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Abstract

As the use of HVDC subsea power cables increases, studying DC phenomena in wet
conditions becomes increasingly important. Space charge accumulation and transport in
the insulation is relevant for ageing and the ability to resist failure due to voltage
transients.

This thesis investigates the effect of absorbed water on conducted current and space
charge accumulation in cross-linked polyethylene (XLPE) insulation with
semiconducting polymer electrodes. Two different measurement techniques were
utilised: polarisation-depolarisation current measurement and the pulsed electroacoustic
space charge measurement technique. Temperatures between 20—80 °C, which are within
the temperature range found in a cable in service, were chosen. Measurements were
conducted on samples with water contents of between 4 and 90% saturation levels.

Measurements of conducted current showed that the presence of absorbed water increases
the apparent electrical conductivity in XLPE up to 3.5 times the dry-state conductivity,
with an exponential temperature and electrical field dependency that does not
significantly change from dry to wet insulation. Several commonly used conduction
mechanisms were found to be able to describe the current in samples with the same water
content, but no single conduction mechanism could predict the changes in conductivity
with water content. A dual-mechanism model was tested and found to describe the
changes in conductivity across all measured levels of applied electric, temperature and
water content, albeit with parameters outside what is possible for the base physical
mechanisms.

Measurements of space charge accumulation showed that injected charge was likely
dominant in both dry and wet samples, with absorbed water increasing charge mobility at
temperatures up to 60 °C. The increase in mobility was supported by measurements of
time-dependent current. At temperatures above 20 °C, positive charge was the main
contributor to space charge, both for wet and dry samples. At 80 °C, absorbed water
seemed to differ in effect compared to the lower temperatures, leading to increased
amounts of accumulated charge that did not stabilise within the measurement period.

In summary, the effect of absorbed water on conducted current and accumulated space
charge does not appear to be critical for XLPE insulation systems at temperatures of 20—
60 °C. At higher temperatures, further investigation is warranted, given the apparent
detrimental change in mechanism for accumulated charge in wet conditions at 80 °C.
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1 Introduction

High-voltage direct current (HVDC) subsea links have been in use for almost 70 years,
with the first cable, connecting the Swedish island of Gotland, going into service in 1954.
Recent years have seen an increased interest in use of HVDC links due to the increasing
need for long-distance power transfer. In applications that involve high power loads, such
as connecting islands to a mainland grid, like the Gotland link, or subsea interconnections
between countries, use of large HVDC cables is advantageous.

The viability of choosing HVDC power transfer over the more established high-voltage
alternating current (HVAC) system depends on transfer distance. While the converter
stations needed in an HVDC link makes the distance-independent investment more
expensive than HVAC, costs for HVAC go up faster with increasing distance than HVDC,
due to higher line costs and reactive losses that increase with cable length. The breakeven
distance, i.e. when HVDC starts getting more economical than HVAC, will be dependent
on the specific project, but for lengths greater than 50-100 km HVDC often starts
becoming a viable option [1,2]. Connecting to offshore installations, such as oil rigs or
offshore renewable power production, with HVDC requires a higher initial investment
cost, as converter stations located on platforms or on the seabed are more expensive than
land-based stations, and can thercfore move the breakeven distance even further.
However, the recent increased interest in offshore wind farms likely means that the
demand for HVDC power links will increase, due to the long transfer distances required
to connect to the remote locations of these farms, and also that investment costs will
decrease as the technology of platform and seabed converter stations matures.

HVDC cable insulation has traditionally been lapped insulation, typically consisting of
layered paper or plastic laminates impregnated with insulating oil. The use of HVDC
extruded polymer-insulated cables have increased in recent years [2]. Extruded insulation
exposed to HVDC loads have historically had issues with failures during polarity
reversals, which has been related to the accumulation of space charge [1,3]. Technological
development, especially the introduction of voltage source converters (VSC) which have
eliminated the need for polarity reversals to reverse power flow, have made extruded
HVDC cables feasible to use. Using extruded insulation has advantages, as it can
withstand higher conductor temperatures than mass impregnated cables, is more
mechanically robust, has a lower weight per meter cable and cable joints that are simpler
to construct [2,4]. However, even though VSC technology has eliminated the main source
of detrimental effects from space charge, it is still important to know how space charge
accumulates in the insulation system, as it will have an effect on ageing [5,6] and the
capacity to withstand failure during rapid grounding or when exposed to transients. In
addition, new dynamic load patterns due to, e.g. use of cables in wind farms, means that
changes in space charge accumulation and conducted currents due to changes in



temperatures are also important parameters to consider when using extruded insulation
systems.

Subsea high-voltage (HV) cables have traditionally included a water blocking sheath. For
dry-design cables the barrier is metallic (extruded lead, welded copper or aluminium),
while wet-design cables can have completely polymeric barriers or hybrid barriers
consisting of an overlapping non-welded metal barrier in combination with polymer
materials. Lead sheathing has been the most commonly used water barrier. However, cost
concerns and the need for dynamic cables in moving installations such as floating
windmills or other offshore platforms have shifted the market more towards wet designs.
Even for purely static cables such as subsea transmission cables, the lighter and cheaper
wet designs will be relevant to save costs. Finally, the European Chemicals Agency is
expected to include lead in the REACH authorisation list, banning lead from being used
to manufacture, repair or maintain cables, possibly as early as 2025 [7].

Polymeric water barriers, which are lighter, cheaper and easier to manufacture, and also
have better resistance to dynamic mechanical stress, are being introduced as alternatives
to metal barriers. The challenge of using polymeric water barriers is that polymers are
never completely watertight. Long-chained polymer molecules will have gaps between
the molecular chains through which small molecules can pass. Water will therefore
diffuse into the insulation system over time. For alternating current (AC) cables, the
presence of water in the insulation must be minimised, as water trees will be created at
relative humidities above 70% [8]. In HVDC cables, however, the effect of water is less
known. The aforementioned space charge accumulation and conducted current is
suspected to be affected by absorbed water, although only a few systematic studies have
thus far been conducted [9-13].



Purpose of work

The knowledge of the effect of absorbed water on the electrical properties of HVDC cable
insulation is limited. The purpose of this work is therefore to study the changes in space
charge accumulation and conductivity of a commercially available XLPE insulation
system with varying amounts of absorbed water present. Several items of interest present
themselves:

e What is the origin of accumulated charge in XLPE?

e What is the effect of increased temperature on charge accumulation and transport
in XLPE?

e Can charge transport in XLPE with absorbed water be satisfactorily described by
existing conduction mechanisms?

e How does absorbed water alter the accumulation of space charge in XLPE?
e Does the effect of water change with temperature?

Measurements of conducted current and space charge accumulation were performed to
address these questions. As temperature alters both the electrical properties and the rate
and amount of water absorption, measurements at three different temperatures were done.
As insulation temperature can be as high as 90 °C, the temperatures 40, 60 and 80 °C
were chosen. In addition, some measurements were also performed at room temperature.
All electrical tests were done on samples with semiconducting polymer electrodes, as this
is what is present in an extruded cable. To control the water content in the samples, water
absorption and permeation measurements were also performed.






2 Theory

2.1 Introduction to charge transport in polymers

Although a perfect insulation material does not conduct electricity, real materials are far
from this ideal and charged particles will move through them when under a potential
gradient. These mobile charged particles are referred to as charge carriers. For insulating
polymers, the movement of charge is affected by a variety of factors, such as the
composition of the polymer chain itself, degree of crystallinity, whether the polymer is
cross-linked and the presence of additives and impurities. The type of charge carriers
present in the polymer will also impact the movement, as for instance the physical size of
carrier or polarity and charge number will have an effect. The origin of the carriers can
be from bulk generation, for example ionisation of impurities, or injection from the
electrodes.

In general, charge carriers are separated into two main categories: electronic carriers and
ionic carriers. Electronic carriers consist of negatively charged electrons and positively
charged virtual particles called holes, which are created by the absence of an electron.
Charge carriers injected from the electrodes generally refer to electronic carriers, i.e.
electrons and holes [14]. The rate and type of injection is very dependent upon the
electrode-dielectric interface; for instance, metallic electrodes have been found to provide
different injection conditions than semiconducting polymer electrodes [14]. Different
types of electrodes may also affect extraction of charge carriers. lonic carriers are positive
and negatively charged ions which originate from, for instance, ionisation of impurities
in the bulk. In certain circumstances, such as sharp defects at the electrodes, field
strengths could be high enough to cause ionisation, leading to positive ions generated at
the electrodes, although this requires higher electric field strengths and is often more
connected to pre-breakdown phenomena than sustained charge generation [15].
Mechanisms that result in bulk-generated electronic charge carriers also exist. In Section
2.2, several mechanisms relevant to the transport of charge in XLPE are presented. In
addition, measurement principles used to determine which of these mechanisms controls
the flow of current are introduced. Section 2.3 concerns the theory around the build-up of
charge inside the insulation material, and also presents some methods for evaluating the
behaviour of the stored charge.



2.2 Conductivity and conduction mechanisms

2.2.1 Introduction

Dielectric materials have a very low intrinsic conductivity. Real dielectrics, however,
contain defects, in the form of voids of various sizes, and impurities, such as cross-linking
by-products and additives, which explains why the measurable conductivity is
significantly higher than the intrinsic [16].

Conductivity in a material can be expressed as

o= 2.1)

Alli

in which #n is the concentration, ¢ the charge and ux the mobility of the charge carriers.
The total conductivity will be the sum of the contributions from each different charge
carrier species, denoted by i. Defects and impurities will affect the conductivity either as
carrier sources, by increasing #, or facilitating the movement of charge carriers through
the polymer matrix, increasing u. In polymers, charge carriers can be electrons, holes and
various kinds of ions. The movement of electronic charge carriers is described by
quantum mechanics, often using the movement of electrons in crystals as a starting point
[16]. The movement of ions is governed by the principles of mass transport [17,18].

At low applied electric fields, the conductivity will be constant, and Ohm's law will be
valid. This is therefore called Ohmic conduction. At higher electric fields, the field
dependence of the conductivity means that more complex models must be used. Section
2.2.2 summarises the principles for the movement of electrons in an electric field in
polymers and presents several conduction mechanisms that attempt to explain the
observed non-linear behaviour of conductivity at high fields. In Section 2.2.3, the
movement of ions and ionic conduction mechanisms are discussed.

2.2.2 Electronic conduction and band structure

This section will go through the basic principles of electron and hole conduction band
structure (for more information see e.g. [16,19-21]).

By applying quantum mechanics, electrons in insulating solids are found to be limited to
only certain energy levels, separated by forbidden gaps [16,22]. In a periodic potential
lattice, the energy levels group together to form ordered energy bands, which may be
occupied by electrons. Transport of electrons can only occur in bands which are not
completely occupied. The highest completely occupied energy band is called the valence
band, while the empty band immediately above is referred to as the conduction band. The



forbidden gap between the valence and conduction bands determines the intrinsic
conductive properties of the material. The width of the band gap for some insulating
polymers can be very large, for example for polyethylene at about 8.8 eV [23], which
means that almost no electrons will be found in the conduction band. This would in
principle make the material an almost perfect insulator. However, the structural
imperfections and presence of impurities in real polymers introduce states within the
forbidden gap which electrons can occupy [24,25]. The extent of these states is limited in
space to around the impurity or imperfection, which means that they exist as discrete
localisation points within the polymer structure. Impurity states just below the conduction
band can act as electron donors, enabling mobile electrons in the conduction band at a
lower energy than would be required for a valence band electron. At the other end of the
band gap, impurity states just above the valence band can act as electron acceptors,
increasing the creation of positive 'holes' in the valence band, which can act as virtual
charge carriers. The effect of an impurity state on the transport of charge depends both
on the energy level and the nature of the impurity state. While an electron acceptor state
close to the valence band aids the generation of holes, an acceptor state close to the
conduction band may slow the transport of electrons due to increasing the residence time
of electrons at the impurity. The term describing states that localise charge at particular
sites is charge traps. The trap depth describes the energy level compared to the conduction
band for electrons and the valence band for holes.

