature and sample thickness. Therefore it was decided to use
metal electrodes.
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—&— with semiconducting electrodes
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Figure 3.1 The ester absorbance at 1735 em™! through a cross-section of
test objects with and without semiconductive electrodes.

3.1.3 Particles

Iron particles were selected to investigate the effect of conducting particles
on the long term insulation properties. This was motivated by the fact that
iron contaminations are found in medium and high voltage extruded AC
cables[58]. In additionit isknown that iron acts as a catalyst in the oxidation
process [19] and may thus be the most critical particle type during long term
ageing. Theiron particles used wereirregular shaped with a diameter of 45 -
55 um, see Figure 3.2.
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Figure 3.2 Irregular iron particles viewed with scanning electron
microscope (SEM) at 100 (a) and 1000 (b) times magnification.

3.2  Preparation of test objects

3.2.1 Homogenous test objects

A laboratory twin-screw extruder was used to make an LDPE tape of the
received pellets. The extruding temperature was 140°C. This extrusion proc-
ess gave ahomogenous material and thus effects of the pellet-interfaces were
eliminated.

Thetape was cut into tablets and put into moulds. Nine test objects were pre-
pared in one batch. The nine mouldswere kept in an hydraulic pressat 115°C
with a pressure of about 14 kPa (4-5 tons) for 30 minutes. Then the pressure
wasincreased to 100 kPa (30 tons) and the moulds were cooled to room tem-
perature at arate of approximately 10°C/ minute. Hagen [58] gives adetailed
description of both the extrusion process and the pressure moulding.

The resulting test objects were cup-shaped with Rogowski profiled elec-
trodes, see figure 3.3. Due to the Rogowski profile the electric field is
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3.2 Preparation of test objects 23

homogenous and has its highest value in the centre section of the cup. The
flat centre section was 42 mm in diameter. The 40 mm high skirt prevented
externa flashover when high voltage was applied. The insulation thickness
was 0.5+ 0.1mm. The test objects were equipped with evaporated aluminium
or gold electrodes.

40 mm

42 mm

J |V d=0.45- 0.55 mm

A i

aluminium/gold electrodes

Figure 3.3 Homogenous test object

3.2.2 Test objects with included iron particles

The particles were mixed with LDPE granulate and hot rolled at 120°C to
form 0.5 mm sheets containing randomly distributed iron particles. Cup-
shaped objects were prepared as described in Section 3.2.1 but theflat centre
areawas removed. Then the remaining skirts and the sheets containing iron
particles were mounted together. This was done by placing the parts in
moulds and inserting them into the hydraulic press. 100 kPa (30 tons) were
applied and the temperature was raised to 114°C. The moulds were kept
under pressure for 45 minutes before they were cooled to room temperature
at arate of 10°C/minute. The resulting cup-shaped test objects with included
iron particles is shown in figure 3.4. The particle concentration in the final

test objects were about 4 particl es/cm? and one particle made up about 17%
of thetotal insulation thickness.

Reference test objects were aso prepared following the same procedure as
described above but without adding iron particles. The insulation thickness
of the test objects with iron particles was 0.3 £ 0.05 mm while the reference
test object had a thickness of 0.2 £ 0.05mm.
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42 mm
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_'T A
aluminium
electrodes

Figure 3.4 Test object with included iron particles.

3.2.3 Test Objects with needle prints

Cup-shaped test objects with an insulation thickness of 2.35 + 0.1mm were
prepared using the same procedure as described in Section 3.2.1. Three nee-
dle prints were made in the bottom of each test object as shown in figure 3.5.
This was done using the following procedure: The test object was heated to
a temperature of 95°C. At this temperature the insulation was soft but not
melted. Three needles were inserted into the test object under a controlled
pressure. The needles were mounted on acylindric plate to assure equal pen-
etration depth for each needle.

64 mm
20 mm
Aluminium ® O
electrodes ®
v
0.5mm
AN

@ (b)

Figure 3.5 Test object with needle prints. Cross-section (a) and view from
bottom (b).

The test object was cooled to room temperature at a rate of approximately
10°C/minute before the needles were removed. The needles used were com-
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mercial treeing needles from Ogura Jewel Industry Co. with abend radius of
10 um. The resulting needle prints had a bend radius of 6 + 1.5 um and the
distance from needle to plane was 0.5 + 0.1mm. Aluminium electrodes were
deposited by vacuum evaporation and microscope inspection verified that
aluminium covered the entire needle print, see figure 3.6.

Figure 3.6 Cross-section trough needle print with aluminium
electrode.

3.3 Characterization techniques

3.3.1 Measurement of space charge accumulation

During the last two decades several non-destructive methods for space
charge measurements have been developed. A common feature of all these
techniquesisthat the charged sampleis subjected to a disturbance, for exam-
ple a pressure wave, an electrical pulse or a therma pulse. The material
response to the disturbance is recorded and gives information about the
amount and distribution of accumulated charge. The different techniques
have been reviewed by several authorslately [59, 60]. In the current work the
pulsed electro-acoustic method (PEA) was applied. This method was first
proposed by T. Takadain 1985 [61].
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Principle of the PEA method

With the PEA method a high voltage pulse is used to measure accumul ated
charge. The applied pulse sets up an electric field through the sample which
induces asmall movement of the charge. This movement generates an acous-
tic wave which travel s through the sample and is recorded by a piezoelectric
sensor. Deconvolution and calibration of the recorded signal is necessary to
obtain the space charge distribution. A detailed description of the PEA prin-
ciples have been given by several authors, for example Maeno et a. [62] and
Sanden [63].

Experimental setup

The experimental apparatus used was delivered by Potential Cooperation.
Figure 3.7 gives aschematic view of the experimental layout. The geometri-

cal resolution of the instrument is 70 um and the sensitivity is 0.1 n"C/mm3.
The applied pulse has an amplitude of 300V, the pulse widthis28 nsand is
applied repeatedly every 23 ms. A DC voltage up to +/-12kV can be applied
during measurement. The output signal was recorded with a digitizing oscil-
loscope. Further data processing like deconvolution and calibration is per-
formed using the computer program Igor Pro. The data processing steps have
been presented in more detail by Sanden [63].

Figure 3.8 (a) and (b) shows two examples of calibrated space charge pro-
files, one without and one with internal space charge respectively. The test
object without internal space charge was subjected to a DC voltage of 4 kV
during measurement. The applied voltage induced surface charges at the
electrodes as can be seen from the graph. We observe that the second charge
peak has an amplitude which is almost twice as large as the amplitude of the
first peak. This is caused by a reflection of the acoustic wave at the upper
electrode in the setup. After 4 weeks of electrical ageing a negative charge
had accumulated in the bulk of the test object as can be seen from Figure
3.8 (b). This negative charge induced positive image charges at the elec-
trodes to ensure neutrality. No DC voltage was applied during measurement
and thiswas in general the case for all the space charge profiles presented in
thisthesis.
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Figure 3.7 Experimental setup for space charge measurements
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Figure 3.8 Example of space charge profiles recorded with the PEA
method. (a) Test object with no internal space charge subjected to an
applied voltage of 4 kV during measurement. (b) Test object with negative
space charge in the bulk, no voltage applied during measurement.
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Measuring procedure

The test objects were aged in an oven at elevated temperatures but were
cooled to room temperature with the aid of a water circulating plate before
the voltage was turned off and the space charge measurements carried out. A
small drop of silicon oil was placed on the bottom electrode of the test object
to assure acoustic coupling towards the PEA sensor. To increase the signal
to noise ratio the signal was measured 2000 times and averaged.

3.3.2 Infrared spectroscopy

The oxidation level in the aged test objects was measured with a Fourier
Transform Infrared (FTIR) microscope [64]. The instrument used was a Per-
kin-Elmer micro-FTIR equipped with a liquid nitrogen cooled MCT detec-

tor. The ketonic carbonyl absorption at 1720 cm™ was used as a measure of
the oxidation level [66]. The concentration of carbonyl groups was calcu-
lated from the obtained spectra by applying Beer’slaw [65]:

I
Iogl—0 = odC = A (3.1)
Here I, is the background intensity and / is the band intensity at the wave-

length of interest as shown in Figure 3.9. 4 isthe absorption, C isthe concen-
tration of absorbing groups, d is the sample thickness and o is the absorption

coefficient. For the ketonic carbonyl absorption o is 5.88 (weight%* mm)™t
[66].

The sampl e thickness at the measuring point was obtained from the absorp-

tion at 1895 cm™t indicated in the figure above. This absorption is character-
istic of the polymer itself (C-H deformation modes in polyethylene) and is
not influenced by oxidation or morphology changes[67]. A calibration curve

showing the relationship between the absorbance at 1895 cm™t and sample
thickness was established based on measurements on specimens with known
thickness, see Figure 3.10.
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Figure 3.9 The band intensity and the background intensity is shown for
the carbonyl absorption at 1720 em™
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Figure 3.10 Calibration curve for determination of sample thickness.
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3.3.3 Differential Scanning Calorimetry

The principle of Differential Scanning Calorimetry (DSC) is to heat the pol-
ymer material following a pre-defined time-temperature ramp. When the
material undergoesathermal transition more or lessenergy isrequired to fol-
low the ramp depending on whether the transition is endothermic or exother-
mic respectively. This changein energy demand is recorded and is a direct
measure of the heat of transition [68]. DSC was used for two different pur-
poses. To estimate the degree of crystallinity in the test objects and to deter-
mine the antioxidant concentration. The instrument used was a Perkin Elmer
DSC7.

Degree of crystallinity

The experimental parameters used are shown in table 3.1. The nitrogen gas
flow was adjusted by purging the gas-outlet through water and counting the

gas bubbles. 1 bubble per second corresponding to approximately 1 cm3/
minute was found suitable to achieve reproducible measurements. Figure
3.11 shows atypical melting characteristic of extruded LDPE. The integral
of the curve from onset to baseline return gives the melting enthalpy, AH,,

of the material. The percentage crystallinity, W, is proportional to AH,,:

100AH
= —-—_m
We AHc

where AH. is the melting enthalpy of 100% crystalline material. For
polyethylene AH. has been determined to 277 J/g [76].

Table 3.1: Experimental parameters, DSC

Crystallinity Oxidation
Parameter

measurement Temperature
Heating rate 10°C/min. 10°C/min.
Temperature range 50 - 150°C 50 - 300°C
Sample weight 5-15mg 5-15mg
Gas purge Nitrogen Oxygen
pan closed aluminium pan | open aluminium pan
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Figure 3.11 Melting characteristic of extruded LDPE with antioxidant.
AH,, = 106 J/g which is equivalent to 38% crystallinity.

Antioxidant concentration

The antioxidant concentration is related to the onset of the exothermic oxida-
tion process. Two different approaches can be used to measure this onset, the
isothermal or dynamic method:

1. Isothermal: The sample is heated to atemperature well above the melting
point under nitrogen atmosphere. When isotherma conditions are
achieved the atmosphere is changed to oxygen and the time to onset of the
oxidative reaction is measured. The onset time is termed oxidation induc-
tion time, oit.

2. Dynamic: The sampleis purged with oxygen while the temperature of the
sampleisraised at aconstant rate. The temperature for the start of the exo-
thermic reaction isrecorded. Thistemperatureistermed the oxidation tem-
perature, T, ..

The dynamic method was chosen in thiswork since it was best suited for the
available DSC equipment and software. In addition, Crine et al. [18] have
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shown that both methods gave a good indication on the antioxidant concen-
tration in aged polyethylene cables. The experimental parameters used are
listed in table 3.1. The selection of the parameters was based on the recom-
mendations given by Karlsson et al. [69] who have performed a thorough
study of the dynamic method. The oxygen gas flow was adjusted upwards
until the oxidation temperature stabilized at a minimum level. According to

Karlsson this minimum level is obtained when the gas flow is above 50 cmd/
min. Figure 3.12 shows a typical dynamic run of LDPE with and without
antioxidant.

The exact concentration of Santanox R in the LDPE granulate was not given
by the manufacturer, and thusit was not possibleto correlate the obtained T,
valuesto real concentration values. Therelative comparison of the T, values
of the material before and after ageing still gives information on how much
antioxidant that has been consumed during ageing. One should just be aware
that the relationship between T, and the antioxidant concentration isnot lin-

ear. In the case of Irganox 1010 which is an antioxidant of the same type as
Santanox R, Karlsson et al. [69] found astrong increasein T, at antioxidant
concentrations below 0.2 weight% followed by a weaker increase at higher
concentrations.

—— with antioxidant
6 — - - - without antioxidant

Heat flow (W/g)
o
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Figure 3.12 Dynamic measurement of oxidation onset.

URN:NBN:no-6341



3.3 Characterization techniques 33

3.3.4 Mechanical strength

A tensile stress-strain test was performed to obtain Y oung’ s modulus of elas-
ticity for unaged and aged materials. A tensiletesting apparatus of type LIoyd
LR5K was used for these measurements. The apparatus was equipped with
an oven and tests were performed in the temperature range from 20 to 70°C.

0.8 mm slabs of LDPE with and without antioxidant additive were used for
the mechanical testing. The slabswere prepared by pressure moulding of pre-
extruded material following the same procedure as described in Section
3.2.1. Dumbbell shaped specimens were cut from the slabs and mounted in
the tensile apparatus. The specimens were stretched at a constant speed of 20
mm/minute and the applied stress was continuously monitored with a PC.

Figure 3.13 shows a typical mechanical run with applied stress vs. time.
Y oung’ s modulus was calculated from the slope in the initial period:

AS _ AS [Pa] (3.2)
VoAt

IO
Here AS isthe change in applied stress during the time period A¢ as shownin
Figure 3.13, /,.;.1ive 1ISthe relative elongation, v isthe pulling speed and /) is

the original length of the specimen.

Y =
|

relative

URN:NBN:no-6341



34 3.3 Characterization techniques
16,67 S R
Y i - I,
12, 50— ",
| |
= |
£ i
. ®, 333 l |
g | { AS=16.67 Mpa
- | ]
|
L. 16T 1‘,"
o, 000 J- S : e —— =
2. ] 16.43 33 .65 L1 ] 5. 70
L At=384s Timm {wmc)

Figure 3.13 Tensile stress-strain test of LDPE specimen at 20°C.
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Chapter 4

CHANGE IN MATERIAL
PROPERTIES DUE TO
THERMAL AGEING

4.1 Introduction

When low density polyethylene is subjected to thermal ageing the material
undergoes several changes which can affect the electrical properties. In this
chapter results from experiments performed to investigate the effect of ther-
mal ageing on crystallinity, mechanical strength and oxidation will be pre-
sented. The results obtained will serve as a fundament when discussing the
results from the electrical tests in the following chapters.

4.2 Experimental

The experimental techniques used for the characterization are described in
Section 3.3. The measurements were mainly performed on the same cup
shaped test objects aswere used in the electrical tests, and the manufacturing
procedure is given in Section 3.2. One exception are the mechanical tests
which were performed on 0.8 mm circular slabs prepared for this purpose,
see Section 3.3.4. Crystallinity measurements were aso performed on these
dlabs in order to examine the correlation between changes in mechanical
strength and crystallinity after thermal ageing.

Thethermal ageing was performed at 70 and 90°C which are the main ageing
temperatures used in the experiments presented throughout this thesis. The
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choice of 70°C was based on this bei ng the maximum service temperature for
LDPE AC cables, while 90°C was selected to accelerate the thermal degra-
dation processes.

4.3 Results and discussion

4.3.1 Crystallinity

Initial morphology

The DSC measurementsrevealed quite large variationsin the melting behav-
iour from test object to test object, and the degree of crystallinity varied from
35 - 40%. This variation can be subscribed to the manufacturing process
where a complete control with the processing parameters was not achieved.
The heating and cooling rate varied across the area of the hydraulic press
where nine test objects were prepared in each batch, and this was probably
the main factor causing morphology variations. As an example the mould in
the centre position clearly experienced the slowest cooling rate since it was
surrounded by eight warm neighbours and thus there was more time availa-
ble for crystallization.

113.2°C
— pressure moulded “
1.5 — object, 35% | J
- - - extruded tablet, 42% I
5 ry
~ 1
[}
E 110°C 1
; y \
K°) 114.8°C
-
©
o
I
I
60 80 100 120

Temperature (°C)

Figure 4.1 Melting endotherm of the extruded material compared to the
pressure moulded test object. The crystallinity is given in the legend.
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Figure 4.1 shows a typica melting endotherm of a pressure moulded test
object compared to the melting endotherm of the material before pressure
moulding. After moulding the melting peak separated into two peaks and the
crystallinity decreased. The formation of the two peaks is probably a result
of arecrystallization taking place both at the moulding temperature and dur-
ing the subsequent cooling. Basset [40] has recrystallized polyethylene at a
range of different temperatures and discuss the phenomena in detail. Two
melting peaks were observed in all the pressure moulded test objects, but the
proportion between the low and high temperature peak varied from object to
object. As discussed above this variation can be subscribed to a variation in
the heating and cooling sequence at different positions of the hydraulic press.

Development during ageing

The development of the crystallinity during thermal ageing at 70°C is shown
in Figure 4.2. For each material al measuring points were from one specific
test object. Both in LDPE with and without antioxidant the crystallinity
increased with time. The test object without antioxidant was less crystalline
before ageing but after 4 weeks at 70°C both materialsarrived at acrystallin-
ity level of 44%.

46 =

44

42

40

% Crystallinity
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36

34 I I I I
0 1 2 3 4
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Figure 4.2 Development of crystallinity during thermal ageing at 70°C.
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Thecrystallinity increaseisaresult of arecrystallization processtaking place
in the material. Components with low molecular weight which failed to crys-
tallize in the manufacturing process are allowed to organize when the tem-
perature is kept constantly at 70°C for a longer period of time. The
development of the melting endotherm displayed in Figure 4.3 very clearly
shows the recrystallization taking place. After ageing a shoulder appeared
around 80°C which corresponds to the melting of the recrystallized material.
In addition the number of larger sized crystallites with higher melting point
also grew during the ageing. In general a crystallinity of 43 + 1% was
obtained for all objects after 4 weeks of ageing and thus the large variation
in crystallinity due to the manufacturing was eliminated in the annealing

process.
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Figure 4.3 Development of the melting endotherm of LDPE with
antioxidant during thermal ageing at 70°C.

Evenif thetotal crystallinity was equal the size distribution of the crystallites
varied after the thermal ageing. This can be seen in Figure 4.4 where the
melting endotherm of two test objects without antioxidant aged 4 weeks at
70°C is displayed. Both test objects had a crystallinity of 44% but the pro-
portion between the two melting peaks differed, indicating a higher amount
of large crystallitesin one of the objects.
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Figure 4.4 Melting characteristics of two test objects without antioxidant
subjected to 4 weeks ageing at 70°C.

4.3.2 Mechanical strength

Y oung’s modulus of elasticity was measured with atensile stress-strain test
as described in Section 3.3.4. The modulusis given by theinitia slope of the
stress strain curve and is a measure of the resistance to deformation when an
external force is applied [35]. Y oung's modulus was selected as mechanical
parameter since it is included in the electromechanical breakdown theory
presented in Section 2.4 and may have an influence on the electrical strength
of LDPE at high temperatures.

Figure 4.5 shows the development of Y oung’s modulus with increasing test
temperature. Both LDPE with and without antioxidant was tested and
showed exactly the same behaviour: The elastic modulus decreased by nearly
afactor of ten when the temperature was increased from 20°C to 70°C. The
obtained results are in good agreement with the results by Moll et al. [36].
The decreasein Young's modulusis caused by a softening of the polymer as
the temperature increases towards the melting point.
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Figure 4.5 Young s modulus measured as a function of temperature for
LDPE without antioxidant. Each point represent a mean of 8 values and
the standard deviation is indicated.

The effect of thermal ageing on Y oung’ s modulus was investigated by keep-
ing the 0.8 mm thick circular dabs at a temperature of 70°C or 90°C for a
period of 4 weeks. 4 slabs of LDPE with and without antioxidant were kept
at each temperature and two dumbbell shaped specimens were taken from
each slab. Thetest was performed at 70°C since the mgjority of the el ectrical
tests were performed at this temperature. Figure 4.6 shows the change in
Y oung's modulus due to the ageing. After 4 weeks at 70°C the modulus
increased by 53 and 74% in LDPE without and with antioxidant respectively.
4 weeks at 90°C did not result in any significant change in the modulus com-
pared to the unaged value. The increased resistance towards deformation
after ageing at 70°C was probably caused by therecrystallization processdis-
cussed in the previous section. The crystallinity of the slabs after ageing is
shown in Figure 4.7 and we see that the crystallinity shows a very similar
behaviour as the elastic modulus: The crystallinity increased after ageing at
70°C but was unaltered after ageing at 90°C.

Thelack of crystallinity increase after ageing at 90°C can be explained asfol-

lows: During ageing at 90°C the low molecular weight fraction of the poly-
mer was in a melted state and did not crystallize. When the slabs were
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removed from the oven arelatively fast cooling took place, thelow molecular
componentsfailed to crystallize and thus the degree of crystallinity remained

unchanged.

Figure 4.6 Young s modulus measured after 4 weeks ageing at 70 and
90°C. Each point is a mean of 8 values, the standard deviation is

indicated.

Figure 4.7 Crystallinity measured after 4 weeks ageing at 70 and 90°C.
Each point is a mean of 8 values, the standard deviation is indicated.
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4.3.3 Oxidation

The oxidation level of the test objects was estimated from the carbonyl group

absorption at 1720 cm™ as described in Section 3.3.2. The results presented
in this section were obtained from the cup shaped test objects with needle-
plane electrode. The measurements were performed after the objects had
been subjected to short or long term electrical and thermal ageing. FTIR
measurements were also performed on the other type of test objects used
throughout this thesis and the same trends were observed in these objects.
250 um thick cross-sections were microtomed from the test objects and Fig-
ure 4.8 shows the typical number of measuring points taken at one cross-sec-
tion. At each point an area of 25 X 25 um was measured.

Needle electrode

1000 um

X X ><y<

L X X X

Plane € ectrode

X

Figure 4.8 FTIR measuring points in a 250 Um cross-section

Figure 4.9 showsthe carbonyl concentration before and after 4 weeks ageing
at 70 and 90°C. The presented values are a mean of the measurements taken
close to the plane electrode and the standard deviation is indicated. After 4
weeks of ageing at 70°C no change in the carbonyl content was observed in
any of the test objects, but when the ageing temperature was raised to 90°C
the carbonyl content in many of the LDPE test objects without antioxidant
increased by afactor of 10. In the test objects with antioxidant the carbonyl
content remained at the same value as before ageing. Figure 4.10 shows the
distribution of the carbonyl groups from the plane el ectrode towards the nee-
dletip in aheavily oxidized test object. We see that the carbonyl concentra-
tion was highest close to the plane el ectrode and decreased when moving into
the insulation.

URN:NBN:no-6341



4.3 Results and discussion 43

—=— without antioxidant
----@- - -- With antioxidant

weight % carbonyl

60 70 80 90 100
Ageing temperature (°C)

Figure 4.9 Carbonyl concentration measured after 4 weeks ageing at 70

and 90°C.
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Figure 4.10 Carbonyl content in cross-sections of test object with and
without antioxidant measured after 4 weeks ageing at 90°C versus the
distance from plane electrode towards the needle tip.

Two of thefive test objects aged 4 weeks at 90°C did not show any increase
in the carbonyl content. Probably this large scatter in the degree of oxidation
was related to variation in the thickness of the aluminium electrodes. If the
aluminium layer is thicker and more compact, longer timeis needed for oxy-
gen to diffuse into the insulation. Cross-sections from the five test objects
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were inspected in an optical microscope and the thickness of the aluminium
el ectrodes were measured. Carbonyl concentration vs. electrode thickness at
the plane electrode is shown in Figure 4.11 which shows a clear trend of
higher carbonyl content when the amount of deposited aluminium decreases.

1.6 ‘

1.4 7
1.2
1
0.8 -
0.6 -
0.4
0.2 .
0 ‘ ‘ ‘
0 1 2 3 4
Electrode thickness (Lim)

Weight% carbonyl

Figure 4.11 Carbonyl content measured close to the plane electrode vs.
thickness of the aluminium electrode. Test objects aged 4 weeks at 90°C.
The point at zero is taken from a test object aged without electrodes.

4.3.4 Antioxidant additive

The oxidation temperature was used as a measure of the antioxidant concen-
tration in the test objects with antioxidant before and after thermal ageing.
The temperature was obtained with the dynamic DSC method described in
Section 3.3.3. The measurements were performed after the electrical and
thermal ageing experiments. The different test objects had an insulation
thickness ranging from 0.2 mm to 2 mm and thus the influence of the sample
thickness on the oxidation temperature could beinvestigated. A cross-section
from the centre part of the insulation was always used in the DSC measure-
ments, i.e. the obtained oxidation temperature was a mean value for the
whole insulation thickness.

Figure 4.12 shows the change in oxidation temperature due to 4 weeks of
thermal ageing at 70 or 90°C. The oxidation temperature remained at theini-
tial level of 267°C in the test objects with 2 mm insulation thickness, while
in the 0.5 mm thick object the temperature was reduced to 239°C after 4
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weeks at 90°C. As areference the oxidation temperature in LDPE without
antioxidant was 216°C (see Figure 3.12). Based on the results by Karlsson et
a. [69] an oxidation temperature of 239°C indicate a reduction of the mean
antioxidant concentration from 0.5 - 1% before ageing to lessthan 0.1% after

ageing.

270
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265 | Bij
unage 0.9 mm

260 ~

255 ~
250 ~ |

245 ~

240 + 0.5 mm

Oxidation temperature (°C)

235

60 70 80 90 100
Ageing temperature (°C)

Figure 4.12 Oxidation temperature in LDPE with antioxidant after 4
weeks ageing at 70 and 90°C. Test objects with different insulation
thickness.

The strong dependence on sample thickness is related to the inhomogenous
distribution of the antioxidant through the sample. As discussed in Section
2.3.2 the antioxidant additive may disappear in two ways: It is consumed by
free radicals taking part in the oxidation process and it migrates out of the
material. Both these processes |ead to a depletion of antioxidant near the sur-
face. In athick insulation the depleted regions make up asmall percentage of
the total volume while in a thin insulation the whole insulation may be
depleted. The obtained oxidation temperatures can be converted to approxi-
mate concentration values by using the results from Karlsson et a. [69]. In
Figure 4.13 the concentration values are plotted against the inverse of the
insulation thickness and we see that alinear relationship is obtained. Thisis
reasonabl e since the average antioxidant concentration in a cross-section will
depend on theratio of the depleted region to the total insulation thickness. If
the straight lines are extrapolated to zero antioxidant concentration a thick-
nessof 0.22 mm and 0.45 mmisobtained for T=70°C and 90°C respectively.
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Thus a 0.22 mm thick sample will be completely depleted of antioxidant
after 4 weeks at 70°C. In the thicker samples the size of the depleted regions
can then be estimated to be 0.11 mm and 0.23 mm at each electrode after 4
weeks at 70°C and 90°C respectively.