The concept of the conduction band will be valid as long as the lattice stays periodic with
a certain degree of order. A one-dimensional regular lattice will be valid along a polymer
chain, while crystalline groups in polymers form relatively regular inter-chain lattices.
Crystalline groups are limited in size, however, as irregular folding of chains and chain
entanglement leads to formation of amorphous zones. These zones can affect the transport
of electronic charge carriers due to, for instance, the interfacial regions between
crystalline and amorphous zones behaving as trap states [26]. In addition, different
morphological groups may be preferential to electron or hole transport. As holes are
vacancies in the valence band, they are limited in location to the polymer chains, and are
most easily transported where the chains are more dense, i.e. crystalline zones. On the
other hand, calculations of electron conduction states in polyethylene have found that they
are mainly interchain [27], which indicates that electrons contributing to conduction will
likely prefer to move in lower-density, amorphous regions. This hypothesis is supported
by the observation that polyethylene has a negative electron affinity.

Contact between the polymer and other materials may lead to injection of charge carriers
into the polymer. This occurs either due to an externally applied electric field or due to a
difference in Fermi levels between the polymer and the electrode. In the first case, the
injection will continue until the external electric field is removed. In addition, space
charge may form to counter the effect of the field. In the last case, charge will form until
the difference in Fermi levels is equalised.



The conduction mechanisms governing the generation and transport of charge carriers
will depend on the applied electric field, temperature and electrode effects, in addition to
being dependent on the presence of trap states from, for instance, imperfections in the
polymer structure, impurities or morphology. Below, the principles of four possible
conduction mechanisms for electronic charge carriers in XLPE are summarised, and their
dependencies on electric field and temperature presented.

2.2.2.1 Hopping conduction

Hopping conduction supposes that the mobility of charge carriers is limited by
localisation at trap sites. Originally developed for conduction in ionic crystals [28], it has
also been shown to be applicable for electronic charge carriers [29]. The amount of time
an electronic charge carrier will spend in a trap depends on the depth of the trap, the
temperature and the electric field acting on the carrier. The movement of carriers from
trap site to trap site is a thermally activated process, enhanced by the electric field. Given
a high enough density of traps, with an average distance a between trap sites, this will be
a series of potential wells, separated by barriers with a barrier height @ corresponding to
the trap depth. An applied electric field will lower the energy required to surmount the
potential barrier, increasing the net jump frequency. The conductivity can be expressed
as [28,29]

o= ne%exp (—gj sinh (@] (2.2)

in which e is the elementary charge, v the frequency of attempts to escape the trap and &
the Boltzmann constant. The same formalism can also be reached for ionic carriers, as
will be shown in Section 2.2.3.1. Hopping conduction has previously been used to
describe current flow in XLPE insulated cables in [30], although the nature of the carriers
was not focused on in that work.

2.2.2.2 Schottky injection

Schottky injection is regularly included as the high-field injection mechanism when
modelling charge transport [31-33] and has also been found to be a probable conduction
mechanism for XLPE in some cases [34,35]. It assumes that the current is limited by
field-assisted injection of electrons or holes from the electrodes. At the electrode-
dielectric interface, electrons will experience a barrier due to the electrostatic attraction
between the electrode and an electron. This can be illustrated by a “mirror image charge”
of equal and opposite charge to the electron, placed equidistant to the neutral plane at the
interface. An applied field would then reduce the effective barrier height at the interface.
Using Coulomb’s law and Fermi-Dirac statistics, this yields [16]
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in which m is the electron mass, R <1 the proportion of electrons that are reflected at the
interface, 7T the temperature, 4 the Planck constant and ® the barrier height.

In [35,36], a modification of the Schottky mechanism was used to include the field
distortion effect of space charge near the electrodes. This replaced the geometric electric
field £ with the local electric field at the cathode Ec, using E. = yE. For y > 1, the local
electric field controlling injection is higher than the geometric field. Enhanced local
electric field means that the space charge near the injecting electrode is heterocharge. For
y <1, the local electric field is lower than the geometric field and the change is caused by
homocharge [35,36].

2.2.2.3 Poole-Frenkel conduction

A bulk-limited conduction mechanism, Poole-Frenkel involves the thermionic emission
of electronic carriers. In order for Poole-Frenkel conduction to occur, the band structure
of a material must have a wide band gap with donor states some k7" below the conduction
band or acceptor states some kT above the valence band, so that no free carriers are
generated at room temperature. An electron in a donor state will experience barriers
limiting movement. As with Schottky injection, the applied electric field lowers the
barriers in the field direction and increases the barrier in the direction opposite to the field.
The conductivity using the Poole-Frenkel model can be expressed as [16]

o =(NyNy)" eu exp(—%} exp(éﬁj (2.4)

in which Netr is the effective density of states in the conduction band, Np is the density of

donors, @ the barrier height and f a constant connected to presence of trap states in the

material. If there are no traps, § = £ /i . If there is a single trap level, § = 1L [37].
2k \ me k \ me

Poole-Frenkel conduction has been suggested as a conduction mechanism for XLPE in a
number of publications [34,38,39].

2.2.2.4 Space-charge limited current
At low charge mobility, injected carriers may accumulate in the bulk as space charge. The

electric field from this accumulated charge will affect the conducted current. In some
cases, space-charge limited current has been found as the dominant conduction



mechanism in XLPE [40,41]. In the case of only electrons as charge carriers, a perfect
contact injecting electrode and uniformly distributed space charge, the space-charge
limited current density is given by [16]

Yeul?
8d’

J=0 (2.5)

in which @ is the ratio between the number of electrons in the conduction band and in
traps, V is the applied voltage and d the sample thickness. For a dielectric without traps,
6 = 1. For a dielectric with traps, the value of 6 is voltage-dependent. At low voltage
above the Ohmic region, most electrons are trapped and 6 is very small. As the voltage
rises, traps become filled, and 8 increases towards unity. This results in the current density
increasing more rapidly than with 2. When all traps are filled, the current density once
again increases with the square of the voltage. For a single trap level, the current density
will increase as J V™, at a given voltage level (the trap-filling limit). However, in real
dielectrics the trap levels are usually distributed, which leads to the current density
increase having a dependency between V2 and V™.

2.2.3 Ionic conduction

While electronic charge carriers involve electrons moving along molecular chains or
between localised traps, ionic carriers are governed by the principles of mass transport.
This means that they will move between polymer chains, similar to the diffusion process
governing the movement of neutral particles. Areas in the polymer structure with lower
density will be preferred, and transport will take place mainly in the amorphous zones,
while crystalline zones will be more or less impermeable.

Mobile ionic species in insulating polymers are usually assumed to have their origin in
impurities or additives. These can be consciously introduced as, for example, anti-
oxidants [42]. Other sources can be by-products from cross-linking processes [43-45],
gases or vapours absorbed from the atmosphere, oxidation residue or migration of species
from materials in contact with the insulation, such as semiconducting electrodes [42,46].
Lastly, absorbed water vapour may lead to ionic dissociation [13,47].

2.2.3.1 Hopping conduction

As described for electronic charge carriers in Section 2.2.2.1, the hopping conduction
mechanism describes conduction due to localised carriers moving in a lattice of
occupation sites. Due to thermal excitation, the ion will attempt to jump over the barrier
to the next site with a given frequency. Assuming an isotropic material, the probability of
a jump will be equal for all directions in the absence of an electric field. When a field is
applied, the barrier in the field direction will be reduced and the barrier in the opposite
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direction increased. This gives a net flow of carriers in the field direction, similar to
Equation (2.2) [16]:

E ). qak
J =2gnavexp| ——=% |sinh| =— 2.6
na p( ij (2ij (2-6)

in which Ej4 is the energy required to jump over the barrier and ¢ is the charge of the ion.
The hopping mechanism was originally derived for conduction in ionic crystal structures,
but has been extended to apply to ionic conduction in polymers.

2.2.3.2 Ionic dissociation

Most polymers will contain additives, by-products of manufacturing or other impurities.
Of these, some are dissociable, meaning that a portion of the compound will dissociate
into its associated ions. Assuming a single dissociable compound contributing to the
current, and that there is equilibrium between the original molecules and product ions,
the conductivity from ionic dissociation can be expressed as [48]

AW
o =Kme(u, +y_)exp(—287j (2.7)

in which Ko is the equilibrium constant for the dissociation reaction, no is the
concentration of ionisable compound, u+ and u. are the positive and negative ion
mobilities, respectively, and AW is the activation energy required for the separation of the
product ions.

2.2.3.3 lonic dissociation in an electric field
When an electric field is applied, ions of opposite charge will experience forces in
opposite directions. This leads to the equilibrium between molecules and ions shifting,

increasing the number of dissociated ions. The effect of this equilibrium shift on the
dissociation constants can be calculated [49,50], giving

1 [8EE’ 1 |EE
k, =k, J ——,/ /| —— 2.8
DT 1[ kT\ 7e ]( kT 2;zgj 8

Where k), is the dissociation coefficient of ion pairs to free ions and Ji is the Bessel

function of the first kind and order one. By assuming a high enough electric field, this can
be approximated to yield the field-dependent conductivity as [49,50]
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in which v is the concentration of ion pairs, and g is the recombination constant of free
ions to ion pairs. The concentration of ion pairs is usually proportional to the
concentration of dissociable ions, which means that the conductivity given by Equation
(2.9) will yield a similar square root dependency on the concentration of ionisable
compound as in Equation (2.7). Assuming that dissociation in a dielectric liquid is a valid
approach for XLPE, the approximation leading to Equation (2.9) is valid for electric fields
of higher than 7-9 kV mm™!, depending on temperature, meaning that some error will be
expected for low applied electric fields.
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2.2.4 Measurement principles

2.2.4.1 Steady-state current

In most of the equations used to describe the conduction mechanisms in Section 2.2.2 and
2.2.3, either the conductivity or the current density is expressed as a time-independent
function of electric field and temperature. Measuring the steady-state current density at
different combinations of applied electric field and temperatures may therefore yield
insight into the underlying conduction mechanism. When water is absorbed, the changes,
if any, to the current would provide information on what the nature of the effects are. A
limitation of this method is that, as can also be seen in the previous sections, most of the
expressions for the current density and conductivity are exponentially dependent on the
applied electric field and temperature. Distinguishing the different mechanisms from each
other may therefore be challenging.

2.2.4.2 Transient current

Investigating the time dependence of the charging and discharging currents can give
insight into the mechanisms beyond what can be found from steady-state currents. For a
solid dielectric, the charging current density can be expressed as

Jo(t)=6,E(5(t)+ f(t))+oE (2.10)

where 0(f) factor is a delta function describing the instantaneous polarisation response of
the system, meaning the response of unoccupied space in any free volume and voids in
the dielectric. f(¢) is the combined response of the material components constituting the
dielectric, which is the sum of their polarisation currents. ¢F is the contribution of the
conduction current. The discharging current in an ideal dielectric will be similar, minus
the conduction current contribution. The most generic polarisation current response is
described by the Curie-von Schweidler model [51], which gives the current as a power
law response with exponent m

f(t)oct™ 2.11)

which will yield a straight line on log-log plots. A generic transient charging current
response will therefore be the sum of a power law relation and a constant conduction
current. Deviations from this are possible, however, given that charging currents not
conforming to Equation (2.10) have previously been observed for polyethylene, for
example in [52] and [53]. There are various models that explain deviations from the
transient charging current response based on space charge effects [54,55] and hopping
mechanisms [52,56]. Charge transport models that take several interacting mechanisms
into account have also been developed [53,57,58]. Common to all these models is that
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they predict a peak in the transient charging current, which can be used to estimate the
mobility of the charge carriers [54].