Relative antioxidant concentration

0.9 1
0.8
0.7
0.6
0.5 A
0.4 -
0.3 A
0.2 A
0.1 A

W4 weeks at 70°C
A4 weeks at 90°C

2

3

1/d (mm™)

Figure 4.13 Relative antioxidant concentrations, C/C,, ;.. estimated from

the measured oxidation temperatures versus the inverse of the sample
thickness. C,,i,1 15 assumed to be in the range from 0.4 - 0.6 weight%.
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4.4 Summary of results

The effect of 4 weeks of thermal ageing on the material properties investi-
gated in this chapter is summarized in Table 4.1.

Table 4.1: Changein material properties after 4 weeks of ther mal ageing.

Materia TYPeOl | 4 \eeksat 70°C | 4weeksat 90°C
property material
Crystallinity | both materials | 10 - 23% no significant
increase increase
Young's both materials | 50 - 70% no significant
modulus increase increase
Antioxidant | with antiox. 0.11 mm thick 0.23 mm thick
concentration region depleted | region depleted
of antioxidant of antioxidant
Oxidation without antiox. | unaltered heavy oxidation
level with antiox. | unaltered unaltered

4.5 Conclusions

The following conclusions can be made from the material characterization
presented in this chapter:

The degree of crystallinity and the size distribution of the crystallites varied
from test object to test object. This was subscribed to the manufacturing
process. After ageing there was less variation in degree of crystallinity but
there was still a scatter in the crystallite size distribution.

Young’s modulus decreased by a factor of 10 when the test temperature was
increased from 20 to 70°C. Recrystallization during thermal ageing resulted
in an increase of the elastic modulus.
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The oxidation level was unaltered after 4 weeks at 70°C but heavy oxidation
was observed after 4 weeks at 90°C. The thickness of the evaporated alumin-
ium electrodes were found to have amajor influence on the carbony! content.

The antioxidant concentration decreased during thermal ageing due to loss
by diffusion and loss by reaction with freeradicals. A depletion region arose
closeto the surfaces and the size of thisregion increased with increasing age-
ing temperature.
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Chapter 5

SPACE CHARGE ACCUMULATION
DURING THERMAL AND DC
ELECTRICAL AGEING

5.1 Introduction

In this chapter results from experimental investigations of space charge for-
mation in LDPE insulation during thermal and DC electrical ageing will be
presented. The presence of space charge givesriseto local field enhancement
which may result in alowered breakdown level and reduced time to failure.
Therole of the antioxidant additive in the generation of space charge will be
an important issue. The literature reviewed in Chapter 2 indicated that the
antioxidant additive may be a source of space charge, but the referred exper-
imentswere all performed at room temperature with an ageing period limited
to some hours [27 - 30]. The following hypothesis was formulated concern-
ing the antioxidant additive:

The antioxidant additive prevents thermal oxidation but is a source of space
charge accumulation in the insulation which may have a negative effect on
the long term performance.

To test this hypothesis polyethylene samples with and without antioxidant
additive were subjected to thermal and/or electrical ageing for up to six
months. Space charge profiles were recorded during ageing and comparison
of the profiles for the two materials gave information about the role of the
antioxidant additive.

Another important issue is the effect of oxidation on the space charge char-

acteristics. The literature reviewed in Chapter 2 showed that oxidation
resulted in enhanced charge injection from the electrodes [20 - 23]. Long
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term ageing at 70°C may therefore reveal changes in the space charge pro-
files due to the oxidation process.

5.2 Experimental

Cup shaped test objects with and without antioxidant additive were prepared
following the procedure described in Section 3.2.1. The mgjority of the test
objects were equipped with aluminium electrodes while in afew cases gold
was applied. The test objects were subjected to thermal and electrical ageing
and the devel opment of the space charge distribution was monitored with the
PEA method described in Section 3.3.1. Three different ageing schemes
described below were followed:

i) Electrical ageing in the temperature range from 25 - 70°C

Thetest objectswere kept in air atmosphere at temperatures varying from 25
to 70°C for a period of four weeks. During the whole ageing period the
objects were subjected to an electrical field of approximately 70 kV/mm.
Space charge profiles were recorded after 1 hour, 24 hours, 1 week and 4
weeks. As explained in Section 3.3.1 the space charge measurements were
performed with the voltage off after having cooled the energized test objects
to room temperature.

ii) Thermal ageing at T = 70°C

The test objects were kept in air atmosphere at a temperature of 70°C and
were not subjected to electrical stress during the majority of the ageing
period. In order to monitor changesin the space charge characteristics during
thermal ageing the following procedure was adapted: The objects were
charged at 70 kV/mm for 1 hour prior to space charge measurements per-
formed before and after 1 week and 4 weeks of ageing. After this charge
measurement the objects were kept short-circuited at 70°C for 24 hours to
remove the accumulated charge. In some casesthe thermal ageing period was
followed by a subsequent electrical ageingwithE=70kV/mmand T = 70°C.
Space charge profiles were recorded after 24 hours, 1 week and 4 weeks.

iii) Long term electrical ageing at 70°C
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The test objects were kept in air atmosphere at 70°C for a period of five
months. They were subjected to an electrical field of about 100 kV/mm dur-
ing the whole ageing period and space charge profiles were recorded after 1
hour, 24 hoursand 1, 4, 6, 8, 12 and 21 weeks of ageing.

5.3 Results

In the following section space charge profilesfrom the different ageing cases
will be presented. Two or threetest objects were subjected to each of the age-
ing conditions. There was a variation in the space charge pattern from test
object to test object, especially for ageing temperatures below 70°C. Thiscan
be seen from Figure 5.3 where the scatter in the maximum charge value is
shown for ageing temperatures from 25 - 70°C. The profiles must therefore
be taken as examples of observed space charge patterns, and the focusin the
presentation will be on the main characteristics for each material not on
details in each specific space charge plot.

5.3.1 Electrical ageing at 70 kV/mm

Figure 5.1 shows the devel opment of the space charge profilesin test objects
without and with antioxidant during electrical ageing at 25°C. After 1 hour
there were only small amounts of charge present in both materials, but after
24 hours a large negative charge was observed in the material with antioxi-
dant. The negative charge was distributed throughout the sample with amax-
imum close to the anode. The enhancement of the applied field at the anode
due to this negative charge was about 60%. After 4 weeks the negative
charge had been replaced by positive charge at the anode and a homocharge
distribution appeared. In LDPE without antioxidant negative charge was
present close to the cathode while positive charge appeared in the bulk of the
material. The amount of charge after 4 weeksageing at 25°C was comparable
in the two materials as can be seen from Figure 5.3.
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ageing. T = 25°C, E = 70 kV/mm. Aluminium electrodes.
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Figure 5.2 Space charge distribution in LDPE measured during electrical
ageing. T = 70°C, E = 70 kV/mm. Aluminium electrodes.
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Space charge accumulated at a higher initial rate in LDPE with antioxidant
when the ageing temperature was increased from 25 to 40°C. Already after 1
hour at 40°C alarge amount of negative charge was observed throughout the
bulk, corresponding to an anode field enhancement of about 40%. This is
illustrated in Figure 5.3 where the maximum charge concentration obtained
after 1 hour is plotted against temperature. After 4 weeks ageing a homo-
charge distribution comparable to that observed at 25°C was again present.
When the ageing temperature wasincreased to 55°C and 70°C the sametrend
was repeated, but the homocharge distribution was present within thefirst 24
hours of ageing. This can be seen from Figure 5.2 which shows the space
charge development in atest object with antioxidant at 70°C.

In LDPE without antioxidant the effect of increasing the temperature on the
initial space charge accumulation was less pronounced as can be seen from
Figure 5.3. But after 4 weeks ageing the amount of charge increased and
became comparable to LDPE with antioxidant. At 40 and 55°C positive
charge was dominating throughout the bulk while at 70°C only negative
charge developed. This can be seen form Figure 5.2 which shows the space
charge development in atest object without antioxidant at 70°C.
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Figure 5.3 Maximum positive and negative charge values obtained after 1
hour and 4 weeks at E = 70 kV/mm. The values are a mean of
measurements on 2 - 3 different test objects and the scatter is shown.
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5.3.2 Thermal ageing at 70°C

Figure 5.4 and 5.5 show the space charge profiles for thermally aged test
objects without and with antioxidant respectively. The difference between
the two materials was very pronounced; in LDPE without antioxidant only
small amounts of charge accumulated, while in LDPE with antioxidant the
charge close to the cathode changed from negative to positive after 4 weeks
with thermal ageing. The positive charge gave rise to a 67% enhancement of
the cathode electrical field. The test object with antioxidant was subjected to
a subsequent electrical ageing and the development of the space charge dur-
ing this period is shown in Figure 5.5. After 24 hours the positive charge at
the cathode side was reduced by about 1/3, but as the ageing continued the
positive charge started to increase again and the field enhancement was 59%
after 4 weeks with applied field.
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Figure 5.4 Measured space charge distribution in LDPE without
antioxidant during thermal ageing at 70°C. Sample stressed 1 hour at 70
kV/mm before measuring. Aluminium electrodes.
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Figure 5.5 Measured space charge distribution in LDPE test object with
antioxidant during thermal and subsequent electrical ageing. T = 70°C.
Thermal ageing: Sample stressed 1 hour at 70 kV/mm before measuring.

Subsequent electrical ageing: E = 70 kV/mm applied continuously.
Aluminium electrodes.
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Figure 5.6 Measured space charge distribution in LDPE test object with
antioxidant during thermal and subsequent electrical ageing. T = 70°C.
Thermal ageing: Sample stressed 1 hour at 70 kV/mm before measuring.

Subsequent electrical ageing: E = 70 kV/mm applied continuously. Gold
electrodes.
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To investigate whether the positive charge formation in LDPE with antioxi-
dant was related to the electrode material, the same ageing experiment was
performed on test objects with gold electrodes. The space charge profiles
during the thermal and the subsequent electrical ageing are shown in Figure
5.6. The development of the space charge distribution during thermal ageing
followed the same pattern as the test objects with aluminium electrodes, and
a50% enhancement of the cathode electrical field wasreached after 4 weeks.
In the subsequent electrical ageing the positive charge in the cathode region
disappeared after 24 hours and did not return as the ageing proceeded. Thus
the behaviour differed from the case with aluminium electrodes where the
positive charge in the cathode region was maintained during the subsequent
electrical ageing.

5.3.3 Long term electrical and thermal ageing

Figure 5.7 shows the space charge development from 1 hour to 21 weeksin
test objects without and with antioxidant. In L DPE without antioxidant neg-
ative charge was present in the majority of the insulation after 1 hour with
some positive charge close to the anode. During ageing the positive charge
was growing and after 4 weeks the negative charge was completely replaced
by positive charge. From 4 to 6 weeks the distribution changed once more
and negative charge was again dominating in the cathode region. In the test
object with antioxidant the initial distribution consisted of large homo-
charges at both electrodes. When the ageing proceeded positive charge
became dominating throughout the object with a maximum close to the cath-
ode. This type of distribution was very similar to those observed after 4
weeks thermal ageing (see Figure 5.5) and resulted in afield enhancement of
about 50% at the cathode.
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Figure 5.7 Space charge distribution in LDPE measured during long term
ageing. Aluminium electrodes. E = 100 kV/mm, T = 70°C.
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5.3.4 Summary of results

Figure 5.8 shows the development of the cathode electrical field in test
objects without and with antioxidant subjected to the different ageing condi-
tions. From thisfigureitis clear that there were differences between the two
materials. The highest field modifications were obtained in material with
antioxidant. It is also evident that the development of the space charge was
very dependent on the applied electrical field and temperature during ageing.

Electrical ageing at 25°C did not result in any significant modification of the
applied field in LDPE without antioxidant, while in LDPE with antioxidant
a 40% reduction of the applied field was reached after 24 hours. When the
ageing temperature was raised to 70°C, negative charge accumulated in
LDPE without antioxidant and a 40% reduction of the cathode field was
reached after 4 weeks of ageing. In LDPE with antioxidant the increased tem-
perature mainly seemed to increase the rate of charge accumulation; afield
reduction of 40% was reached after only 1 hour at 70°C.

Thermal ageing at 70°C with zero applied field except for one hour prior to
the space charge measurements had a major effect on the charge characteris-
tics of the material with antioxidant. There was a change from afield reduc-
tion of 20% to a field enhancement of about 60% during the 4 week ageing
period due to positive charge accumulation in the cathode region.

Increase of the electrical field from 70 to 100 kV/mm also resulted in a
change from negative to positive charge accumulation in the cathode region.
After 4 weeks at 100 kV/mm a 40% enhancement of the applied field was
obtained in LDPE with antioxidant compared to a 40% reduction in the case
of 4 weeks at 70 kV/mm.
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Figure 5.8 Development of the cathode field modification with ageing
time under different ageing conditions. The values are a mean of
measurements on 2 - 4 different test objects and the scatter is indicated.
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5.4 Discussion

5.4.1 LDPE with antioxidant
Electrical ageing at 70 kV/mm

In LDPE with antioxidant the electrical ageing at 70 kV/mm resulted in a
homocharge distribution at all ageing temperatures. Previously severa
authors have reported heterocharge formation in LDPE with antioxidant [27
- 30]. The referred experiments were performed at room temperature after a
few hours of electrical stress which may explain the disagreement. If Figure
5.1 isexamined we see that negative charge was present at the anode after 24
hours at 25°C. This result agrees with the results of both Mizutani et al. [28]
and Cartwright et al. [27] who observed heterocharge only at the anode after
3 hoursat 120 kV/mm and 48 hours at 40 kV/mm respectively.

As the ageing proceeded the negative charge at the anode was replaced by
homocharge. This transition may be explained as follows. The negative
charge caused a 60% enhancement of the anode electrical field and the
extraction of electrons at the anode increased due to this enhancement. In
addition the el ectron injection from the cathode decreased due to the reduced
cathode field. This development continued until a more stable situation with
field reduction at both el ectrodes was reached, i.e. ahomocharge distribution
was formed. When the temperature was raised to 40°C and above the homo-
charge distribution was observed already after 1 - 24 hours of ageing. The
faster development may be explained by the increased charge injection and
charge mobility with increasing temperature [10].

Thermal ageing at 70°C

After 4 weeks at 70°C and zero electrical field, one hour with applied elec-
trical stress resulted in positive charge throughout the sample with a maxi-
mum close to the cathode. Before the thermal ageing one hour with applied
stress gave a homocharge distribution as discussed above. Which changesin
the material during thermal ageing could be responsible for this mgor
change in charge trapping characteristics? The literature referred in Section
2.3.2 showed that the antioxidant molecules diffuse easily through the mate-
rial at 70°C. In aprevious publication it was suggested that antioxidant mol-
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ecules arriving at the aluminium-L DPE surface reacted with a uminium and
caused the positive charge formation [72]. In order to test this model some
objects were equipped with gold electrodes since gold was expected to be
less reactive towards the antioxidant. The same positive charge formation
was observed in test objects with gold electrodes and this contradicted the
proposed model.

The oxidation temperature measurements presented in Section 4.3.4 showed
adecreasein the amount of antioxidant after 4 weeksat 70°C. Thusused anti-
oxidant molecules that had donated one or two hydrogen atoms (see Figure
2.4) were present in the test object, especially close to the surfaces where
oxygen diffuse into the material. Mizutani et al. [ 73] have shown that athin
layer of used antioxidant molecules on the surface of a LDPE sample
enhanced the conduction current of the sample. The increased conduction
current was explained by enhanced electron injection and extraction at the
cathode and anode respectively. The positive charge distribution after ther-
mal ageing may be related to this effect of the used antioxidant. If the extrac-
tion of electrons from the anode becomes more efficient than the injection at
the cathode a net positive charge will be left in the insulation.

Consumption of the antioxidant was clearly also occurring when the test
objects were subjected to an applied electrical field of 70 kV/mm during the
whole ageing period, but no transition from homocharge to a positive charge
distribution was observed in this case. The homocharge reduced the field at
the electrodes by about 40% and it is possible that this reduced field was too
low to induce any effect of the used antioxidant molecules. Thisisin corre-
spondence with the result by Mizutani et al. [73] showing a significantly
lower charge injection/extraction at the electrodes with E = 40 kV/mm com-
pared to E = 80 kV/mm in LDPE containing used antioxidant.

When the thermally aged test objects with aluminium electrodes were sub-
jected to subsequent electrical ageing the positive charge in the cathode
region initially decreased but then started to increase again, i.e. there was no
return to the homocharge distribution obtained when the electrical field was
applied during the whole ageing period. The field at the cathode never
dropped below about 100 kV/mm and thisfield was probably high enough to
maintain the positive charge distribution. In the test object with gold elec-
trodes the positive charge in the cathode region disappeared. It is not clear
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whether thiswas aresult of the different electrode material or just aresult of
object-to-object variation.

Electrical ageing at 100 kV/mm, T = 70°C

Increasing the ageing field from 70 to 100 kV/mm resulted in apositive space
chargedistribution very similar to the one obtained after thermal ageing. This
Is another indication that a high field at the electrodes is necessary to obtain
the transition from homocharge to positive charge accumulation. The initial
homocharge reduced the field at the electrodes to about 80 kV/mm, but this
was still high enough to initiate the positive charge generation as the antioxi-
dant was being consumed.

5.4.2 LDPE without antioxidant
Electrical ageing at 70 kV/mm

In L DPE without antioxidant there was no apparent trend in the space charge
development. The obtained distributions varied with temperature and there
were also large variations from test object to test object under equal condi-
tions. The object-to-object variation was probably a result of morphology
variations between the test objects. The DSC measurements presented in
Section 4.3.1 showed that the pressure moulded test objects contained afrac-
tion of larger crystallites and that the amount of these crystallites was very
variable. Uchidaet al. [ 70] have shown that the crystallite size can affect both
the distribution and amount of chargein polyethylene. Uchidaal so found that
the crystallite size had a large influence on how the space charge pattern
changed with increasing temperature. This may explain the lack of a clear
trend in the space charge devel opment of the test objects without antioxidant
when increasing the ageing temperature. L DPE with antioxidant had a more
consistent development in the space charge distribution from test object to
test object and with increasing temperature. There was a variation in the
amount of charge accumulating, but the trend with negative charge through-
out the bulk followed by a homocharge distribution was always observed.
Thisindicatesthat the antioxidant additive had a dominating influence on the
injection and accumulation of charge while morphology became a second
order effect. Thisisin agreement with the conclusion made by Cartwright et
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a. [27] when comparing morphology and space charge accumulation in
L DPE with and without antioxidant.

Above room temperature the amount of charge accumulating in LDPE with-
out antioxidant was comparable to the amount present in test objects with
antioxidant although the charge accumulated at a slower rate. The formation
of charge in LDPE without antioxidant was probably related to components
with low molecular weight. Suh et al. [71] have shown that when these com-
ponents were removed by xylene extraction the amount of space charge was
reduced to 1/3. At an ageing temperature of 70°C formation of oxidation
products close to the electrodes may also have contributed to the space
charge formation. Negative charge was observed throughout the sample and
ledaet al. [22] have shown that athin layer of oxidized PE on the surfaces of
unoxidized PE caused negative charge accumulation at both electrodes.

Thermal ageing at 70°C

Only small amounts of charge accumulated both before and after the 4 week
period with thermal ageing. Again this illustrates the slower rate of charge
accumulation in LDPE without antioxidant compared to the material with
antioxidant. One hour of field application prior to measuring space charge
was to short to get any substantial amount of charge in the insulation, and
therefore no information about the effect of thermal ageing was obtai ned.

Electrical ageing at 100 kV/mm, T = 70°C

When the ageing field was increased to 100 kV/mm a positive space charge
very similar to that of LDPE with antioxidant developed throughout the
material, although the charge concentration was about 50% lower. The pos-
itive charge formation could be aresult of oxidation products closeto the sur-
face dtering the balance between charge injection and extraction as
discussed above for the case of used antioxidant molecules. From four to six
weeks of ageing there was a change from positive to negative charge in the
cathode region. The material characterization presented in Chapter 4 showed
that the auto-oxidation process accelerated after about six weeks at 70°C
resulting in afast increase of oxidation products throughout the whole mate-
rial. The transitions to negative charge may be related to the accelerated oxi-
dation.

URN:NBN:no-6341



5.5 Conclusions 67

5.5 Conclusions

The antioxidant additive caused afaster rate of space charge accumulation in
theinitial period of the ageing. 1 hour with applied electrical stress gaverise
to a 30 - 40% reduction of the cathode electrical field in LDPE with antioxi-
dant compared to a 2 - 10% modification in L DPE without antioxidant.

The antioxidant additive seemed to stimulate charge injection from the elec-
trodes and in general a homocharge distribution arose after ageing at 70 kV/
mm. In LDPE without antioxidant there were large object-to-object varia-
tions in the space charge distributions and this was probably related to mor-
phology differences.

When LDPE with antioxidant was subjected to thermal ageing or electrical
ageing at 100 kV/mm positive space charge with a maximum close to the
cathode developed. The positive space charge caused a cathode field
enhancement of up to 70%. It was proposed that used antioxidant molecules
altered the balance between charge injection and extraction at the electrodes
and caused the positive charge formation. Thistype of development was also
observed in L DPE without antioxidant, probably due to the formation of oxi-
dation products in the electrode regions.
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Chapter 6

THE EFFECT OF IRON PARTICLES
ON THE SHORT AND LONG TERM
DC BREAKDOWN STRENGTH

6.1 Introduction

The experiments presented in this chapter are concerned with the effect of
inclusionsin the insulation system. Defects can not be completely eliminated
inapractical extruded insulation system, and it isimportant to investigate the
consequences of defects on the insulation durability. As discussed in section
2.5itiswell known that defects reducetheinsulation lifetime under AC con-
ditions, and work done by Chen et al. [48] indicate that thisis also the case
for HVDC. On this basis the following hypothesis was formulated in
Chapter 1.

Inclusions in the insulation or protrusions at the electrodes are detrimental
to the insulation and reduce the insulation life time under DC electrical age-

ing.

To investigate this hypothesis iron particles were included in LDPE test
objects, and both the short and long term DC breakdown strength was eval -
uated. Iron particles were selected since iron contaminations have been
found in medium and high voltage extruded AC cables[58], probably due to
wear of the extruder tools. In addition it is known that iron acts as a catalyst
in the oxidation process [19] and may thus be the most critical particle type
during long term ageing. All experimentswere performed on LDPE with and
without the antioxidant additive SantanoxR. Thefirst two hypotheses formu-
lated in Section 1.2 concerning the effect of oxidation and antioxidant are
therefore also involved in this chapter.
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6.2 Experimental procedures

Test objects with iron particles and reference test objects without particles
were prepared as described in Section 3.2.2. Measurements of the short term
DC breakdown strength were performed at 23°C and 70°C. The test objects
wereimmersed in silicone oil to prevent external flashover. The voltage was
raised to astarting level and then increased stepwise every 5 minute as shown
in Figure6.1. Table 6.1 showsthe ramp parameters used in the two different
temperature cases. 4 - 9 repetitions were performed in each testing case and
85% of all breakdowns occured during the 5 minute period with constant

voltage.
Voltage i
i : step
Starting

level T—%’f
i F - - <
=~ 5 min.
[*]
g
= < Initia
3 rate

0 10 20 30 40 50

Time (minutes)
Figure 6.1 DC ramp test with stepwise increase of voltage

Table 6.1 Parametersused in the DC ramp test

Starting
level

23°C reference, iron 0.5kV/s 350 kV/mm 5kV
70°C reference 0.7 kV/s 150 kV/mm 7kV
70°C iron 0.7kV/s 100 kV/mm 7kV

T Test object Initial rate Voltage step

URN:NBN:no-6341



6.3 Results 71

The long term endurance test was performed at 70°C with a DC electrica
field of 90 - 200 kV/mm. Time to breakdown was recorded until the experi-
ment was terminated. Breakdown occurred in 80% of the test objectsthrough
the experimental period. During ageing the test objects were exposed to the
ventilated air of the oven. Due to lower voltage it was found unnecessary to
keep the samplesimmersed in silicone oil. After ageing the test objectswere
characterized with respect to oxidation level and consumption of antioxidant.
The oxidation level was determined by FTIR spectroscopy while the antioxi-
dant concentration was measured with the dynamic DSC method, both meth-
ods are described in Section 3.3.

6.3 Results

6.3.1 Short term DC breakdown strength

The breakdown values obtained were analysed using Weibull statistics and
the resulting Weibull plotsfor L DPE without and with antioxidant are shown
in Figure 6.2. Table 6.2 summarizes the 63% breakdown strength values for
the different cases. For both materials a strong temperature effect is evident,
the characteristic breakdown strength was reduced by about 60% when the
temperature was raised from 23°C to 70°C.

From Figure 6.2 it is also clear that the iron particles led to a significant
reduction of the DC breakdown strength and Table 6.3 gives the percentage
reduction. We see that the effect of the particles was most pronounced in the
material without the antioxidant with a maximum reduction of 33% at 70°C.
The material without the antioxidant additive in general had a lower break-
down strength compared to the material with antioxidant, especially at room
temperature as can be seen from Table 6.4.
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Figure 6.2 Weibull plot of the short term DC breakdown values obtained
in LDPE without and with antioxidant. The 90% confidence limits are
shown and the 63% breakdown voltage is given in the legend.

URN:NBN:no-6341



6.3 Results 73

Table 6.2 Summary of theshort term DC breakdown tests.
Egs04: Characteristic breakdown strength, 3: Weibull shape factor, n/s: total

number of data/ suspended data

Materiad | T(°C) | Test object (kiﬁl?;‘;]/"m) B n's

reference 558 9.6 9/0

'—_DPE 2 iron particles 405 13.2 5/0
without

antioxidant 20 reference 229 7.3 8/0

iron particles 154 6.7 8/0

- reference 643 284 4/0

L DPE with iron particles 521 17.4 8/3

antioxidant . reference 235 10.2 710

iron particles 180 6.2 8/0

Table 6.3 Percentage reduction of the DC breakdown strength duetotheiron
particles; (Eron - Ereference)100% / Eeference

Material T (°C) Effect of particles
L DPE without 23 ~271%
antioxidant 70 -33%
L DPE with 23 -19%
antioxidant 70 -23%
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Table 6.4 Percentage improvement of the DC breakdown strength dueto the
antioxidant additive; (Eyith antiox. - Ewithout antiox)100% / Eyithout antiox.

Test object T (°C) Effect of antioxidant
23 15%
reference
70 3%
with iron 23 29%
particles 70 17%

6.3.2 Long term ageing

The results of the DC endurance experiments are summarized in Figure 6.3.
There were no significant differences between reference samples and
sampleswith iron particles neither in test objects without or with antioxidant.
In samples with antioxidant there was a large scatter in the time to break-
down, as an example the time to breakdown at 100 kV/mm ranged from 20
minutes to 3000 hours. In LDPE without antioxidant the majority of the
breakdowns occurred either during thefirst hour of ageing or later than about
800 hours.

If the applied electrical field exceeded a certain limit none of the test objects
survived more than 24 hours. For test objects with and without antioxidant
thislimit was 110 kV/mm and 130 kV/mm respectively as can be seen from
Figure 6.4. From this figure we also see that 70% of all the test objects with-
out antioxidant survived more than 24 hours, while only 40% of the test
objects with antioxidant did the same.
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indicate samples were breakdown did not occur during the experimental
period. T = 70°C.
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Figure 6.4 Number of test objects with breakdown before or after 24
hours for three electrical field intervals.