Comparing short-time charging and discharging currents, and also comparing discharging
currents between measurement series, would also provide insight as to the dominant
mechanism. Dissimilar charging and discharging currents would be an indication of space
charge phenomena, while hopping processes would yield symmetrical currents with
opposite signs [59].
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2.3 Space charge in polymers
2.3.1 Introduction and definitions

Space charge in a dielectric occurs when there is an imbalance between the charge
entering and exiting a volume. This can occur near the electrodes, for instance if there is
a surplus of injected charge or a limitation on charge extraction. Charge can also
accumulate in the bulk, as for example when dissociation of impurities creates low
mobility ions or when trap sites in the bulk prevent the motion of charge carriers.

Through Maxwell’s equations, it is seen that space charge is closely connected to the
conductivity and permittivity of a dielectric. Combining Gauss’s law

V.E=L (2.12)
&

with Ohm's law
J=0F (2.13)
and considering charge a conserved quantity yields [60]

p+§z—f=3v§ (2.14)

In the equations above, E is the electric field, p is space charge density, ¢ the permittivity,
J the current density, o the conductivity and # time. From Equation (2.14), it is seen that
a non-constant ratio between permittivity and conductivity in a volume through which a
current is flowing will result in charge accumulation. An example of this is a temperature
gradient over the insulation in a cable, as while the permittivity in many polymer
insulation materials remains almost constant as temperature changes, the conductivity is
typically highly temperature-dependent [61]. This means that the conductivity will
change along the temperature gradient, while the permittivity will not, thus the ratio
changes and leads to build-up of space charge. Other examples of non-constant ratios
between conductivity and permittivity are interfaces between different dielectrics,
between impurities and the dielectric and between crystalline and amorphous zones in
semi-crystalline polymers [62].

One way in which this can occur in a cable system is when the conductivity increases in

proximity of the semiconductors while the permittivity remains constant. The higher
conductivity originates in impurities from semiconductor electrodes, such as carbonyl
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groups, diffusing into the insulation during production, as shown in [63]. The highest
concentration of diffused impurity traps would likely be found closest to the electrodes,
with the concentration decreasing towards the bulk.

In [64], this was implemented on an XLPE insulation system with semiconductor
electrodes, using an exponential conductivity enhancement corresponding to an impurity
concentration gradient resulting from diffusion, yielding

o(x)= o-(E,T)(l+(mg —l)(exp[—ij—i—exp[— Lx:x]n (2.15)

in which m; is the conductivity enhancement factor at the interface and x, is a distance
factor, changing how far into the bulk the conductivity enhancement occurs. L is the
sample thickness, and o(%,T) is the bulk conductivity.

2.3.2 Apparent mobility

The apparent mobility of charge from space charge profiles during discharge can be
calculated by using the mean of the absolute value of charge [65,66]. The sample is
assumed to be a parallel plane electrode system, yielding

J(6)=Jo(t)+e =pf(x,t)ﬂ(t)E(x,t)+gaEéf’t) (2.16)

Here, J is the total discharge current density, Jc is the conduction contribution, £ the

electric field, ¢ the permittivity, prthe free charge carrier density and  the mobility. Using

the Poisson equation for a parallel plane electrode system, i.e.

OE (x,t

B (x)
ox

=p; (x,t) + p(x,t) , and integrating along the sample thickness, /, results in

J(z)z_ggj;E(x,z)dx

JLE@)] ;[E(O,l)] _jp(x’OE(x’t)dx

0

(2.17)

w(t)=

To calculate the apparent mobility, Equation (2.17) is simplified through several
assumptions [65]. First, the free conducted charge is assumed to be very small (pr < p).
Second, recombination and simultaneous occupation of space by charge with opposite
polarities can be neglected (J (t)zLdﬁ/dt; p is the mean density of total charge,
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assuming charge uniformly distributed in the insulation). Third, the electric field is
assumed to be uniform (£ (x,t) = pL/2¢, OE/ox =0, meaning the electric field is mostly

due to charge at the electrodes). This leads to the apparent mobility being expressed as
2¢ d;_)(t

ﬂ(t):_ﬁ(t)z dt) (2.18)

The change in mobility over time during discharge is attributed to the trap distribution of
the material [65].

There is no analytical expression for the time dependence of the net total charge in a
sample, and as such, the derivative of the mean charge density does not have an analytical
expression. In the mobility estimations, the discrete difference is therefore used as an

approximation of the derivative: op(1=n) oy (n+1)=p(n)

ot t(n+1)—t(n)

2.3.3 Charge traps and electrode effects

On the microscopic level, the presence of charge traps will lead to a localisation of charge.
However, the effect on space charge accumulation will vary, depending on the trap depth
and distribution. For shallow traps, residence times will be low, and the traps may even
assist the transport of charge, as described in Section 2.2.2. The increased local charge
mobility this will produce is one possible microscopic origin of the conductivity increase
described in Section 2.3.1 and [64].

In the case of deeper traps, residence times will be higher, leading to a localisation of
charge and reduction in charge mobility. The distribution of traps will be important for
the effect on the accumulation of space charge, but even a uniform trap distribution can
lead to a build-up of local concentrations of charge. If, for instance, there is charge
injection, the deep traps close to the injecting electrode will be filled first, leading to
homocharge build-up. In the same manner, if the deep traps are located close to the
extracting electrode, injected charge from the opposite electrode, having crossed the
sample, will start filling traps further away from the extracting electrode first, resulting in
heterocharge build-up.

Carbonyl groups, a common impurity in XLPE, are deep traps for electrons and shallow
traps for holes, as shown by density functional theory calculations in [67]. The effect of
carbonyl on space charge has been found to be dependent on concentration: low
concentrations were found to increase accumulation, while high concentrations lowered
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space charge accumulation, possibly related to providing hopping sites for hole
conduction, leading to increased carrier mobility [68].
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2.4 Effect of absorbed water in XLPE insulation on charge
transport and accumulation

2.4.1 Existing hypotheses

In the literature, there are several hypotheses on how water can affect the conduction and
accumulation of charge in an insulating polymer material. This section summarises some
of these hypotheses: water directly affecting the trap distribution is discussed in Section
2.4.1.1; water solvation and migration of semiconductor impurities in Section 2.4.1.2;
water assisted ionic dissociation of embedded impurities in Section 2.4.1.3; and ionic
dissociation of water molecules in Section 2.4.1.4.

2.4.1.1 Water molecules increasing shallow-trap density

Absorbed water in a non-polar polymeric insulating material will be located in the free
volume between molecular chains in the amorphous regions. The water molecules can
there act as trapping sites for charge carriers, either forming space charge if the traps are
deep or increasing charge mobility if the traps are sufficiently shallow. Calculations on
water molecule trap depth for electronic charge carriers have shown that water molecules
are shallow electron traps [67,69], which might lead to increased electron mobility with
increased water content. Indications that water affects trap levels and charge mobility has
also been found in [10,11].

2.4.1.2 Solvation-assisted migration of impurities from semiconductors

As mentioned in Section 2.3.1, diffusion of impurities from the semiconductor into the
insulation has been found to occur [42,63,70,71]. For water soluble impurities, such as
carbonyl and ionic groups, higher water content would be expected to increase diffusion,
as shown for several different water-soluble impurities in [70,72]. The type and
concentration of impurities would determine the effect on charge accumulation and
transport.

Non-ionic impurities would act as charge traps of different depths, while ionic dissociable
impurities transported into the insulation would be sources of ions. For both types, the
amount and location of either traps or charge sources would be dependent on the rate of
diffusion. In general, higher temperatures and higher water content would be expected to
increase both the amount migrated and the depth of penetration of the impurities. The
impact would be expected to be higher near the electrodes, with the impurity
concentration in the insulation increasing close to the electrode interface.

As diffusion is a thermodynamic process, the temperature and access to water (which will
be higher at higher temperatures and relative humidities) will affect the extent of
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diffusion. The time required for an impurity to migrate in significant quantities would be
dependent on the type of impurity and its interaction with the polymer matrix. For short
tests, in the range of minutes to an hour, very little change in impurity concentration
would be expected. For longer tests lasting several days, some diffusion could be expected
to take place.

While in the literature cited above it appears that the effect of impurity migration from
the semiconductor into the insulation could be significant, it is likely that less impurities
are present in the semiconductor polymers used in the present work. Compared to the
semiconductor grades used in [42,63,70,71], the impurity content in semiconductors has
in general been reduced significantly compared to when those studies were conducted
[73]. In addition, there are studies in the literature that contradict the notion that water
enhances the migration of impurities, finding that most of the impurities found near the
semiconductor electrodes are remnants from production [74]. In that case, no difference
between samples with and without absorbed water would be expected for this mechanism.

2.4.1.3 Water-enhanced dissociation of embedded impurities

The presence of dissociable impurities in XLPE is a possible source of charge carriers.
Water molecules in proximity to these impurities may enhance the dissociation into ions
due to its high dielectric constant [9,47]. This requires a sufficiently high concentration
of water so that the local electrical environment around the impurities is affected. This
might occur if water clusters around impurities without solvation; the polar water
molecules being drawn towards the high local electric field interface regions between
impurities and the polymer matrix. Another possibility is that water soluble impurities
might be partially dissolved by water, enhancing the dissociation rate [75-77]. In general,
the increase in ionic dissociation would be expected to lead to an increase in heterocharge
and conducted current.

Potential sources of ions in the samples are in principle any ionisable species present in
sufficient quantity. The most abundant species are of course the molecular chains
themselves, but as polyethylene molecules are not easily ionisable, these can be excluded.
Other species are cross-linking by-products, the most common of which are
acetophenone, methyl alcohol and o-methylstyrene, as well as additives such as
antioxidants.

Starting with the cross-linking by-products, methyl alcohol and a-methylstyrene have
been found to mainly assist in trapping of other charge carriers [44]. While acetophenone
alone has been found to not affect space charge [46], it has been found to contribute to
heterocharge generation when in the presence of antioxidants [46,77] or water [44,77]. It
seems unlikely that this originates from the ionisation of acetophenone molecules
themselves, as the energy of acetophenone ionisation is one to two orders of magnitude
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higher than &7, even at 80 °C. As for acetophenone ionisation when solvated, this is also
unlikely to affect the current much, as the acid dissociation constant is very high [78]. As
such, the contribution of acetophenone to charge generation is likely only due to
increasing the rate of dissociation of other species, such as antioxidants or water, as a
result of the high polarity of the acetophenone molecule. Degassing has been found to
remove most of the cross-linking by-products [44,46,77,79], however, limiting the impact
on charge accumulation.

Antioxidants and antioxidant decomposition products are other candidates for ionisable
species. The presence of some types of antioxidants in combination with acetophenone
has been shown to lead to negative heterocharge in XLPE [46,80]. Degassing in a
ventilated oven removed the heterocharges, leading to space charge profiles similar to
degassed samples without antioxidants [80], implying that most of the impact can be
removed by an appropriate degassing procedure.

2.4.1.4 lIonic dissociation of water molecules

Given that even pure water contains a small amount of ionic derivates through self-
dissociation, a higher conductivity due to absorbed water can be connected to ionic
dissociation of water itself, as in [ 13]. It has been suggested that this is the most important
effect of water on conductivity at low concentrations [81]. As shown in Section 2.2.3.3,
an applied electric field will alter the dissociation equilibrium, resulting in an increased
number of ions being generated. While the small size of water ions means they can likely
move easily through the polymer, mainly contributing to increased conductivity, in [12]
accumulation of space charge was suspected to be due to water ions interacting with either
impurities or local clusters of water, leading to the ions being trapped. The effect of water
dissociation on charge accumulation and transport will therefore likely be dependent on
the amount of water absorbed in the polymer, which means that measured results of
conducted current and accumulated charge could be cross-checked against measurements
of water absorption.
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3 Measurement techniques and
procedures

3.1 Materials

The materials used in the experiments was a commercial cable-grade peroxide-cured
XLPE and a commercial cable-grade polyethylene-polyacrylate copolymer
semiconductor. Material parameters used in data analysis and for calculations of
preconditioning time are listed in Table 1.

Table 1: Material parameters used in data analysis

Material Parameters
&r d Dy Ep So Es
-] [kg m?] [m?s7] [J mol] [kg m> Pa’l] [J mol]
XLPE 239 9224  3.11-10%¢ 36793 ¢ 1.84-107¢ -9239 4

SCPE-PA N/A 1135%  2.02-10°¢ 35968 ¢ 3.46:107¢ -33224 ¢
2 From XLPE TDS, included in Appendix A

b From SC PE-PA TDS, included in Appendix A.

¢ Calculated from measurements of permeability and solubility, described in Appendix B.
Measured as described in Appendix B.

Calculated from water absorption measurements, as described in Appendix B.

d

e
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3.2 Current measurements and conductivity calculation

3.2.1 Measurement principle

As described in Section 2.2.4.1, measuring the steady-state current is in principle an easy
way to obtain the temperature and field dependence of the conductivity, which will
provide information on the underlying conduction mechanism. Reaching a steady current
in highly insulating materials is not necessarily straightforward, however, as the
polarisation time constant can be quite large (e.g. = &/o = 230 days for polyethylene at
20 °C [82]). Long-term exposure to strong electric fields and high temperatures may
cause changes in the material, such as morphological changes or oxidation. These
changes, as well as space charge accumulation, may affect the conducted current [39],
leading to a test object that changes over time. This limits the usefulness of measurements
over very long durations for determining the baseline conductivity.

A charging-discharging current measurement utilises the symmetry of polarisation and
depolarisation processes, as illustrated in Figure 1. As described in Section 2.2.4.2, the

charging current density is given by [51]

Jo(t)=6,E(5(t)+ f(t))+oE 3.1)
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Figure 1. Principle of charging-discharging current measurements. Voltage is applied at ¢;.
The initial current spike is followed by the decaying polarisation current of the dielectric,
which falls towards the steady DC current. At #, the voltage is removed, and a discharging
current flows.

When the voltage is removed, the discharging current density will be given by [51]
Jo (t)==&,E (5(2)+ /(1)) 3.2)

The conductivity can then be calculated from the sum of the charging and discharging
currents

o =Jc+Jp =0E (3.3)
Replacing the current density with the measured current /, yields

I.+1,
A

U
ock=0— 34
7 (3.4)

where A is the cross-sectional surface area, U the applied voltage and d the thickness of

the dielectric. By considering the test object as a parallel plate capacitor, the capacitance

can be written as C = g; , which, combined with (3.4) yields the conductivity as
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From (3.5), it is apparent that that the sum of polarisation and depolarisation currents is
in principle independent of time. This means that high amounts of random noise can be
compensated for, as it is possible to use the mean of the summed currents over time. A
limitation of this method is that several different conductivity mechanisms all have
similar electric field and temperature dependence, as shown in Section 2.2, and
distinguishing the different mechanisms can be challenging when only measuring steady-
state current. Transient current measurements, which also include the time-dependent
elements of Equations (3.1) and (3.2), enables more information to be obtained, such as
calculating of charge mobility from peaks in the charging current or analysing the
discharge current to see if main carrier type changes with temperature or water absorption.

3.2.2 Current measurement setup

The current measurement setup is shown in Figure 2. A high stability FUG HCN
140-35000 HVDC source was connected to a high voltage relay through a resistor. At
charging current measurement start, the relay switched to connect the HVDC source to
the high voltage electrode, applying the voltage to the test object. For discharging
measurements, the high voltage relay switched from the HVDC source to short circuit the
test object to ground through a second resistor. A third resistor was placed between the
test object and the high voltage relay. A Keithley 6485 picoammeter was used to measure
the currents. A second relay was used to ground the picoammeter input connector,
protecting the picoammeter from potentially damaging transient currents when switching
the high voltage relay. To minimise electrical noise, the relays and resistors, as well as
unshielded connecting cables, were placed in a grounded metal box. The test object and
electrodes were placed in a perforated grounded metal box in a climate chamber. The
cables used to connect the measurement electrode to the switch box, and the switch box
to the picoammeter, were low-noise coaxial cables.

As the climate chamber used a compressor and a fan to regulate temperature and
humidity, the test objects and connecting electrodes were subjected to significant
mechanical vibrations, affecting the measured current. To minimise vibrational noise, the
perforated metal box was placed on a vibration dampening mat on a metal plate. The
metal plate rested on brass cones with rubber washers. A second vibration dampening mat
was placed below the cones. However, even with the vibration dampening in place, the
noise levels with the climate chamber switched on were still higher by a factor of 10,
varying around + 1-5-10"2 A, compared to + 1-2-10""3 A with the climate chamber
switched off.
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Figure 2. Current measurement setup. (1) HVDC source; (2) High voltage relay; (3) Test
object; (4) Low voltage relay; (5) Picoammeter.

3.2.3 Test objects

The test objects consisted of XLPE insulation with semiconducting polymer electrodes,
shown schematically in Figure 3. These cylindrical test objects have an outer diameter of
50 mm and a height of 40 mm. The bottom of the cylinder contains the insulation system
to be tested, as shown in Figure 3. The upper part of the insulation and the upper
semiconductor (connected to the high voltage electrode) are Rogowski-profiled, making
the electric field between the electrodes relatively homogeneous. The objects were press-
cast from extruded XLPE tape and roll-milled semiconducting film at 120 °C, and cross-
linked at 170 °C. After casting, the objects were annealed at 130 °C for 15 minutes and
degassed at 90 °C for 3 days in a ventilated oven. Capacitances and thicknesses of the
Rogowski test objects used in the current measurements are shown in Table 2.
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Figure 3. Cross section of Rogowski-profiled current measurement test objects. (1) High
voltage semiconducting electrode; (2) XLPE insulation; (3) Measurement electrode; (4)
Guard electrode.

Table 2: Rogowski test objects used in current measurements

Test object Test Capacitance  Thickness
[PF] [mm]
1 Steady state 49 0.78
2 Transient current 117 0.33
3a Long term current — dry 79 0.48
3b Long term current — wet 82 0.46

3.2.4 Preconditioning and measurement procedure

The water content in the test objects was varied by controlling the temperature and
humidity in the climate chamber. The samples were preconditioned at measurement
temperature and relative humidity for between 6 and 48 hours, depending on temperature,
in order to ensure that the water content in the samples was at equilibrium with the
surroundings. The measurements were performed in the same climate chamber used for
preconditioning, without removing the test objects before measurement. The
measurements were performed at 40, 60 and 80 °C, with preconditioning times as listed
in Table 3.

The voltage source was switched on for one hour prior to the measurements to ensure that
the source had warmed up, in order to minimise noise and offset. In addition, the voltage
level was set 15 minutes prior to charging measurement start, in order to stabilise the
voltage output. Before starting the charging measurements, offset and noise levels were
determined by measuring the current in the sample for 15 minutes with the high voltage
electrode switched to ground. Samples were kept grounded for a period of at least twenty
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times longer than the charging time before starting the next measurement, in order to
minimise the effect of previous measurements on subsequent measurements.

Three different sets of current measurements were performed. The first set measured the
averaged charging and discharging currents, to obtain the temperature and electric field
dependence, and was performed at all three temperatures and with 10, 30, 60 and 90%
relative humidity (RH). The use of time-averaged currents meant that these measurements
could be performed with the climate chamber on throughout the measurement.

The second set of measurements was performed to investigate short-time transient
currents. To minimise noise, the climate chamber was switched off approximately 15
seconds before the start of the charging current measurements and kept off for 50 seconds
of charging and 50 seconds of discharging measurements. The short duration meant that
the temperature drop was minimal, measured to be around 1 °C in the climate chamber at
80 °C. The temperature in the test object was likely much less, given that it was located
between the solid brass high voltage and ground electrodes.

The third set of tests measured the charging and discharging currents over 14 days, for
comparison with the space charge measurements. These measurements were only
performed at 40 °C, in dry conditions and at 85% RH. Similar to measurement set 2, the
climate chamber was switched off for 15 seconds prior to and 50 seconds after switching
to charging and discharging measurements.

Table 3: Preconditioning and measurement conditions for current measurement samples

Temperature  Relative humidity =~ Water content Precortlii}ltéomng

[°C] [%] [kg m”] (h]
10 0.005
30 0.014

40 48
60 0.028
90 0.042
10 0.010
30 0.031

60 24
60 0.062
90 0.093
10 0.020
30 0.061

80 6
60 0.122
90 0.183
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3.3 Detection of space charge and the pulsed electroacoustic
method

3.3.1 Introduction

The pulsed electroacoustic (PEA) test method is a non-destructive measurement
technique used to detect the placement, polarity and magnitude of charge concentrations
within an insulation material sample. It is one of several methods that use the agitation of
charges in a sample to generate detectable signals. The methods differ in both agitation
and detection methods, and can be divided into three main categories: the first uses
pressure waves to agitate charges [83-85], the second uses the propagation of heat to
agitate charges [86-88] and the third category, which PEA is a part of, agitates the charges
by applying voltage pulses [89]. A summary of these, in addition to several other non-
destructive and destructive methods, can be found in [90]. For details on the pressure
wave methods, see [83-85,91,92], and for the thermal methods, see [86-88,93].

The PEA method is the most well-established test method in the third category. Here,
charges in the sample are perturbed by voltage pulses, creating acoustic waves that are
measured by a piezoelectric sensor. Originally published as a method for measuring
electric fields at an electrode-dielectric interface [89], it was further developed to also
measure charge distribution in the bulk [94,95]. Improvements and modifications of the
test method include cable geometry measurements [96,97], the possibility of measuring
3D charge distributions [98] and measurement setups that can withstand harsh
environments [99,100]. Techniques to improve the resolution of space charge
measurements to a sub-nanometre scale by using femtosecond laser pulses for signal
generation has also been proposed [101].