6.3.3 Characterization of the aged samples

Oxidation level

Figure 6.5 shows the infrared spectra of two reference test objects with and
without antioxidant after 1400 hours of ageing compared to the spectraof the
unaged materials. In the object without antioxidant a very strong absorption
around 1720 cm™! was observed after ageing, indicating oxidative degrada-
tion of the material. In LDPE with antioxidant there was no sign of changes
in the oxidation level after 1400 hours of ageing.

Figure 6.6 shows the ketonic carbonyl content in several aged test objects
with and without antioxidant. The carbonyl content is calculated from the | R-
spectras with the aid of Beers law as described in Section 3.3.2. Each point
represents a mean of 5 measurements taken at different positions throughout
the bottom area of the test object and the standard deviation is indicated. At
each position an area of 25 x 25 um was measured. Both reference and iron
particle test objects are represented in the figure. In the test objectswith iron
particles IR-spectra were recorded both in the vicinity of the iron particles
and in the bulk of the material, but no difference in the oxidation level was
observed due to the particles. We see that in test objects without antioxidant
the carbonyl content started to increase after about 1000 hours of ageing. In
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Figure 6.5 Infrared spectras of aged and unaged reference test objects
with and without antioxidant.

L DPE with antioxidant the carbonyl content remained stable at 0.1 weight%
even after 3000 hours of ageing.

Consumption of antioxidant

Figure 6.7 shows the oxidation temperature of aged test objects recorded by
DSC. In the test objects with antioxidant the oxidation temperature started to
decrease after 400 hours of ageing. Asdiscussed in Section 4.3.4 the reduced
oxidation temperature is caused by migration and consume of the antioxidant
leaving depleted regions closeto the surfaces. After 1300 hoursthe oxidation
temperature was reduced from 267°C to 222°C which is only 10°C higher
than the value obtained in L DPE without antioxidant. Based on the results by
Karlsson et a. [69] thisindicate that |ess than 1/10 of the original antioxidant
concentration was left in the material. L DPE without antioxidant had an oxi-
dation temperature of 212°C before ageing. When the oxidation process
accel erated the oxidation temperature decreased further as can be seen from
Figure 6.7.
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Figure 6.6 Measured carbonyl content in test objects with and without
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6.4 Discussion

6.4.1 Short term DC breakdown strength

Strong temperature dependence of the DC breakdown strength

The short term DC tests revealed that the breakdown strength of the test
objects was highly temperature dependent, with a reduction of about 60%
when the temperature was increased from 23°C to 70°C. This behaviour of
polyethyleneiswell known from the literature where many experiments have
shown that the breakdown strength is almost constant up to 20°C and then
falls of rapidly [37,77]. As discussed in Section 2.4 breakdown in LDPE
above room temperature can be caused by electromechanical instability due
to the decrease in Y oung’'s modulus with increasing temperature [38, 39]. In
Figure 6.8 the critical electrical field for electromechanical breakdown in
L DPE without antioxidant has been calculated from the values of Young's
modulus obtained in Section 4.3.2 using equation 2.1. We see that at room
temperature breakdown occurred at 60% of the electromechanical critical
field, whileat 70°C the calculated and measured values are very similar. This
Indicates an el ectromechanical breakdown mechanism at 70°C in accordance
with the literature referred above.
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Figure 6.8 Critical electrical field in LDPE calculated from Young's
modulus at different temperatures. The breakdown values obtained in the
DC ramp test are also shown.
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Short term breakdown strength improved by the antioxidant additive

The material with antioxidant had a significantly higher short term break-
down strength than the material without antioxidant at 23°C. Previous inves-
tigations have shown that both the DC and impulse breakdown strength of
L DPE was increased by homocharge accumulation due to the reduced elec-
trical field at the electrodes [28, 74, 75]. All space charge measurements pre-
sented in Chapter 5 showed a faster charge build-up in LDPE with
antioxidant compared to L DPE without antioxidant. A larger reduction of the
electrical field at the electrodes may therefore have been obtained in LDPE
with antioxidant during the test period, and thismay explain the observed dif-
ference in breakdown strength between the materials. At 70°C electrome-
chanical breakdown was probably the dominating mechanism and
differences in space charge accumulation had less influence.

Introduction of iron particles reduced the DC breakdown strength

Introduction of iron particles resulted in a significant reduction of the DC
breakdown strength for all test conditions. The iron particles made up about
17% of thetotal insulation thicknessand in L DPE with antioxidant the reduc-
tion due to the particles was in this range. This indicates that the particles
acted asapartia short circuit of theinsulation and reduced the actual insula-
tion thickness. In LDPE without antioxidant the reduction in breakdown
strength was about 30%, i.e. larger than the reduction in insulation thickness.
This may be caused by electrical field enhancement in the proximity of the
irregular iron particlesinitiating breakdown at alower electrical field. Accu-
mulation of space charge around the particleswill smooth the electrical field
and reduce thisfield effect of the particles. Asshown in Chapter 5, there was
a faster space charge accumulation in LDPE with antioxidant which may
explain why this material was less sensitive to the particles.

6.4.2 Long term ageing

No influence of included iron particles during long term ageing

The long term ageing showed no effect of the included iron particles on time
to breakdown neither in samples with or without antioxidant. This was not
expected based on the short term results and al so the results obtained by Chen
et a. [48]. The lack of particle influence may be explained by accumulation
of charge around the particles during ageing. The charge reduced the effect
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of the particles as discussed above and other factors may have controlled the
time to breakdown. These factors will be discussed in the two following sec-
tionsfor LDPE without and with antioxidant respectively.

Failure after 800 hours in LDPE without antioxidant - related to oxidation

In the case of LDPE without antioxidant 70% of the breakdowns occurred
later than 800 hours. Theinfrared measurements showed that most of the test
objects aged more than 800 hours were heavy oxidized, and it seems likely
that the breakdowns occurring were related to this oxidation. Asdiscussed in
Section 2.2.3 previous investigations have shown that the DC breakdown
strength of PE decreases with oxidation, probably due to enhanced high field
conduction and increased Joule heating [20, 21, 24, 25]. Thetimeto reach a
critical oxidation level depends on the thickness of the aluminium electrodes
as shown in Section 4.3.3 and this may explain the scatter in time to break-
down.

60% of the failures in LDPE with antioxidant occurred within 24 hours

In test objects with antioxidant 60% of the breakdowns occurred during the
first 24 hours of ageing. The space charge measurements presented in Chap-
ter 4 showed a fast charge build-up in LDPE with antioxidant and this may
explain the breakdown behaviour of the material. After only one hour at 100
kV/mm alarge homocharge was present as can be seen from Figure 5.7 and
this distribution caused afield enhancement of 23% in the centre of the sam-
ple. The actual field enhancement was probably higher since the space
charge measurement was performed after cooling down the sample and
switching off the voltage. Some of the accumulated charge probably disap-
pears during this procedure. With afield enhancement in this range the local
field begins to approach the short term breakdown strength of the material
and breakdown may be initiated. The test objects that survived thisfirst age-
ing period lasted more than 400 hours. This may also be related to the devel-
opment of the space charge distribution. From Figure 5.7 we see that at some
point between 1 hour and 24 hours the homocharge decreased and a positive
charge started to devel op. After 4 weeksthe field enhancement at the cathode
due to this positive charge had reached 50%. Again the local electrical field
Isin arange which may have initiated breakdown.
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When the electrical field exceeded 110 kV/mm none of the test objects with
antioxidant survived more than 24 hours while in LDPE without antioxidant
this limit was 130 kV/mm. This difference is in agreement with the space
charge measurements in Chapter 5 showing that the amount of space charge
in LDPE without antioxidant was approximately 60% lower compared to
L DPE with antioxidant after one hour of voltage application (see Figure5.7).

6.4.3 Summary of discussion

The suggested breakdown mechanisms for the different test cases are sum-

marized in the table below.

Short term DC breakdown strength

T=23C
» Space charge affectsthe breakdown
strength
* iron particles -> reduced strength
 antioxidant -> enhanced strength

T=70°C
Electro-mechanical breakdown due
to reduction in Young's modulus

space charge is a second order
effect

iron particles -> reduced strength
antioxidant -> no effect

Long term DC breakdown strength at 70°C

» Other dominating mechanisms:

cause breakdown.

» No particle effect, the particles screened by accumulated space charge.
» LDPE without antioxidant: Oxidation enhancesthe high field conduction and
» LDPE with antioxidant: Large amount of space charge accumulates during

ageing. Field enhancement at the electrodes or in the bulk causes breakdown.
Insulation life time reduced by the antioxidant additive.

6.5 Conclusions

Introduction of irregular iron particles reduced the short term DC breakdown
strength of LDPE but did not affect the long term performance. The particles
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were probably screened by injected space charge and other mechanisms con-
trolled the insulation life time.

The antioxidant additive enhanced the short term performance at room tem-
perature but reduced the long term performance. These results were
explained by the space charge behaviour of LDPE with antioxidant.

In LDPE without antioxidant the majority of the breakdowns occurred after
800 hoursin the long term test. Thiswas explained by the accel erated oxida-
tion with corresponding enhancement of high field conduction causing
breakdown.
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Chapter 7

DC BREAKDOWN STRENGTH OF
TEST OBJECTS WITH NEEDLE-
PLANE ELECTRODE GEOMETRY

7.1 Introduction

In the previous chapter the effect of conducting inclusions in the insulation
system was investigated. Another type of defect which may appear in an
extruded insulation system is protrusions at the electrodes. Such protrusions
giveriseto areas with local field enhancement where the ageing process may
be accelerated. Protrusions at the electrodes are particularly critical during
fast grounding or polarity reversal as discussed in Chapter 2.6. Homocharge
accumulates around the protrusion during the DC period. Immediately after
grounding or polarity reversal alarge electrical field arises due to this homo-
charge, and partial breakdown of the insulation may be initiated.

To investigate the effect of protrusions experiments have been performed on
test objects with a needle-plane electrode geometry. The objects were sub-
jected to thermal and DC electrical ageing and changesin the DC breakdown
strength due to this ageing were observed. The four hypotheses proposed in
Section 1.2 are all discussed in connection with the results obtained here.

7.2  Experimental procedures

Cup-shaped test objects with three needle prints were prepared from LDPE
with and without antioxidant as described in Section 3.2.3. Thetip of the nee-
dle print had abend radius of 6+ 1.5 um and the distance from needle to plane
was 0.5+ 0.2mm.
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7.2.1 Short term breakdown voltage

The short term DC breakdown voltage was measured at a temperature of
70°C using a ramp test of the same type as previously shown in Figure 6.1.
The starting level was 10 kV in the case of positive polarity and 25 kV for
negative polarity. The polarity given always refers to the needle electrode.
Thevoltagewasincreased in stepsof 3kV every 5 minuteat arate of 0.1 kV/
S. 5 repetitions were performed and 80% of the breakdowns occurred during
the 5 minute period with constant voltage.

The breakdown values are always given as applied voltage, not as the aver-
age electrical field between needle and plane. The reason for thisis that the
needle to plane distance varied from 0.4 - 0.6 mm. This variation in insula-
tion thickness has alarge effect on the average electrical field but little influ-
ence on the electrostatic field at the needle tip as illustrated in Figure 7.1.
Therefore, if we assume that the conditions around the needle tip control the
breakdown strength the applied voltage is the relevant parameter.

average field

Electrostatic field at needle tip

(O T T T
0.4 0.45 0.5 0.55 0.6

Needle to plane distance (mm)

% reduction of the electric field

Figure 7.1 Reduction of the average electrical field and the electrostatic
field at the needle tip with increasing needle to plane distance. U = 40 kV.
The static electrical field was calculated from Equation 2.5.
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7.2.2 Thermal and electrical ageing

The needle print objects were subjected to 4 weeks ageing, and the ageing
parameters varied were temperature, voltage and needle polarity. Table 7.1
showsthe seven different parameter combinations used. 10 objectswere sub-
jected to each set of conditions, 5 with and 5 without antioxidant additive.
When the ageing was initiated and terminated the voltage was turned on and
off at aslow rate of 0.1 kV/second to prevent electrical tree initiation. After
ageing the DC breakdown strength was measured following exactly the short
term procedure described in the previous section. The test objects which had
been subjected to an electrical field during ageing were kept short-circuited
at the ageing temperature for one hour before the breakdown test was per-
formed. This was done to remove accumulated charge from the test objects.
The same voltage polarity was applied both during ageing and testing. All
breakdown testswere performed at 70°C, also when the test objects had been
aged at 90°C. Thiswas necessary since the effect of the different ageing con-
ditions should be compared against each other.

After the breakdown tests had been performed the objects were microtomed
in 250 um thick slices and the area around the needles wereinvestigated with
optical and infrared microscopy.

Table 7.1 Ageing conditions.

Ageing Ageing Ageing Voltage | Polarity (ageing
scheme | Temperature (°C) (kV) and testing)

1 70 13 +

2 70 13 -

3 70 zero field +

4 70 zero field +

5 90 13 +

6 90 13 -

7 90 zero field +
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7.3  Results

7.3.1 Short term breakdown voltage

The breakdown values obtained were analysed using Weibull statistics and
the resulting Weibull plot for unaged test objects with and without antioxi-
dant is shown in Figure 7.2. The breakdown voltage was significantly higher
with negative compared to positive polarity for both materials. The strongest
polarity effect was observed in LDPE without antioxidant where 85% higher
breakdown voltage was obtained with negative polarity. If the two materials
are compared we see that the breakdown levels were equal for positive
polarity while LDPE without antioxidant had a 20% higher breakdown
voltage than LDPE with antioxidant in the case of negative polarity.