3.3.2 Measurement principle

The sample is placed between two electrodes, as depicted in Figure 4a, and a voltage
pulse is applied to one of the electrodes. The change in electric field induces a force on
the charges in the sample, which causes them to slightly shift position, as shown in Figure
4b. In turn, the movement of the charges cause neighbouring particles to shift, creating a
pressure wave which travels through the sample. A piezoelectric sensor placed behind the
ground electrode is used to detect the pressure wave, as shown in Figure 4c. Positive and
negative charges will move in opposite directions when affected by the electric pulse,
resulting in signals with opposite signs. If charges with opposite polarities occupy an area
less than the spatial resolution of the equipment, the PEA method will detect the net
charge in the area.
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Figure 4. Principle of the PEA method with DC voltage applied. a) A voltage pulse is
applied to the high voltage electrode. b) The voltage pulse causes charge present in the
sample to shift position, generating a pressure wave. ¢) The pressure wave travels through
the sample and the ground electrode and is detected by a piezoelectric sensor. d)
Deconvoluted space charge signal.
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3.3.3 Pulsed electro-acoustic measurement setup

The PEA setup used, schematically shown in Figure 5, is the commercial Pulsed
ElectroAcoustic Non-destrUctive Test Setup (PEANUTS). It consists of an HVDC
source, a pulse generator, the measurement and amplifier modules and a digital
oscilloscope with a PC link. The HVDC source, a Matsusada HEOPS-10B2 +10 kV, is
coupled to the high voltage electrode of the sample through a 20 MQ resistor. To enable
simultaneous application of pulse and DC voltage, the pulse generator is connected to the
high voltage electrode through a capacitor. The electric pulses have an amplitude of 600 V
with a 5 ns pulse width, and are applied at a frequency of 400 Hz. The measurement
module, which contains the ground electrode and the piezoelectric sensor, is placed in a
climate chamber. The amplifier, which is sensitive to temperature and humidity extremes,
is placed outside the climate chamber in a separate module. This enables measurements
at temperatures up to 85 °C, with up to 85% RH. A LeCroy WR62Xi oscilloscope
operating at 5 GHz sampling rate is used to record the signal. In order to reduce
background noise, each measurement collects data for one minute and averages the result.
The theoretical resolution of the system is around 10 pm with a sensitivity of 0.2 C/m?
[102], but the actual resolution is dependent upon the sample material, electrode
configuration and measurement conditions. Experience with the system has shown, for
example, that higher temperatures decrease resolution. Higher humidity does not appear
to affect the measurement sensitivity or resolution.
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Figure 5. PEA measurement setup. (1) HVDC source; (2) Pulse generator; (3) High voltage
electrode; (4) Piezoelectric sensor; (5) Climate chamber; (6) Signal pre-amplifier; (7)
Oscilloscope; (8) Computer for data storage.

3.3.4 Signal processing

Due to the sensor, amplifier and transmission cables affecting the signal, the recorded
data is run through a filtering and deconvolution procedure to extract the charge profile.
A Matlab script developed by SINTEF, based on the principles originally presented by
Maeno [95] and further developed by others [103-105], is used as the basis for the signal
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processing. A digital low pass filter is used on the time-domain signals to suppress high
frequency noise, while a Blackman frequency window is used on the signals in the
frequency domain to eliminate ringing noise. The deconvolution procedure uses signals
recorded without space charge in the sample as a basis. These signals were found by
applying low DC voltage for a short time prior to measurement and then recording with
voltage on. Both positive and negative polarity signals were recorded. By calculating the
average of the two polarities, as illustrated in Figure 6, effects of fast space charge (i.e.
charge fast enough to accumulate during calibration) will be eliminated. The average
signal is also used to find the attenuation and dispersion factors of the pressure wave.

Ground HV
electrode electrode
A= >|

Sample thickness

----- Positive pulse signal
—— Negative pulse signal
— Resultant signal

Figure 6. Signals with positive and negative DC polarity, and the resultant signal used as
deconvolution basis. Signal amplitudes are not to scale.

3.3.5 Signal interpretation

Reading a calibrated PEA result is fairly straightforward; given that the amplitude of the
voltage signal corresponds to the concentration of charge, the polarity of the signal
corresponds to the polarity of the charge and the delay between a signal and the first
electrode corresponds to the position of the charge in the sample, these can all be included
in the signal processing procedure and read directly in the result. The width of the signal
will also indicate the spatial distribution of the charge. However, an issue appears when
charge concentrations with opposite polarities are in close proximity to each other. An
illustration of this is shown in Figure 7, where a larger positive and smaller negative
charge peak results in a positive charge peak with a secondary positive peak, and no net
negative charge. Both peaks have different centre points and widths, the result of which
is that the resultant primary positive peak will have a steeper incline on the side of the
contributing negative peak.
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Figure 7. Illustration of interaction between positive and negative charge peaks.

3.3.6 Test objects

The test objects were 100 mm diameter XLPE plates with semiconducting polymer
electrodes, as shown in Figure 8. The lower ground electrode had the same diameter as
the XLPE insulation, while the upper high voltage electrode was 8 mm in diameter. The
small high voltage electrode ensured that the distance from high voltage to ground was
the same as for the PEANUTS high voltage electrode configuration, keeping the risk of
flashovers low. This is especially important at high temperature and humidity levels.

The sample thickness was about 0.3 mm, which was also the thickness of the
semiconductor electrodes. Manufacturing of the samples was done by hot pressing
extruded XLPE and rolled semiconducting polyethylene. Initial hot pressing was done at
120 °C, with subsequent cross-linking at 170 °C. After pressing, the samples were
annealed for 15 minutes at 120 °C and degassed at 90 °C for 3 days. These procedures
removed any frozen-in stress and reduced the amount off cross-linking by-products
present in the samples.
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Figure 8. PEA sample geometry. (1) Lower semiconducting electrode; (2) Upper
semiconducting electrode; (3) XLPE insulation; (4) Area under electric stress.

3.3.7 Preconditioning and measurement procedure

Each of the samples were preconditioned in the climate chamber prior to measurement.
By controlling the temperature and relative humidity, the water content in the samples
was varied. The preconditioning time depended on the temperature, an overview of which
can be found in Table 4.

Table 4: Preconditioning of PEA samples

Temperature ~ Water content Precogditioning
time Preconditioning method
[°C] [ppm] [days]
5 4 60 °C < 1% RH, measurement at 20 °C 25% RH
20 18 10 Climate chamber at 85% RH
________________________ 20 4 60°Cinwater measwrementat20 CTS%RH
40 3 1 Climate chamber at 0% RH (~4% RH in chamber)
44 1 Climate chamber at 85% RH
60 """""""""" | Y Climate chamber at 0% RH ( < 1% RH in chamber)
_________________________ S b Climatechamberat85%RH
1 1 Climate chamber at 0% RH ( < 1% RH in chamber)
80 187 1 Climate chamber at 85% RH

The applied DC voltage was 10 kV for all measurements. The time between
measurements was short at the start of a series and increased to intervals of 1 hour during
the first day of measurement. For the rest of the charging period, the interval was 24
hours. After 14 days of charging, space charge discharge was measured using the same
measurement intervals. An overview of the measurement intervals can be found in Table
3.

35



Table 5: Overview of PEA measurement intervals
Time of measurement, ¢
[min] [h] [d]
7
12
22

One measurement every
20 minutes until =
122 2
One measurement every
30 minutes until £ =
4
One measurement every
hour until =
24 1
One measurement every
24 hours until ¢ =
14

When the DC voltage was applied, the induced charges at the electrodes are much larger
than the space charge, which makes measuring the accumulated space charge distribution
difficult. In order to increase the sensitivity of the measurements, the DC voltage was
switched off during measurement. A voltage-off signal was then recorded, and the voltage
switched on again. Signals with DC voltage applied were recorded before and after each
voltage-off measurement. These were used to compare the apparent applied DC voltage,
i.e. the integral of the electric field from the space charge signal, to the actual voltage
applied by the HVDC source. By comparing the calculated apparent DC voltage to the
applied DC voltage, a check of the numerical treatment of the data can be done. In
addition, by comparing the voltage on signals recorded just before and just after each
voltage-off measurement, any potential effects of switching off the voltage can be found.
Qualitatively checking this for each measurement series, no significant difference was
found between pre- and post-voltage-off measurements.
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4 Experimental results and discussion

4.1 Introduction

This chapter contains the experimental results found in the measurements, with
accompanying discussion sections. The discussion is primarily focused on two external
stress factors, namely temperature and water absorption. The response of the insulation
system to changes in the electric field will also be used as an input to discuss the
underlying conduction mechanisms. The effects on conducted current, steady-state
current (Section 4.2), time-dependent current (Section 4.4), and the accumulation of space
charge (Section 4.3) will be investigated. Section 4.4 also contains a short discussion
comparing the time development of conducted current and accumulated space charge
measurement results.
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4.2 Conduction current and mechanisms

4.2.1 Introduction

This series of measurements was performed to relate the temperature and electric field
dependence of the XLPE samples to conduction mechanisms commonly found in the
literature:

- Schottky injection [16,35], Section 2.2.2.2

- Poole-Frenkel conduction [16,38,39], Section 2.2.2.3

- Hopping conduction [29,30,39], Section 2.2.2.1 and 2.2.3.1

- Space charge limited current [16,40], Section 2.2.2.4

- lonic dissociation, Section 2.2.3.2 and 2.2.3.3 (in combination with other
mechanisms)

The results were analysed with regards to electric field and temperature response, and
with regards to the response to water absorption.

4.2.2 Measurement procedure

The measurements were performed with the current measurement setup presented in
Section 3.2.2. Charging and discharging currents were measured for 30 minutes at 40 °C,
and 15 minutes at 60 and 80 °C. The time average of the last 10 minutes of the currents
was used to calculate the conductivity, using Equation (3.5).

4.2.3 Results

The average measured conduction currents are plotted in Figure 9. The measured currents
are sorted into categories by water content (see Table 6) such that the maximal deviation
from the average water content in each category was 20% or less. The highest and lowest
categories only contain results from measurements at a single temperature and have not
been included in the single conduction mechanism analysis.

As can be seen in the figure below, the conducted current increased with increasing
temperature, applied field and water content. The electric field dependence is exponential,
which excludes ohmic conduction, but does not exclude any of the other proposed
mechanisms. The temperature dependence is exponential as well, which fits well with all
four of the conduction mechanisms.
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Figure 9. Measured current against applied electric field at 40, 60 and 80 °C.

Table 6: Water content categories for conduction current measurements

Category Measurement conditions
Ca AC  AC/Cw T RH c
[kgm?] [kgm?] [-] [°C] [%] [kg m?]

0.005 - - 40 10 0.005
0.012 0.002 0.16 60 10 0.010
40 30 0.014
80 10 0.020
0.027 0.005 0.20 40 60 0.028
60 30 0.031
40 90 0.042
0.055 0.010 0.18 80 30 0.061
60 60 0.062
0107 0015  0.14 60 %0 0.093
80 60 0.122
0.183 - - 80 90 0.183

To determine the conduction mechanism dominant in the XLPE samples, the electric field
and temperature dependence of the conducted current is compared to the predicted
dependencies of the different conduction mechanisms. As presented in Section 2.2,
several conduction mechanisms have been suggested for XLPE. Here, four of the most
commonly used — Schottky injection, Poole-Frenkel conduction, hopping conduction and
space-charge limited current — will be fitted to the data in Figure 9. The analysis was
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performed according to Table 6, meaning any systematic difference between the samples
with different water content will be an effect of water absorption.

Instead of altering existing conduction mechanisms, it is possible that absorbed water
introduces a second charge carrier species in addition to the existing one, for instance
through ionic dissociation of water molecules. In Section 4.2.4.2 this is investigated by
assuming that an independent ionic dissociation mechanism is added to a conduction
mechanism found likely to be dominant in Section 4.2.4.1.
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4.2.4 Conduction mechanisms

4.2.4.1 Single dominant conduction mechanism

The equations used for fitting are presented in Table 7, and are simplifications of the
equations describing the temperature and electric field dependence of the conduction
mechanisms, as presented in Section 2.2.2. Each water content category was treated
separately, and the mechanism assumed to be dominant for the entire measurement range.
The equations were fitted to the data with Matlab's fminsearch function, which uses an
unconstrained nonlinear multivariable minimisation based on the Nelder-Mead algorithm
[106]. The conductivity is exponentially dependent on temperature and more-than-
linearly dependent on electric field. In order to weight the entire dataset equally in the
curve-fitting, a non-linear error function was used:

§(4,8,C)=Y (log(o, (T.E, 4,B,C))~log(o,, (T. E))) 4.1)

T.E

Here, S is the sum of the error estimates and o¢ is the calculated conductivity for a given
temperature and electric field, based on the fitting parameters 4, B and C. on is the
conductivity for the same temperature and electric field taken from the measured data set.
For each conduction mechanism, 4, B and C were varied in order to minimise S in
Equation (4.1).