B mle ) cedmh 3o [ ] ."Il ] ] |"l.:=.-JII1.'|_' scdanty s
20 B Without anteox.: 26 kY
g With smhox.; 28 kM
&
I ; .
Mepghve polanily
ol | ) = T
" # Without antiox - 4% kY
U i & With snbiox I EV

Probabality %o

D breakdeown voltage (KV)

Figure 7.2 Weibull plot of DC breakdown voltage obtained for unaged test
objects at 70°C. The 90% confidence limits are shown and the 63%
breakdown voltage is given in the legend.

7.3.2 Breakdown voltage after electrical and thermal ageing
Figure 7.4 shows the Weibull plot obtained after 4 weeks of electrical ageing

at 70°C (ageing scheme 1 and 2). There was no significant change in the
breakdown level in the case of positive polarity. For negative polarity the
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breakdown level of the material with antioxidant remained unchanged while
the characteristic breakdown voltage of L DPE without antioxidant increased
with 18% after ageing. Thisincrease gave an even more pronounced polarity
effect in LDPE without antioxidant by 148% higher breakdown strength for
negative compared to positive polarity.

When the ageing temperature was increased to 90°C amore dramatic change
in the DC breakdown strength was observed for LDPE without antioxidant.
With negative polarity three of the five test objects had a breakdown voltage
of about 29 kV while for the two others breakdown occurred at 59 kV. The
oxidation level of these test objects was measured by FTIR (see Section
4.3.3) and the measured carbonyl concentration is plotted against the DC
breakdown voltage in Figure 7.3. From this figure it is clear that the separa-
tion in two breakdown levels was related to the degree of oxidation, the two
test objects with high breakdown values had an unaltered carbonyl content,
while a large increase was observed in the objects with a low breakdown
level. The Weibull plot for all the breakdown values obtained after 4 weeks
ageing at 90°C and +/- 13kV isshownin Figure 7.4. We seethat for oxidized
L DPE without antioxidant the breakdown level with negative polarity was
reduced to about the same level asfor positive polarity, i.e. the polarity effect
was eliminated after ageing. For L DPE with antioxidant there was no signif-
icant change in the breakdown voltage.

70
60 - L
50 -
40 |

DC breakdown strength (kV)

E;
301 =
3 ..I
201 &
10 A > Increasing oxidation level
O 4 T T
0 0.2 04 0.6

weight% carbonyl at neeedle tip

Figure 7.3 DC breakdown values of aged test objects without antioxidant
plotted against measured carbonyl content at the needle. Ageing
conditions: 4 weeks at U =-13 kV, T = 90°.
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Figure 7.4 Weibull plot of DC breakdown values obtained after 4 weeks

electrical and thermal ageing. The 90% confidence limits are shown and

the 63% breakdown voltage is given in the legend.
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Figure 7.5 Weibull plot of DC breakdown values obtained after 4 weeks
thermal ageing. Zero electric field, The 90% confidence limits are shown

and the 63% breakdown voltage is given in the legend.
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7.3.3 Breakdown voltage after thermal ageing

The result of the thermal ageing with zero electric field is shown in Figure
7.5. After 4 weeks at 70°C the only significant change in breakdown level
was observed for LDPE without antioxidant in the case of negative polarity
wherethelevel had increased by 10%. Thisresult isvery similar to what was
obtained after electrical ageing at 70°C.

When the ageing temperature was increased to 90°C alarge reduction in the
breakdown voltage of L DPE without antioxidant was again observed in the
case of negative polarity. For LDPE with antioxidant on the other hand the
63% breakdown level increased by 20% after ageing. Tests with positive
polarity were not carried out for this ageing temperature.

7.3.4 Summary of the breakdown results

The obtained 63% valuesfor al the breakdown tests are summarized in Fig-
ure 7.6. The following main results are well displayed in these figures:

 Polarity effect: 40 - 150% higher breakdown voltage obtained with nega-
tive compared to positive polarity.

» Antioxidant effect: 20 - 36% higher negative breakdown voltage obtained
for LDPE without than with antioxidant. (Except after ageing at 90°C)

» Oxidation effect: 40% reduction in the negative breakdown voltage of
L DPE without antioxidant after 4 weeks ageing at 90°C.

» Very similar development in the DC breakdown strength with and with-
out applied electrical field during ageing.
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Figure 7.6 DC breakdown voltage before and after 4 weeks electrical and/
or thermal ageing at 70 and 90°C.
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7.3.5 Electrical treeing

Breakdown was initiated from one of the three needles in a test object. A
large breakdown channel wasformed from thisneedle and it was not possible
to observe electrical trees. However electrical trees were often present from
the two needles where breakdown did not occur during the DC breakdown
test. Figure 7.7 shows an example of electrical tree growth from aneedletip.
The length of the trees was measured in the direction of the electrical field as
shown in the figure.

o

e P 280 um

R

Figure 7.7 Microscope image of electrical tree growth. LDPE without
antioxidant aged 4 weeks at 70°C with negative voltage applied at the
needle.

Table 7.2 shows the number of needles with observed electrical trees and the
total number of needlesinvestigated for each ageing case. For the unaged test
objects only afew trees were observed with positive polarity. In the case of
negative polarity electrical trees were present at all needles. The number of
treesincreased after the test objects had been subjected to electrical and ther-
mal ageing. The highest number of electrical trees were observed after 4
weeks of electrical ageing at 90°C where trees were present at all inspected
needles irrespective of polarity.

URN:NBN:no-6341



7.3 Results 95

Table 7.2 Theratio of needleswith observed electrical treeto the total
number of needlesinspected. The numbersin parenthesesreferstothe
ageing set number in Table 6.1.

Positive polarity | Negative polarity
Ageing conditions: without | with | without | with
antiox. | antiox. | antiox. | antiox.
unaged 3/12 1/10 10/10 10/10
4 week, electrical 70°C (1,2) 37 8/10 10/10 10/10
4 week, electrical, 90°C (5,6) 6/6 10/10 10/10 9/9
4 week thermal, 70°C (3,4) 1/10 5/10 10/10 8/10
4 week thermal 90°C (7) - - 6/8 9/10

The length of all the electrical trees was measured and the mean tree length
for each of the ageing cases are displayed in Figure 7.8. The mean was cal-
culated from all the inspected needles, i.e. zero length was ascribed to the
needles with no electrical tree. The results presented in Figure 7.8 show that
therewas atrend towardslonger electrical trees after the test objects had been
subjected to combined electrical and thermal ageing. The scatter in the meas-
ured tree lengths was large and an analysis of variance was performed for
each set of parametersto seeif the changein tree length with ageing was sig-
nificant [78]. The calculated significance levelsfor the different ageing cases
areshownin Table 7.3, and it is clear that there was a significant increase in
the tree length after combined electrical and thermal ageing. One exception
was the test objects with antioxidant aged 4 weeks with negative voltage at
90°C. Inthis case the treelength was unaltered. The most pronounced change
took place in LDPE without antioxidant after 4 weeks ageing with positive
voltage at 90°C. A mean tree length of 280 um was observed which is sig-
nificantly higher than for any of the other ageing cases.

When the test objects were aged thermally with zero electric field there were
less changesin the tree lengths as can be seen both from Figure 7.8 and Table
7.3. In LDPE without antioxidant there were no significant changes whilein
the material with antioxidant the tree length increased by 80% after 4 weeks
at 90°C in the case of negative polarity. It is interesting to note that in this
particular case the tree length increased after thermal ageing but remained
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constant when an electrical field was applied during ageing. For the other
ageing cases the effect was opposite.
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Figure 7.8 Mean electrical tree length before and after 4 weeks ageing at
70°C and 90°C.
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Table 7.3 Analysis of variance performed to find which ageing cases
gave a significant changein the length of the electrical trees. The
shaded cells show the cases wherethe significance level was better than

90%.
Positive polarity | Negative polarity
Ageing conditions: without | with | without | with
antiox. | antiox. | antiox. | antiox.
4 week, electrical 70°C (3,4) 93.6 97.2 99.7 97.2
4 week, electrical, 90°C (7,8) 100 98.4 95.3 12
4 week thermal, 70°C (5,6) 8.1 74.6 63.2 4.2
4 week thermal 90°C (9) - - 2.6 88.3

7.4 Discussion

7.4.1 DC breakdown voltage

Strong polarity effect

The DC breakdowns occurred in the range from 20 - 60 kV depending on
polarity, material and ageing conditions. If the electrostatic field at the needle
tip is calculated (using Equation 2.3) with applied voltage U = 20 kV and
Meedle = 6 UM, avalue of 1140 kV/mmisobtained. The‘intrinsic’ breakdown
strength of polyethylene at 70°C is about 350 kV/mm [77] and thus the cal-
culated electrostatic field is more than 3 times higher than the intrinsic
strength. This means that for all cases homocharge accumulated around the
needle and reduced the local electric field to values below the intrinsic break-
down level. The DC breakdown testing revealed that the breakdown voltage
was 40 - 150% higher with negative compared to positive polarity. Such a
polarity effect has been observed by several workers previously [49 - 51]
and, as discussed in Section 2.5 and 2.6, the effect is explained by higher
homocharge concentrations at the needle with negative compared to positive
polarity causing alarger reduction of the local electric field.
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The antioxidant additive reduced the breakdown level

LDPE with antioxidant had a 16 - 26% lower negative breakdown voltage
than the material without antioxidant, both before ageing and after 4 weeks
at 70°C. In Section 6.4.1 it was shown that in a homogenous field the two
materials had an equal breakdown strength at 70°C. Thus the observed dif-
ference must be related to the conditions in the inhomogenous field region.
If a smaller amount of negative charge was present around the needle in the
case of LDPE with antioxidant, this would give alower breakdown strength
dueto less efficient screening of the needle. The space charge measurements
performed in Chapter 5 may support this explanation. From Figure 5.7 we
see that during ageing of LDPE with antioxidant at E = 100 kV/mmand T =
70°C, positive charge was formed throughout the insul ation with amaximum
close to the cathode. If this type of positive charge formation took place in
the high field region around the negative needle, the net negative charge
would be reduced and thus a | ess efficient screening obtained.

Improved breakdown level after thermal and electrical ageing at 70°C

4 weeks electrical and/or thermal ageing mainly affected the DC breakdown
level in the case of LDPE without antioxidant. The increased negative break-
down level after 4 weeks at 70°C may be related to the annealing and corre-
sponding increase in Young's modulus that was observed after thermal
ageing at 70°C (see Figure 4.6). Asdiscussed both in Section 2.4 and 5.4 the
breakdown strength of LDPE depends on Young's modulus at 70°C. The
change in electromechanical breakdown level due to the changein Young's
modulus can be calculated from Equation 2.2. Figure 7.9 shows the calcu-
lated percentage change in breakdown level compared with the change
obtained from the breakdown tests. After 4 weeks at 70°C there is a good
agreement between the change calculated from Y oung's modulus and the
measured change in LDPE without antioxidant. In LDPE with antioxidant
there was no such agreement. The measured breakdown level was unaltered
after ageing even though Y oung’ s modulus increased. Thisindicatesthat the
space charge situation arising due to the antioxidant caused breakdown at a
level below the electromechanical critical field. Thisisalso supported by the
fact that the breakdown level in the material with antioxidant was about 20%
lower than in LDPE without antioxidant despite the two materials having
egual elastic modulus.
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Figure 7.9 Percentage change in breakdown level due to thermal ageing
measured with the DC ramp test and calculated from the electromechani-
cal model. The values of Young s modulus obtained in Chapter 4 was used
in the calculation. LDPE without antioxidant.

Another question is why the same improvement of the breakdown voltage
due to annealing was not observed in the case of positive applied voltage.
This may be explained as follows: With positive polarity the accumulated
charge is confined to a small region around the needle and the region with
high electric field is also limited. Compression of this small fraction of the
insulation does not cause electromechanical instability and breakdown first
occurs when the field around the needle reaches the intrinsic breakdown
level.

Oxidation of LDPE without antioxidant -> reduced breakdown level

After 4 weeks at 90°C the breakdown voltage of the test objects without anti-
oxidant was reduced by as much as 40% in the case of negative polarity. The
oxidation measurements clearly demonstrated that this reduction in break-
down voltage was related to a heavy oxidation of the material. The oxidized
material had become brittle, but Y oung’s modulus was unaltered and could
not account for the large reduction in breakdown level, see Figure 7.9. The
reduction was most probable caused by the oxidation products giving rise to
enhanced high field conduction and corresponding Joule heating as dis-
cussed in Section 2.2.2. The reduction in breakdown voltage is in agreement
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with results obtained by Chen et a. [25]. They found that the breakdown
strength of LDPE was reduced by 30% after 15 days at 100°C.

No effect of oxidative degradation was observed in the case of positive
applied voltage. Again this may be related to the poor screening which con-
finesthe high electrical field to asmall region around the needle. The carbo-
nyl concentration decayed towards the needle as can be seen from Figure
4.10. Thus the carbonyl concentration was low in the region with high elec-
tric field and no significant increase in the high field conduction occurred.
This can be further illustrated by estimating the field distribution from the
needle in the case of positive and negative polarity. The field estimation is
based on equations developed by Mason [49]. It is assumed that the negative
homocharge caused a needle extension of 0.2 mm while the positive homo-
charge only caused an extension of 0.04 mm. The estimated field distribu-
tionsfor the two polarities are shownin Figure 7.10. and we seethat the field
in the region with high carbonyl concentration is about 4 times higher with
negative compared to positive polarity.
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Distance from needle-tip (mm)
Figure 7.10 lllustration of the field distribution in the region with heavy
oxidation in the case of 25 kV positive and negative voltage applied to the
needle. The dashed lines indicate the needle extension due to accumulated
homocharge.
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7.4.2 Electrical treeing

Short-circuit trees initiated at breakdown

The observed electrical trees were most probably formed when breakdown
occurred at one needle, i.e. short-circuit trees. The possibility of DC treeing
during the voltage rise period may be rejected on the basis of the needle
experiments with polyethylene done by ledaet a. [50]. They found that with
avoltage rise speed of 100 V/sec the tree initiation voltage was 80 kV in the
case of positive polarity and far above thiswith negative polarity. The exper-
iments were performed at 30°C but from the temperature dependence of the
intrinsic breakdown strength we can expect a positive tree initiation voltage
of at least 30 kV at 70°C. Thus with a needle to plane distance of only 0.4
mm the breakdown and tree initiation level coincide and breakdown proba-
bly occurred immediately when treeing was initiated at a needle. When tree
initiation and breakdown took place at one needle, the accumulated homo-
charges around the other two needles gave rise to avery high electrical field
around the needletip and ashort-circuit tree wasformed if the electrical field
exceeded the intrinsic breakdown strength.

Inspection of the unaged test objectsrevealed electrical treesat all needlesin
the case of negative polarity while only a few trees were observed for posi-
tive polarity. Asdiscussed in the previous section less homocharge accumu-
lates around the needle with positive polarity, and therefore alower el ectrical
field arises at short-circuit giving less probability of tree formation. The
mean treelength for negative polarity was about 100 um which is in good
agreement with the short-circuit results obtained by leda et al. [50] at 70°C
after 15 minutes prestress with 50 kV.

Longer electrical trees after electrical ageing at 70 and 90°C

In general the number of electrical trees and the mean electrical tree length
increased after electrical ageing at 70 and 90°C. In most cases the increased
treelength was not related to a corresponding increase in breakdown voltage.
Therewere less changesin the mean tree length after thermal ageing and this
indicates that the change was related to the applied field during ageing. A
suggestion is that homocharge drifted away from the needle during the four
week ageing period and got trapped in the bulk of the insulation. Before DC
testing the objects were short-circuited for one hour and the charge in the
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proximity of the needles was removed due to a high driving field. The field
decay away from the needle and the charge trapped in the bulk may thus have
remained after short-circuit. When breakdown occurred this trapped charge
may have played a part in the tree formation process.

The most pronounced effect of ageing on electrical treeing was observed in
L DPE without antioxidant aged 4 weeks electrically at 90°C with positive
applied voltage. A mean tree length of 280 um was obtained and this was
70% longer than for any of the other ageing cases. It seems likely that this
large increase was related to the heavy oxidation of the material. But why
was the same largeincrease in treelength not observed in the case of negative
voltage (mean tree length 160 um)? This could be related to the differencein
mobility of the positive and negative homocharges. As discussed in Section
2.5 the negative homocharge consists of injected el ectrons while the positive
chargeisaresult of ionization and el ectron extraction in the high field region.
From this it is reasonable to assume that the negative homocharge has a
higher mobility than the positive charge. When the negative charge around
the needle reaches a certain concentration and extension, charge will begin
to movetowardsthe plane el ectrode and disappear. Due to lower mobility the
positive charge remain distributed throughout the whole insulation and the
charge far away from the needle contribute to tree formation in the heavily
oxidized material. Figure 7.11 illustrates this model together with the other
test cases for LDPE without antioxidant aged with applied electrical field.
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Figure 7.11 Proposed models for breakdown and tree formation in LDPE
without antioxidant before and after electrical ageing. The grey shading

illustrates the oxidation profile.
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7.5 Conclusions

From the results discussed in this chapter the following conclusions can be
made in relation to the four hypotheses presented in Chapter 1.

Effect of oxidation:

Heavy oxidation of LDPE without antioxidant was observed after 4 weeks
ageing at 90°C. The oxidation gave a large reduction in DC breakdown
strength, probably due to enhanced high field conduction.

Effect of the antioxidant additive:

The degree of oxidation remained unchanged in L DPE with antioxidant after
thermal ageing at 90°C. Thus the protection was effective and the DC break-
down strength remained unchanged. LDPE without antioxidant performed
better than LDPE with antioxidant until the oxidation process accelerated.
The poorer performance of LDPE with antioxidant was probably aresult of
positive charge accumulation at the cathode.

Effect of protrusions when ageing with constant DC voltage:

When a constant DC voltage was applied homocharge accumulated around
the needles and reduced the inhomogenous electrical field. No sign of
enhanced polymer degradation around the needles was observed after 4
weeks ageing. The DC breakdown strength was unchanged or even increased
aslong as the oxidation level remained low.

Effect of protrusions at failure / fast grounding:

When failure occurred at one needle during the DC breakdown test, electrical
trees were often initiated from the remaining two needles in the test object.
The number and length of these short-circuit trees increased after electrical
ageing at 70 - 90°C.
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Chapter 8

POLARITY REVERSAL TESTING OF
SAMPLES WITH NEEDLE-PLANE
ELECTRODE GEOMETRY

8.1 Introduction

The fourth hypothesis formulated in Chapter 1 statesthat defectsinaHVDC
insulation system are particularly critical during abrupt grounding or polarity
reversal. The results obtained in Chapter 6 supported this hypothesis for the
case of abrupt grounding, and in this chapter the effect of polarity reversals
during ageing will be further investigated.

8.2 Experimental procedures

Cup-shaped test objects with three needle prints were prepared from LDPE
with and without antioxidant as described in Section 3.2.3. The needle prints
had a bend radius of 6 + 1.5 um and the distance from needle to planewas 0.5
+ 0.1mm. All experiments were performed at a temperature of 70°C. The
polarity given always refers to the needle electrode.

Short term DC polarity reversal breakdown test

The short term DC polarity reversal breakdown voltage was evaluated by
applying the voltage sequence shown in Figure 8.1 to unaged test objects.
The starting level at the needle electrode was -16 kV and after 5 minutes the
polarity was reversed to +16 kV. The rate of reversal was 13 kV/second.
After finishing the cycle at +/- 16 kV the voltage level was incremented by 1
KV. This continued until the voltage reached 20 kV which was the maximum
output of the voltage source. If breakdown had not occurred the cycling con-
tinued at +/- 20 kV. 80% of the breakdowns occurred before or during the
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first cycleat 20 kV. The choice of 5 minutes DC stressing time at each polar-
ity was based on the results by leda et a. [50] showing that the homocharge
concentration around a needle in polyethylene reached a maximum level
after 5 minutes of DC prestressat T = 60°C (see Figure 2.5).

1, 2,3 4 5 6 |7

25 1 1 1 1 1
breakdown
20 | o |

10

-10 +
-15 + |
20+ 2 k& = L L
5 minutes

Applied voltage at needle (kV)

-25
Time

Figure 8.1 The DC polarity reversal breakdown test. The cycle number is
given in the top of the figure. The voltage rate at reversal was 13 kV/sec.
Breakdown always took place when changing from negative to positive
polarity as indicated in the figure.

Long term ageing

During long term ageing the polarity was reversed between +/- 8kV every 5
minute at a rate of 13 kV/second. The test objects were kept in an air-venti-
lated oven at 70°C for a period of 4 weeks which corresponds to 4000 polar-
ity reversal cycles. After ageing the test objects were subjected to aDC ramp
test without polarity reversal. The test was performed following exactly the
same procedure as described for unaged needle objects in Section 7.2. Neg-
ative polarity was used since the results in Chapter 7 showed that the effects
of ageing were more pronounced inthiscase. Before the breakdown test the
objects were kept short-circuited for one hour at 70°C to remove accumu-
lated charge.
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After the breakdown tests had been performed al test objects were micro-
tomed in 250 um slices and the areas around the needles were inspected with
optical and infrared microscopy.

8.3 Results

8.3.1 DC polarity reversal breakdown test

The results from the polarity reversal breakdown test were analysed by
Welbull statistics and the resulting 63% breakdown voltage is shown in
Table 8.1. Both the material with and without antioxidant obtained a charac-
teristic breakdown voltage of 20 kV. The scatter in the datawas low asindi-
cated by the high B-values. Onetest object with and one without antioxidant
had no breakdown during the first cycle at 20 kV. These objects were given
thevalue U > 20 kV and included as suspended datain the stetistical analysis.
In the object with antioxidant failure occurred after 7 cycles at 20 kV while
the object without antioxidant survived 30 cycles after which the test waster-
minated.

Breakdown always occurred after changing from negative to positive polar-
ity at the needle. In LDPE without antioxidant breakdown took place imme-
diately after reversal or at the positive edge while in the case of the material
with antioxidant the average time to breakdown was 93 seconds.

Table 8.1 DC polarity reversal breakdown voltage. Ug;0,: characteristic

breakdown voltage, 3: Weibull shape factor, n/s: total number of data/
suspended data, t: average time to breakdown from the last polarity

reversal
Material Ugso, (KV) B n/s t (sec.)
without antioxidant 19.8 21 5/1 0
with antioxidant 20.0 18 5/1 93+24
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Electrical trees were present at all needles after the breakdown test, also in
the test object where breakdown did not occurred. Figure 8.2 shows typical
tree structures in test objects with and without antioxidant. The tree length
was measured in the direction of the applied field (vertical) and at a right
angleto thefield (horizontal) asindicated in the figure. We seethat in LDPE
without antioxidant the tree extended almost twice as far in the horizontal
direction asin the vertical direction while in LDPE with antioxidant the tree
extension was similar in the two directions. A longer tree extension in the
horizontal direction was observed in 60% of the test objects without antioxi-
dant and in 20% of the test objects with antioxidant. Thisisreflected in Fig-
ure 8.3 which shows the average tree length for the two materials. We see
that in LDPE without antioxidant the average tree length was 1.5 times
longer in the horizontal than the vertical direction. In L DPE with antioxidant
the horizontal and vertical tree length was similar.

Vel
N
a1
)
5-_

393

205 o Zd

m—wﬂ_-‘-—-—l

without antioxidant with antioxidant

Figure 8.2 Microscope image of electrical trees formed during polarity
reversal breakdown testing. The numbers give the tree length in the
direction of the applied field and at a right angle to the field in
micrometer.
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Figure 8.3 Average tree length after DC polarity reversal testing.

8.3.2 4 weeks DC polarity reversal ageing

The effect of the 4 weeks ageing with polarity reversals on the DC break-
down voltageis shown in Figure 8.4. The values for unaged materials tested
with negative voltage are included as a reference. These values were previ-
ously presented in Chapter 7.3.1. In LDPE without antioxidant the negative
breakdown voltage increased by 15% due to the ageing while in LDPE with
antioxidant the breakdown voltage was reduced by 25%. Thus after 4 weeks
polarity reversal ageing at 70°C L DPE without antioxidant had a 83% higher
breakdown voltage than the material with antioxidant.
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Figure 8.4 Weibull plot of DC breakdown voltage obtained before and
after 4 weeks polarity reversal ageing at +/- 8 kV and 70°C. Negative
voltage applied during testing. The 90% confidence limits are shown and

the 63% breakdown voltage is given in the legend.

The degree of oxidation after the polarity reversal ageing was measured by
FTIR microscopy as described in Section 4.3.3. The number of carbonyl
groups was unaltered both in the vicinity of the needle electrodes and the
plane electrode, thus there was no evidence of accelerated oxidation caused
by the polarity reversals.

Electrical treeswere present at all inspected needles after the DC breakdown
test. Figure 8.5 shows the average tree length in the direction of the applied
field compared with the values obtained for unaged test objects and test
objects aged 4 weeks with constant negative voltage. We see that in LDPE
without antioxidant the mean tree length after polarity reversal ageing was
the same as after ageing with constant negative polarity; about twice the
length obtained for unaged test objects. In LDPE with antioxidant the mean
tree length after 4 weeks polarity reversal ageing was the same as before age-
ing. In both materials the electrical trees had a similar extension in the verti-
cal and horizontal direction.
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Figure 8.5 Average length of the electrical trees generated during the DC
ramp test with negative polarity. Comparison of values for unaged test
objects, objects aged 4 weeks at a constant voltage of -13 kV and objects
aged with polarity reversal every 5 minute.

8.4 Discussion

8.4.1 Short term polarity reversal breakdown test

Polarity reversal more critical than constant DC voltage

The short term polarity reversal test resulted in a characteristic breakdown
level of 20 kV for both materials. Thisis 25% lower than the level obtained
in the DC ramp test with positive polarity in Chapter 7.3.1. The lower break-
down level isrelated to the high field arising around the needletip at polarity
reversal. Homocharge accumulates during the period of constant DC voltage
and when the polarity is reversed in less than 1 second the accumulated
charge is converted to heterocharge resulting in a high local eectric field.
Breakdown always occurred after changing from negative to positive polar-
ity. This was expected since the results reported in Chapter 7 showed that
more homocharge accumulated around a needle with negative compared to
positive polarity. Thus when the polarity was reversed from negative to pos-
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112 8.4 Discussion

itive a higher field arised than in the opposite case, and the probability of
breakdown was higher.

Breakdown delayed 1 - 2 minutes after reversal in LDPE with antioxidant

In LDPE without antioxidant breakdown took place immediately after
reversal while in LDPE with antioxidant the time to breakdown was 1 - 2
minutes. This difference may be related to positive charge formation around
the needle during the negative half-cycle in LDPE with antioxidant. Such
positive charge formation in the case of needle with negative polarity was
previously discussed in Section 7.3.1. The positive charge may have reduced
the electrical field after reversal from negative to positive polarity and pre-
vented an immediate breakdown. Even if complete breakdown was avoided
electrical treeswere probably initiated at reversal aswill be further discussed
inthe next section. Theelectrical trees acted as an extension of the needleand
reduced the insulation thickness by up to 50%. Thus breakdown may have
been initiated from the extended needle after a few minutes even if the
applied voltage was 25% lower than the positive breakdown voltage meas-
ured in Chapter 7. The proposed models for breakdown in LDPE with and
without antioxidant isillustrated in Figure 8.6.