Table 7: Equations used in the fitting procedure. 4, B and C are the fitting parameters, unique
for each conduction mechanism

Conduction Fitti i Base equation Equation
mechanism 1tHng equation (from Chapter 2) number
2
Schottky _AT _ B CJE
injection o E eXp[ kg T xp T (2.3) (4.2)
B cVE
Poole-Frenkel o = Aexp _k_T exp T 2.4) (4.3)
B
Hopping _ ﬁ _ B ). g
conduction o= E eXp[ kBT j Smh( T (2.2), (2.6) 4.4)
Space-charge _ é _ B c
limited current o= E exp[ k,T J 4 2.5) 4.5)
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4.2.4.1.1 Schottky injection

Using Equation (4.2), Schottky injection was fitted to the measured currents as shown in
Figure 10, with the resulting parameters being listed in Table 8. As can be seen in the
figure, the coefficients found by the procedure provide a reasonable fit, which is also
reflected by the low error estimates (S in Table 8). From the figure, the largest difference
between measurements and the fitted curves appears to be at 40 °C, likely from the low
currents at 40 °C being more susceptible to noise.

180107 kgm™
110~0.055 kgm™
100 5 |=8-0.026 kgm™
1[%0.012kgm™
g ]
o |
<
— 17
'J?IO E
17} ]
(=1
g ]
< 4
= J
£
310%
107 5
] s
e e

1000 1500 2000 2500 3000 3500 4000 4500
Square root of electric field [VO’5 m'O'S]

Figure 10. Current density and fitted curves for measured results at different levels of water
content. The lines are fits based on Schottky injection.

Table 8: Fitting parameters for Schottky injection

wC’ A B C s &
kgm®] [Am?K’] [eV] [m”* K V7] [-] [-]
0012 6.85-10° 1.39 0.67 0.11 0.43
0026  5.57-10° 1.65 0.73 0.21 0.36
0055  1.09-10% 1.59 0.73 0.29 0.36
0.107  1.38-10° 1.66 0.75 0.06 0.34

* Water content

Looking at the changes of the fitting parameters with water content, parameter C, which
contains the field dependency, slightly increases as the water content increases, while the
two other parameters do not uniformly change. The largest change is from the
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0.012kgm™ to the 0.026 kg m™ water content levels. The activation energies,
corresponding to B in Table 8, were found to be 1.39—1.66 eV, which is in the upper range
of or above the activation energies found in [35].

The apparent relative permittivity can be calculated from fitting parameter C using
Equation (4.2) and (2.3), yielding

e 1
“ T ek C° (*46)
The calculated permittivity for each level of water content is listed in Table 8, and are
between 0.34 (highest water content) and 0.43 (lowest water content). The relative
permittivity for dry XLPE is 2.3. While alteration of permittivity due to high local
concentration of water is one of the possible effects of water absorption, it should increase
rather than decrease the permittivity. While some discrepancy is expected due to noise in
the measurements, the values in Table 8 are significantly lower than the generally listed
XLPE value of 2.3. Given this large difference, unmodified Schottky injection can be
ruled out as a conduction mechanism.

Including the space charge modification of the electric field for the Schottky mechanism
using the method from [35,36], the fitting parameter C can be used to find the
modification term:

e3

= 47, e,k C? @7
Calculating y from the parameters in Table 8, and using a constant &, = 2.3, yields y =0.19
for a water content of 0.012 kg m™ and 0.15 for a water content of 0.107 kg m™.
According to [36], this means a Schottky injection process dominated by homocharge.
The small difference from low to high water content could indicate a small reduction of
the local electric field at the cathode, reducing injection, but given the uncertainties in the
measurement series it is likely too small to be significant. In addition, the comparison of
those two categories of water content does not isolate the effect of water content from
other variables, as the lower water content category contains measurements at 40 and
60 °C while the higher water content category contains measurements at 60 and 80 °C.
Comparing the two middle categories, which both contain measurements at three
temperatures, reinforces the point; the value of y in both of those is identical at 0.16. In
addition, as will be seen in Section 4.3, the space charge measurements do not show an
increase in homocharge with absorption of water; this only occurs at 40 °C.
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4.2.4.1.2 Poole-Frenkel conduction

For Poole-Frenkel conduction, Equation (4.3) was fitted to the measured data. Due to the
similarity of the Schottky and Poole-Frenkel equations, the results of the fitting
procedures are quite similar, as shown in Figure 11 and Table 9. This is also evident in
the error estimates. None of the fitting parameters showed any systematic change with
the water content. For Poole-Frenkel conduction, a change in 4 would mean a change in
either the density of states in the conduction band, a change in the density of donors or a
change in charge mobility. Of these, the latter is more likely, as water molecules have
been found to be shallow traps for electrons [67]. A change in B would mean a change in
the effective barrier height. Changes in the field-dependent C parameter would likely be
related to the trap distribution, and water acting as shallow traps would perhaps affect
this, but the changes in the C parameter are fairly small compared to 4 and B.
Disregarding that the changes in the parameters do not appear to be uniformly dependent
on the water content, the changes from 0.012 kg m™ to 0.107 kg m™ would comprise an
increase in charge mobility of 10° combined with an increased barrier height of 0.3 eV.
The fact that opposing changes in 4 and B are needed to obtain good fits when the water
content increases makes it less likely that Poole-Frenkel conduction is a good description
of the conduction process when water is absorbed.
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1013 5 |~0-0.055 kg m™
3

3

1A 0026 kgm
1 [+%0.012 kg m

g

10 3

Conductivity [S m

107 5

10716 5

1000 1500 2000 2500 3000 3500 4000 4500
Square root of electric field [VO'5 m'O'S]

Figure 11. Conductivity and fitted curves for measured results at different levels of water
content. The lines are fits based on Poole-Frenkel conduction.
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Table 9: Fitting parameters for Poole-Frenkel conduction

wC” A B Cc S &r &r

[kg m?] [Sm']  [eV] [m*KV?®] [-] (notraps) (single trap level)
0.012 474-10° 139 0.48 0.08 0.84 3.35
0.026 486107 1.63 0.49 0.17 0.82 3.28
0.055 9.51-10° 1.58 0.48 0.23 0.83 3.31
0.107 3.93-10% 1.69 0.50 0.11 0.77 3.09

* Water content

Using Equation (4.3) and (2.4), the apparent relative permittivity for Poole-Frenkel
conduction can be expressed by

3

5=—2 1 (4.8)
" dnek’ C? '
for a system with no trap levels being present, and
3
1
- (4.9)

& =———
"ok’ C
for a system with a single trap level.

For no trap levels, the apparent relative permittivity in the measurements was between
0.77 and 0.84, significantly below the expected value of 2.3. For a single trap level, it was
found to be between 3.09 and 3.35. This means that Poole-Frenkel conduction with traps
provide a better fit than trapless Poole-Frenkel conduction. Given the variety of chemical
impurities and physical imperfections that can act as charge traps, it seems likely that the
trap distribution is more complex than the relatively simple single trap level used here,
which might be the explanation for the difference in calculated . The activation energy,
B =20 in Table 9, was found to be 1.39-1.69 eV, which is similar to what was reported
for XLPE in [39], and higher than what was found for HDPE in [38].

In summary, while Poole-Frenkel conduction appears to provide good fits with reasonable
fitting parameters for all levels of water content, the change in parameters required to
obtain the fits is not systematic. This mechanism alone does not appear to be able to
accurately describe the effect of absorbed water on the conductivity.
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4.2.4.1.3 Hopping conduction

The results of fitting Equation (4.4) are presented in Figure 12 and Table 10. As can be
seen in the figure, hopping conduction provides a reasonable fit to the measured data. The
difference between the fitted curves and the results were larger than for the previous
mechanisms, as is reflected in the larger error estimates. The activation energy was
calculated to be between 1.3 and 1.6 eV, which is higher than what was found in [30], but
corresponds with results reported in [39]. No clear correlation was found between the
fitting parameters in Equation (4.4) and the water content. For hopping conduction, a
change in 4 could be due to a change in the number of charge carriers, which would be
expected if water ions are the carrier source. It could also mean a change in the hopping
distance, or a charge in the average jump frequency. The jump frequency is unlikely to
change with water content, as is the hopping distance; jump frequency is mostly
dependent on temperature, while hopping distance is likely to be related to polymer
morphology. B is related to the barrier height, which is related to the average trap depth.
A change in C would comprise a change in hopping distance. It is possible that water
could act as traps for electronic carriers, but this would likely be shallow rather than deep
traps and should not affect the barrier height or the average hopping distance.
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Figure 12. Current density and fitted curves for measured results at different levels of water
content. The lines are fits based on hopping conduction.
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Table 10: Fitting parameters for hopping conduction

wcC* 4 B c N a
kgm®]  [Am?] [eV] [mK V-] (] (nm]
0.012  3.17-10" 131 9.31-10° 0.27 16.0
0.026  1.99-10" 1.56 1.10- 10 1.08 18.9
0.055  3.79-10" 1.50 1.09 - 10 1.27 18.8
0.107  1.82-10" 1.55 1.16 - 10* 0.67 20.0

* Water content

The hopping distance was calculated from fitting parameter C through Equation (4.4) and
(2.2), yielding

a=Zre (4.10)

As shown in the table, the hopping distance was found to be between 16 and 20 nm. This
corresponds closely with what was found in [39], and is also close to what can be inferred
from the field-dependent parameter in [30]. For electronic hopping, the expected limiting
distance depends on the charge carrier. For holes, where movement takes place along the
polymer chains, the separation between chains, expected to lie around 0.5—1 nm, is the
limiting factor, which is much lower than was found here. Electron movement likely takes
place in the amorphous regions, as shown in [27], and will not be restricted to the polymer
chains. Traps that would likely act as localisation sites for electron movement have
previously been found to occur with an average distance of 10-20 nm [107,108], which
would correspond well to the hopping distance found in this work. Ionic hopping, on the
other hand, would be dependent on polymer morphology. The thickness of lamellae in
crystalline regions in polyethylene have been found to be in the tens of nanometres range
[109,110], which is the same range as the hopping distances found here. As crystalline
regions are considered impermeable to molecules or ions, due to the constrained nature
of polymer chains in these regions, they would constitute barriers to ion movement, and
conduction of ions would be restricted to the amorphous regions. Previous studies have
found ionic hopping distances to be affected by crystallinity in polypropylene [111]. It is
therefore natural to also consider ionic carriers for hopping distances in this range.
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4.2.4.1.4 Space-charge limited current

The space-charge limited current (SCLC) mechanism predicts a current density that is
proportional to 7", as shown in Section 2.2.2.4. An Arrhenius relation was assumed to be
valid for the temperature dependency, resulting in conductivity from SCLC as described
by Equation (4.5) in Table 7. Using the fitting procedure resulted in the parameters shown

in Table 11.

Table 11: Fitting parameters for space-charge limited current

wC* A B c N
(kg m™] [Am?] [eV] [ ]
0.012  7.77-10* 1.24 3.51 0.06
0.026 1.81-10° 1.47 2.87 1.12
0.055 3.84-10° 1.42 2.86 111
0.107 9.91 - 10* 1.59 2.90 1.02

* Water content

As can be seen from the straight lines in Figure 13, a power function field dependence of
SCLC combined with an Arrhenius temperature dependence fits the measured data well.