Electrical trees initiated at polarity reversal

After the polarity reversal tests electrical treeswere present at all needles and
the mean tree length for L DPE with antioxidant was 180 um. In contrast elec-
trical treeswere only observed at 1 of 10 needles when breakdown tests with
constant positive polarity were performed (seetable 7.2). Thisgives astrong
indication that the electrical trees observed after the polarity reversal tests
wereformed during reversal, not at breakdown. Thisis also supported by the
fact that electrical treeswere present at al needles, also in thetest object were
breakdown did not occur. The trees were probably initiated during some of
the first reversals from negative to positive polarity and then continued to
grow each time a new reversal took place.

Therewas atendency of the electrical treesto extend longer in the horizontal
direction than in the direction of the applied field, especially in LDPE with-
out antioxidant. This can be related to the local field distribution around the
needle immediately after polarity reversal. The field distribution is deter-
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Without antioxidant With antioxidant
before reversal before reversal

negative homocharge negative and positive
charge
immediately after reversal immediately after reversal
+
[ | [ |
breakdown dueto large electrical tree formation

field enhancement

1 - 2 minutes after reversal

breakdown initiated from
the electrical tree

Figure 8.6 Schematic illustration of the proposed models for polarity
reversal breakdown in LDPE with and without antioxidant.
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mined by the distribution of the accumulated charge and therefore the maxi-
mum field gradient may appear in other directions than parallel with the
applied field. When an electrical tree has been formed it is the field around
the tip of the tree that determines the further growth direction. Due to the
long, thin geometry of thetreeit ismost probable that the electrical field gra-
dient has its maximum in the front of the tree. Therefore the electrical treeis
likely to continue to grow in theinitial direction.

8.4.2 Long term ageing

LDPE without antioxidant -> no effect of 4000 polarity reversals

The 4 weeks polarity reversal ageing increased the DC breakdown voltage of
L DPE without antioxidant by 15%. This was unexpected since 4000 revers-
as at afast rate of 13 kV/second was thought to be tough conditions that
would lead to areduced breakdown level. The voltage was reversed between
+/- 8KV, i.e. AU = 16 kV. It is possible that this voltage difference was too
low to initiate electrical trees during ageing. Thisissupported by resultsfrom
leda et al. [50] showing that the short-circuit tree length decay towards zero
when the negative pre-stress voltage is less than 25 kV. The electrical trees
observed after breakdown were very similar in length and shape to those
observed after ageing with constant negative voltage. Thisis aso anindica
tion that no electrical trees were formed during ageing. No tree initiation
combined with improved mechanica strength due to the annealing effect
may then explain why the breakdown level increased after ageing. The effect
of improved mechanical strength on the breakdown level was discussed in
Chapter 7.4.1.

LDPE with antioxidant -> 25% reduction after 4000 polarity reversals

LDPE with antioxidant behaved very differently; the negative DC break-
down voltage was reduced by 25% after the polarity reversal ageing. It was
argued above that electrical trees were not initiated during ageing of LDPE
without antioxidant. These arguments should also be valid for LDPE with
antioxidant and therefore the reduced breakdown strength was probably
caused by another process taking place during ageing. One possible explana-
tion isthat positive charge was generated during ageing which contributed to
aless efficient screening of the needle in the succeeding DC breakdown test
with negative polarity. The positive charge was generated in each negative
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half-cycle and moved out of the high field region in each positive half-cycle.
After 4000 cyclesalarge amount of positive space charge may have been dis-
tributed throughout the insulation. One question that arise from this proposed
model is why a similar reduction of the DC breakdown voltage was not
observed after 4 weeks ageing with constant negative polarity. The answer to
this may be that with constant needle polarity an equilibrium between posi-
tive and negative charge was established and no further increase of the posi-
tive charge concentration took place.

8.5 Conclusions

The breakdown level obtained when applying DC polarity reversals was 20%
lower than the level obtained when applying a constant positive DC voltage
at the needle. Electrical trees were generated at all needles during the short
term polarity reversal tests. Both these results confirm that polarity reversals
may be critical if protrusions are present in the insulation system.

The DC breakdown strength of the test objects with antioxidant was reduced
by 25% after a4 week ageing period with 4000 polarity reversal cycles. This
reduction was ascribed to positive charge generation in the negative half
cycles giving rise to aless efficient screening of the needle in the following
DC breakdown test.
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Chapter 9

DISCUSSION

The main purpose of this work has been to obtain increased knowledge on
which factors are controlling the endurance of an extruded polymeric insu-
lation under HVDC conditions. LDPE was selected as insulating material
and was subjected to thermal and DC electrical ageing in homogenous and
inhomogenous fields. The effect of the ageing on electrical properties like
space charge accumulation, DC breakdown strength and electrical tree ini-
tiation was investigated and related to changes in morphology, oxidation
level and antioxidant concentration. In this chapter the four hypotheses pre-
sented in the introduction will be discussed on the basis of the results
obtained.

1. Thermal oxidation has a negative effect on the long term electrical prop-
erties of LDPE.

Heavy oxidation was observed in LDPE without antioxidant after about 6
weeks at 70°C or 4 weeks at 90°C. This oxidation clearly affected the elec-
trical properties. The DC breakdown voltage of the test objects with needle
el ectrodes was reduced by 40% after 4 weeks ageing at 90°C. The probabil-
ity of breakdown also seemed to increase when the oxidation process accel-
erated during long term ageing of test objects with and without iron
particles. Thereduced breakdown level was explained by the enhanced high
field conduction with corresponding increased joul e heating due to the oxi-
dation.

The results demonstrated that thermal oxidation is detrimental to the insu-
lation and must be avoided. Normally this is solved by adding an antioxi-
dant to the material, but as discussed below the antioxidant itself may also
have a negative influence on the electrical properties. The characterisation
results presented in Section 4.3.3 showed that oxidation wasinhibited in the
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test objects where thicker aluminium electrodes had been deposited. The
thicker electrodes acted as a barrier against oxygen and slowed the oxida-
tion process significantly. This indicate the possibility that a oxygen tight
outer sheet combined with alow operating temperature could be asufficient
protection against oxidation. Antioxidant is a'so necessary to prevent oxi-
dation during the manufacturing process, but oxidation at this stage could
possibly be prevented by operating in a nitrogen atmosphere.

2. The antioxidant additive prevents thermal oxidation but is a source of
space charge accumulation in the insulation which may have a negative
effect on the long term performance.

The protective effect of the antioxidant SantanoxR was clearly demon-
strated when test objects with needle electrodes were subjected to 4 weeks
ageing at 90°C. After ageing the DC breakdown strength of the material
with antioxidant was unaltered while LDPE without antioxidant experi-
enced a large reduction as mentioned above. The test objects with antioxi-
dant were subjected to thermal ageing for up to 3000 hours at 70°C and 670
hours at 90 °C, but increased carbonyl content due to oxidation was never
observed. Still, the measurements of antioxidant concentration presented in
Chapter 4 showed that aloss of the antioxidant was taking place in the sur-
face regions due to both migration and consumption of the antioxidant mol-
ecules. Some of the test objects with an insulation thickness of only 0.2 mm
were almost completely depleted of antioxidant after 1500 hours of ageing
at 70°C. Therefore the protection obtained with an antioxidant additive is
timelimited. The protection time depend on factors such asinsulation thick-
ness, oxygen availability and the ageing temperature.

Before oxidation LDPE without antioxidant showed a better performance
than the material with antioxidant. In the case of test objects with needle
electrodes, the material without antioxidant obtained a 20 - 36% higher neg-
ative DC breakdown voltage than the material with antioxidant. When the
same test objects were subjected to 4 weeks ageing with polarity reversals
the resulting negative breakdown level of LDPE without antioxidant was
twice the level of LDPE with antioxidant. The long term ageing of test
objects with and without iron particles showed that 60% of the objects with
antioxidant failed during the first hour of ageing while only 30% of the test
objects without antioxidant failed in this initial period. Enhanced space
charge accumulation due to the antioxidant additive was probably the cause
of the poorer performance. The space charge measurements presented in
Chapter 5 showed a faster charge accumulation rate in LDPE with antioxi-
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dant compared to the material without antioxidant. An electrode field
enhancement of up to 75% was obtained in LDPE with antioxidant under
certain ageing conditions, while the electrode field modification in LDPE
without antioxidant never exceeded 45%.

The obtained results support the formulated hypothesis. The material was
protected from oxidation, although only for alimited time, but it showed a
poorer performance during and after electrical and thermal ageing due to
space charge accumulation.

3. Inclusions in the insulation or protrusions at the electrodes are detrimen-
tal to the insulation and reduce the insulation life time under DC electri-
cal ageing.

In this work irregular iron particles were used to investigate the effect of
inclusions in the insulation and needle el ectrodes represented extreme pro-
trusions at the electrode. The included particles reduced the short term DC
breakdown strength, but during long term DC ageing no difference was
observed between test objects with and without particles. The lack of parti-
cleinfluence was probably due to screening of the particles by accumulated
space charge. The test objects with needle electrodes were subjected to 4
weeks electrical and thermal ageing but no accelerated degradation was
observed in the vicinity of the needles. The DC breakdown level was unal-
tered or even higher than before the ageing started. Thiswas al so associated
with accumulation of homocharges around the needle which reduced the
high electrical field.

These results contradicts the hypothesis stated. None of the irregularities
seemed to cause an accel erated degradation and reduced lifetime aslong as
aconstant DC voltage was applied. When the voltage changed abruptly the
situation was completely different as will be discussed bel ow.

4. Defects in the insulation system are particularly critical during polarity
reversal or abrupt grounding.

When the DC breakdown level of the test objects with three needle elec-
trodes were evaluated, breakdown occurred at one needle and the two other
needles experienced an abrupt grounding. In the case of negative polarity
thisabrupt grounding always resulted in electrical treeinitiation at the other
needles. The electrical trees had lengths varying from 50 - 300 um and the
longest trees were obtained when the test objects had first been subjected to
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electrical and thermal ageing. The tree formation was caused by the high
electrical field arising when the accumulated homocharge around the nee-
dle was converted to heterocharge at grounding. The electrical field
exceeded theintrinsic breakdown strength of the material and alocal break-
down wasiinitiated.

The test objects with included iron particles also experienced an abrupt
grounding when failure occurred at one sitein the insulation, but no el ectri-
cal treeswere observed from the particles. Thefield enhancement was prob-
ably lower and confined to a much smaller region than in the case of the
needle electrodes which may explain the absence of tree formation.

Thetest objects with needle el ectrodes were subjected to a short term polar-
ity reversal breakdown test. The obtained breakdown level was 25% lower
than with constant positive polarity and 60% lower than with constant neg-
ative polarity. Electrical trees were observed around all needles after the
test, also in test objects where breakdown did not occurred. Thus it was
clear that the el ectrical trees were generated and were growing during polar-
ity reversal. 4 weeks ageing with polarity reversal every 5 minute was also
performed. The material without antioxidant was not affected by this age-
ing, and the negative breakdown level was the same as after ageing with
constant polarity. The absence of degradation was explained by the applied
voltage being below the threshold level for tree initiation. In LDPE with
antioxidant the negative breakdown level was 25% lower after polarity
reversal ageing compared to ageing with constant polarity. This was not
ascribed to degradation during ageing, but to positive space charge genera-
tion caused by the antioxidant.

These results have shown that irregularities may be critical if the insulation
Is subjected to abrupt grounding or polarity reversal. Electrical treesmay be
initiated due to the high electrical field arising around the irregularity on
reversal or grounding. Polarity reversals can be avoided with modern con-
verter technology, but one can not be completely guarded against failure.
From apractical point of view this means that failure and abrupt grounding
at one site of an extruded HVDC cable may initiate electrical trees at pro-
trusions throughout a whole cable length.
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CONCLUSIONS

In this work low density polyethylene has been subjected to thermal and
electrical ageing under HVDC conditions with the purpose of gaining
increased knowledge to which factorsinfluence the life time of an extruded
insulation. The following main conclusions can be drawn from the work:

* Thermal oxidation reduced the DC breakdown level of LDPE signifi-
cantly. Thiswas probably aresult of enhanced high field conduction and
localized Joule heating caused by the oxidation products. From these
results it was evident that oxidation must be avoided in HVDC cable
insulation. It was observed that oxidation was prohibited when the
thickness of the electrodes increased.

» The antioxidant additive prevented thermal oxidation. The protection
time was limited as loss of the antioxidant due to diffusion and con-
sumption was observed after 4 weeks thermal ageing at 70 and 90°C.
The antioxidant additive caused faster space charge accumulation and
larger field modifications at the electrodes. The DC breakdown level of
the test objects with needle electrodes was reduced by 16 - 26% due to
the antioxidant. After ageing with polarity reversals the breakdown level
was 50% lower in test objects with than without antioxidant. The
obtained results indicate that the possibility of eliminating the antioxi-
dant additive completely should be considered due to its negative influ-
ence on the electrical properties.

* Included iron particles reduced the short term DC breakdown strength of
LDPE, but during long term ageing no difference was observed between
test objects with and without particles. Thiswas ascribed to screening of
the particles by accumulated space charge.
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» Polarity reversal or abrupt grounding initiated electrical tree growth from the
needle electrodes. Thiswas caused by the high electrical field arising when the
homocharge around the needle was converted to heterocharge on grounding or
reversal. The length of the electrical treesincreased after thermal and electrical
ageing. These results indicate that abrupt grounding or polarity reversal of an
extruded HVDC cable may initiate electrical trees from protrusions present at
the electrode-insulation interfaces.
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