10 3
] —B-0.107 kg m™
1 [=0~0.055 kg m™
g
1|2 0.026 kg m™
10° 4 [~%0.012 kg m™
=
§ _
3 -10
S0
[ ]
5 ]
g 1
= i
10" 3
10-12
10°

Applied voltage [V]
Figure 13. Measured current and fitted lines at different levels of water content. The lines are
fits based on SCLC with an Arrhenius temperature relation.

Comparing error estimates, SCLC seems to be a poorer fit than Schottky and Poole-
Frenkel conduction, except for the measurements at the lowest water content, and neither
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better nor worse than hopping conduction. The n-factor, equal to fitting parameter C, is
between 2.8 and 3.5, indicating that charge traps are limiting factors for conduction
[40,112]. However, the change in the C parameter, from 3.5 for a dry sample to 2.9 for a
wet sample, indicates a reduction in traps, which is the opposite of what would be
expected for absorption of water. In addition, most of the change in C occurs between the
driest and the three other sample categories, while the largest difference in water content
is between the three driest and the wettest sample categories. Again, if water is leading to
an increase in charge traps, the highest change in C would be expected to be between
categories with the highest change in water content. A change in parameter 4 would mean
a change in the ratio of conduction band electrons to trapped electrons. An increase in the
number of traps would be expected to decrease the ratio, while the opposite trend is found
in the measurements.
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4.2.4.1.5 Summary

As presented in the previous sections, distinguishing a single dominating charge
mechanism and identifying the effect of water absorption is difficult, given that all of the
mechanisms yield reasonable fits. Schottky injection was found to fit when the basic
equation was modified to accommodate field distorting space charge, but the change in
the y parameter value did not appear to correspond to changes in water content, and
neither to the results of the space charge measurements. Poole-Frenkel conduction was
found to fit in the same manner, when a single trap level was present. Fitting hopping
conduction predicted a large hopping distance, which would indicate that the charge
carriers might either be electrons limited by physical defects or ions hopping between
traps formed by the polymer morphology. For space-charge limited current, good fits
were found with an Arrhenius-type temperature dependence and traps affecting the
voltage dependence.

None of the mechanisms needed parameters outside the expected range of the XLPE
being tested to fit. Schottky injection provided the best fit for the highest level of water
content and Poole-Frenkel conduction provided better fits for samples with intermediate
water content, while Poole-Frenkel and SCLC provided equally good fits at the lowest
water content. Hopping conduction provided worse fits than Schottky injection and
Poole-Frenkel conduction at all levels of water content.

None of the tested mechanisms revealed any systematic change in parameters, which
either means that the effect of water is too small to impact the mechanism except for a
general increase in current or that there is a different dominating mechanism or set of
mechanisms.
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4.2.4.2 Dual conduction mechanisms

4.2.42.1 Curve fitting

As mentioned in Section 4.2.3, it is possible that the absorption of water introduces a
second charge carrier mechanism in the sample. Since none of the conduction
mechanisms in Section 4.2.4.1 yielded a satisfactory description of the current behaviour
when water was absorbed, this section will look at the combined contribution of two
different, independent conductivity mechanisms. The first mechanism is assumed to be
dominant in dry XLPE and to not be affected by the absorption of water. This would be
injection of electrons and holes, for example. The second species is dependent on the
amount of absorbed water and is assumed to not be present in dry XLPE. Ionic
dissociation of cross-linking by-products or ionic dissociation of water molecules
themselves are likely candidates for this mechanism, as both are dependent on water being
present to have an effect (see Section 2.4.1). However, as described there, the degassed
state of the samples means that dissociable impurities such as cross-linking by-products
are unlikely to contribute to the current, and dissociated water molecules are more likely
to be the origin of the ions. This means that the increase in current originates from bulk
generated carriers, where the conductivity is proportional to the square root of the
concentration of water, as defined in Equation (2.9). Checking whether this fits with the
measured data can be done by keeping the applied electric field and temperature constant,
resulting in the conductivity being expressed as the sum of a humidity-independent and a
humidity-dependent term:

o =0, +k'n @.11)

in which # is the water concentration, oary is the conductivity with no water present and &
is a fitting parameter, consisting of the humidity-independent parameters in Equation
(2.9). As can be seen in Figure 14, the results from the measurements follow this relation
well.
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Figure 14. Conductivity and fitted lines plotted against the square root of water content. The
lines are fit to Equation (4.11).

Incorporating field and temperature dependency in Equation (4.11) was done on the
assumption that the two mechanisms were independent of each other. A general Poole-
Frenkel mechanism was assumed to contribute to the dry-state conductivity. This could,
however, likely be replaced with any of the other mechanisms, as all the other
mechanisms were found to fit the data well. The second mechanism, field-dependent ionic
dissociation, provided a square root dependency on concentration and an exponential
dependency on field and temperature, using the description in Section 2.2.2.3. Inserting
equations from Poole-Frenkel conduction, Equation (2.4), and field-dependent
dissociation, Equation (2.9), into Equation (4.11) yields the conductivity as

B c, JE s\ B cVE
o(E,T,n)=A4_ exp| —= |exp| —= +A4 | ——| exp| ——X= |exp| =*—
(ETon)= A4, p{ ij P r k[E‘”Sj p( kT) P

T
4.12)
in which A4, B and C are fitting coefficients for o4ry and £, as denoted by their subscripts.

A plot of the measurement results and the fitted data is shown in Figure 15. Equation

(4.12) appears to be able to describe the measured data well, with parameters as shown
in Table 12.
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Figure 15. Conductivity and fitted curves plotted against water content. The lines are fits of
the entire dataset to Equation (4.12).

Table 12: Dual mechanism conduction, with Poole-Frenkel and field-dependent dissociation

A odry B odry Ctrdry A k B k C k
[S m—l] [CV] [K mO.S V-O.S] [S m-l ml.S kg-O.S] [ev] [K mO.S V-O.S]
2.46E-10'° 1.83 0.41 2.43-10° 1.50 0.59
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4.2.4.2.2 Discussion

To evaluate the apparently well fitted combination of conduction mechanisms, the
physical implications of some of the required fitting parameters were checked. The
measured diffusion parameters of water in XLPE (see Appendix B) were also used to
evaluate the feasibility of the model.

First, the known relative permittivity of polyethylene was checked against the parameters
found from the fitting procedure. The Coary and Ci parameters in Equation (4.12) can be
used to calculate the apparent relative permittivity for the dry term and the concentration-
dependent term, respectively. The dry term yielded & = 1.18 for a trapless Poole-Frenkel
mechanism and 4.72 for a system with one trap level. This means that the trapless system
is closest to the real value of 2.3, although a value of 1.18 for a solid is not realistic. The
concentration-dependent term gave a relative permittivity value of 0.55, which is even
further from the real value of XLPE. This means that even though Equation (4.12) can be
well fitted to the measurement data, at least two of the parameters needed to provide the
fit are not realistic. It is possible that further exploration of the mechanisms, similar to
including the space charge in the Schottky mechanism in Section 4.2.4.1.1, would
improve this.

Second, the rate of self-dissociation of liquid water can be used to estimate the number
of ions. This can be combined with the measured conductivity to find the apparent
mobility of the ions. When considering ionic dissociation, water molecules can exist in
two ways in a polymer: as clusters of water where water molecules exist in distributed
groups and as completely dissolved water where each water molecule is separated from
the rest.

Starting with water clustering, the clusters are assumed to be large enough that the
dissociating molecules are completely surrounded by other water molecules, and the
dissociation occurs as if in liquid water. At 80 °C, the water self-dissociation constant is
12.6 [113], leading to an ion concentration of 5-10'® ions/m® at 90% RH and
6-10'% ions/m> at 10% RH. The mobility of water ions in XLPE can be found by finding
the conductivity contribution of absorbed water. Using the difference between measured
values at 0.18 kg m> (90% RH) and 0.02 kg m™ (10% RH) in Figure 9, at 80 °C and
2 kV mm applied field, this was found to be 1.4:10"'> S m!. Combining this with the
difference in charge carrier concentration leads to an ionic mobility of 1.8-107* m? V! s,
This mobility is in the high end of reported charge mobilities in polyethylene, which lie
between 107°-10"° m?> V' 571 [14,114-117].

There are several limitations to this approach, however. The applied field, which would

likely increase dissociation, and the effect of the surrounding polymer network, which
would likely limit dissociation, could be taken into consideration for a more accurate
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calculation. This has not been done, however, as clustering behaviour is not expected of
the water molecules in XLPE based on the diffusion profile. For a material that follows
Fick's and Henry's laws, as is the case for water in XLPE, the diffusing molecules are not
significantly affected by the polymer structure or by each other, and move as separate
molecules through the polymer matrix as completely dissolved water. To calculate the
mobility is such a case, the absorbed water is considered to behave as water vapour having
a temperature of 80 °C and a density of 0.18 kgm™ (90% RH). The resulting self-
dissociation constant becomes 56 [113], leading to an ion concentration of 107 jons/m>.
The corresponding numbers for 80 °C and 0.03 kg m™ (10% RH) are 77 [113] and
5-10"'7 ions/m? for the self-dissociation constant and ion concentration, respectively. Both
of these calculated ion densities are extremely low and would have negligible effect on
any currents. In order to obtain the change in conductivity observed in the measurements,
the mobility would have to be in the order of 10¥ m? V-! s, This is many orders of
magnitude above the reported values in the literature [14,114-117], in addition to being
completely unrealistic — with an applied electric field of 2 kV mm! the drift velocity
would be faster than the speed of light.

Third, the diffusion coefficient of water molecules in XLPE can be used to estimate the
mobility of water ions through the Nernst-Einstein-Townsend relation (e.g. [118]). This
assumes that there is a single mobile ion or that the two oppositely charged ions have the
same mobility. Of course, water ions will not have the exact same mobility as water
molecules, as the size and shape of the ions are different to those of water molecules. In
addition, the ionisation process does not produce identical ions with opposite charge, but
one hydroxide ion comprising of an oxygen and a hydrogen atom, and a proton (which in
most systems is quickly hydrated to a Han+10n complex or otherwise bound). Disregarding
this, with the diffusion coefficient of water in XLPE at 80 °C being 10 m? s”!, calculated
from Table 1, the mobility is calculated to be 3-10® m?> V' 5”1, This is much higher than
the estimates for mobilities found in the literature [14,114-117].

4.2.5 Summary

As was shown in the sections above, the investigated conduction mechanisms could all
be made to fit the data sets, with no one mechanism appearing to fit much better than the
others. This is not surprising, as all the mechanisms have almost the same temperature
and electric field dependence, i.e. an Arrhenius temperature dependence and an
exponential or close-to-exponential electric field dependence. Testing the physical
interpretation of the resulting fitting parameters did not result in the exclusion of any of
the mechanisms, i.e. none of the fits required unphysical parameters. A major limitation
of the mechanisms when tested singularly is that none of them appeared to exhibit
systematic change when the water content was changed. For measurements in the driest
conditions used in this work, Poole-Frenkel conduction and SCLC fit very well.
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Using two separate conduction mechanisms as a basis to describe the whole dataset
showed that predictions of the changes in conducted current with water content can be
made. However, the base mechanisms tested in this work are likely not to be correct, as
the parameters required by the dry mechanism to obtain a good fit resulted in a relative
permittivity of XLPE far from the real value. In addition, ionic dissociation of the water
molecules themselves, the basis for the water concentration dependence, was found to
likely not be large enough to give the measured changes in the conductivity. This means
that using the dual-mechanism fit does not hold merit when trying to explain what affects
the current in a sample when water is absorbed, at least with these mechanisms. However,
the dual-mechanism data fit does work well as an empirical tool to model how the
conducted current through XLPE changes due to absorbed water.
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4.3 Space charge accumulation and discharge

4.3.1 Introduction

Measurement series on space charge accumulation at 20, 40, 60 and 80 °C and at least
two different relative humidities at each temperature were performed. The measurement
results for samples with low and high water content are presented in Section 4.3.3 and
4.3.4, respectively, and the most important points are summarised in Section 4.3.5. A
discussion on the implications of the results on the effect of increased temperature and
water content can be found in Section 4.3.6.

4.3.2 Measurement procedure

Each of the space charge measurement series were performed over a 14-day period at
high voltage and a 14-day period with no voltage applied, during which the samples were
kept inside a climate chamber. A list of measurement conditions for the space charge
measurements can be found in Table 13.

Applied voltage for all measurements was 10 kV, which for a 0.3 mm sample corresponds
to an applied electric field of about 33 kV mm™'. The samples varied slightly in thickness,
as measured by microscopy analysis of the sample cross-sections after measurement. The
sample thicknesses and resulting electric fields are listed in Table 13.

Table 13: Measurement conditions, sample thicknesses and applied electric field for space
charge measurement samples

Relative Water content . Electric field at 10 kV
Temperature . Thickness .
humidity applied voltage
[°C] [%] [kg m™] [mm] [kV mm™']
25 0.005 0.31 32
20 85 0.017 0.28 36
Wet conditioned at 60 °C 0.32 31
""""" 404000202737
85 0.041 0.25 40
""""" 60<1<000103,13,2
85 0.088 0.27 37
””””””””””””” <1 <0002 030 33
80 85 0.173 0.31 32
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4.3.3 Measurement results at low water content

4.3.3.1 Space charge accumulation at 20 °C

The charge distribution in the dry sample is shown in Figure 16. Homocharge was present
at both electrodes, which is likely accumulated injected charge. The magnitude of the
homocharge peaks increased for the entire 14-day measurement period. Both the anode
and cathode peaks were distributed over about a third of the sample thickness, with the
peak maxima situated 0.04 mm from the respective electrodes after 14 days. Both of the
homocharge peaks started out closer to their respective electrodes, shifting position
further into the bulk over time. The peaks moved at different speeds; the anode peak
reached its final position after 7 hours, while the cathode peak reached its final position
after 2 to 3 days. The reason for the movement of the peaks is not known but may be
connected to charge on the electrodes as follows: the measurements in Figure 3.1 are
performed with the applied voltage off. At the start of the measurements, the signal is
dominated by remnant charge from when the voltage was applied. Over time, the charge
injected into the sample becomes large enough to set up a mirror charge in the electrode.
This, combined with real charge spreading into the sample, can be observed as the charge
peaks 'moving into' the sample. The area between the real and mirror charge peaks is
where the signals 'overlap', i.e. it is observed as a no charge zone. If this were to be taken
as literal charges distributed due to the trap distribution close to the electrodes, this would
mean that there is either an area close to each electrode that is trap-free or that the area
consists of unfilled traps, both of which seem improbable.
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Figure 16. Charge distribution in sample with low water content, at 20 °C and 25% RH. The
applied electric field was 32 kV mm’!. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.
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4.3.3.2 Space charge discharge at 20°C

The space charge distribution during discharge at 20 °C is shown in Figure 17. Here,
accumulated charge can be seen to decrease without significant positional peak
movement. The anode homocharge decreased at a faster rate than the cathode
homocharge. Figure 18 shows the charge contained in the different peaks designated in
Figure 17. Given that the magnitude of charge in the positive and negative charge peaks,
and thereby the local electric field near the anode and cathode respectively, is similar at
20 °C, the faster reduction of the positive peak may be an indication of a slightly higher
effective mobility of the positive carriers.
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Figure 17. Space charge distribution for discharge of the dry sample at 20 °C. The coloured
lines indicate the areas of, from left to right, the cathode peak (C), bulk peak (B) and anode
peak (A).
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Figure 18. Summed charge per area in the dry sample at 20 °C. The peaks' positional limits
correspond to the coloured areas indicated in Figure 17.
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4.3.3.3 Space charge accumulation at 40 °C

When the temperature was increased to 40 °C, homocharge still accumulated at the anode,
as shown in Figure 20. The accumulation rate was higher and the amounts of accumulated
charge larger than at 20 °C. This corresponds to an injection-dominated charge
distribution, similar to what was found at 20 °C, with a hole injection rate that increases
with increasing temperature. A difference from 20 °C is that while the homocharge at the
anode increased rapidly for the first 5 hours of the measurement, it then started decreasing
until about 24 hours into the measurement. After the 24-hour mark, it started to increase
again. This dynamic change in the charge accumulation is suspected to occur when the
accumulated positive charge has grown large enough to reduce the electric field near the
anode. The reduced field will reduce charge injection. Meanwhile the transport of positive
charge away from the anode continues and may even be enhanced by high concentrations
of positive charge. This will widen the peak but also reduce its maximum magnitude,
leading to an increase in the local electric field. When the local concentration of charge
has dropped low enough, the accumulation rate may go up again due to increased
injection. Another difference from 20 °C is a second positive charge peak near the anode
homocharge peak in Figure 20. This secondary peak increased in magnitude until around
3.5 hours into the test, and then decreased until 13 hours into the test, before increasing
again. This is suspected to be an effect of trapped positive and negative injected carriers
overlapping; the net positive charge concentration consisting of injected charge carriers
at the anode is being reduced due to negative charge carriers from the cathode
accumulating in the same area.

At the cathode, the accumulated charge was heterocharge, which increased throughout
the measurement period. While the homocharge at the anode built up in a narrow peak,
the heterocharge at the cathode was more widespread, with the tail end of the peak
reaching about halfway into the sample. This charge has two possible origins: charge
generation in the bulk, e.g. ionisation of dissociable impurity groups [77], including
water, and injected charge at the anode moving through the sample and accumulating at
the cathode [119]. In [34], a similar charge distribution as in Figure 19 was observed at
40 °C and 40 kV mm™! in XLPE with semiconductor electrodes. There, the heterocharge
at the cathode was attributed to bulk effects, suggesting the extraction of electrons and
movement of low molecular weight polyethylene or impurities from the bulk to the
cathode.

Considering bulk generation, an increase in temperature from 20 to 40 °C would be
expected to increase the dissociation rate, as per Equation (2.7) and (2.9), and measurable
heterocharge would appear if the increase was large enough. Significant accumulation of
dissociated positive charge at 40 °C raises the question of where the negatively charged
dissociation product is. No net negative charge was observed at 40 °C. This means that
for the assumption of the cathode heterocharge being bulk generated to be valid, there
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must be significant differences in trapping conditions for positive and negative charge.
This can occur if, for instance, the bulk charge is larger positive ions that have lost an
electron. The electrons are mobile and can be removed from the sample while the less
mobile ions remain. Another possibility is ionic dissociation where the negative ions are
much more mobile than the positive ions.

When considering only injected charge, any heterocharge at the cathode would have to
have been transported across the sample. However, a similar trap distribution would be
expected at the two electrodes, given that they are made with the same process and the
same materials, meaning that the peak shapes at the electrodes would be similar at
equilibrium. This can be explained by assuming that impurities are the most likely origin
of traps near the electrodes, and that there is a decreasing impurity concentration with
increasing distance from the electrode. Both assumptions are supported by the literature,
as carbonyl groups have been found to be traps for both electrons and holes (e.g. [67,69])
and to diffuse into XLPE insulation [63]. Positive charge transported to the cathode will
first arrive at the traps nearer to the bulk, meaning those traps will be filled first. In
addition, injected negative charge would also be expected to affect the cathode charge
peak. With similar trap distributions, it is possible that the peaks at the cathode and anode
would attain similar shapes over time, but as can be seen in the measurements this did not
occur during the 14 days of voltage stress.
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Figure 19. Charge distribution in sample with low water content, at 40 °C and 4% RH. The
applied electric field was 36 kV mm'!. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.
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4.3.3.4 Space charge discharge at 40 °C

The charge distribution during sample discharge is shown in Figure 20. There did not
appear to be any significant positional shifts in the charge peaks. The discharge rate for
positive charge in different parts of the sample, shown in Figure 21, is fairly similar in
the charge peaks close to the electrodes, but lower in the secondary anode homocharge
peak. Similar discharge rates indicate that there are charge carriers with similar mobilities
in the anode and cathode peaks; a charge carrier with significantly lower mobility would
be expected to discharge at a slower rate, given the same charge concentration. In [120],
slower discharge rates have been associated with deeper traps, meaning perhaps that the
charge in the secondary peak is in deeper traps than the rest of the charge. Why there
would be a narrow area of deep traps 50 um into the sample from one side is not known,
and seems to be unlikely to occur. The charge concentration in the secondary charge peak
is lower, however, and the local electric field will therefore also be lower, which is
perhaps a more likely reason for the slower discharge rate. Given that the discharge rate
for the heterocharge peak at the cathode is similar to the rate of the homocharge at the
anode at similar charge concentrations, it seems likely that they consist of charge carriers
from the same species. This means that injected charge from the anode will have to have
been transported across the sample.
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Figure 20. Space charge distribution for discharge of the dry sample at 40 °C. The coloured
lines indicate the areas of, from left to right, the cathode peak (C), secondary anode peak (B)
and primary anode peak (A).
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Figure 21. Summed charge per area in the dry sample at 40 °C. The peaks' positional limits
correspond to the coloured areas indicated in Figure 20.
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4.3.3.5 Space charge accumulation at 60 °C

For the dry sample at 60 °C, the charge distribution consisted mainly of homocharge at
the anode and heterocharge at the cathode. Some positive charge was also present in the
bulk. This is similar to what was found at 40 °C, indicating that space charge
accumulation operates by the same mechanisms at both temperatures.

As seen in Figure 22, which shows the charge distribution at 60 °C, charge was initially
present in the sample, which likely was residual charge left by the calibration procedure.
The charge at the anode and in the bulk increased rapidly for about 10 hours, after which
it stabilised and remained at near constant levels for the rest of the measurement period.
Charge magnitude at the anode was 2.1 C m?, significantly lower than the anode
homocharge in the dry sample at 40 °C. Charge magnitude in the bulk was approximately
the same for both temperatures. At the cathode, the heterocharge increased to a maximum
of 1.4 C m? after around 2.5 hours, and then decreased rapidly. A stable level was reached
after about 1 day. At its maximum the charge was at about the same magnitude as the
heterocharge in the dry sample at 40 °C after 14 days. A marked difference between the
distribution at 60 °C and the lower temperatures is therefore that the accumulated charge
apparently reaches equilibrium within the test period.

The accumulation rate of anode homocharge at 60 °C was higher than at 40 °C, and likely
a result of a higher injection rate at 60 °C than at 40 °C. The lower equilibrium peak
magnitude at 60 °C may be an effect of higher charge mobility at 60 °C. More charge is
injected, leading to a rapid initial increase in charge concentration, but more charge is
also transported away, leading to a lower amount of accumulated equilibrium charge.
Both increases in injection and increases in mobility with temperature is in accordance
with the literature [121,122].

At the cathode, the initial accumulation of heterocharge occurred more rapidly at 60 °C
than at 40 °C. The amount of positive charge at the cathode increased until 2.5 hours into
the measurement, at which time it started to decrease. One explanation for this is the
interaction of two charge carrier species. The accumulation of positive charge carriers at
the cathode will increase the local electric field there, increasing the injection of negative
charge carriers. An increase in negative charge would decrease the net charge at the
cathode, reducing the field. In a situation where injection at the cathode leads to less
accumulated negative charge than positive charge, through a lower trapping rate (lower
trapping cross-section or higher amount of detrapping) or a low injection rate, the net
charge would be positive, but be affected by injection dynamics at the cathode, similarly
as was hypothesised to occur at the anode at 40 °C. This would also explain why the
cathode peak magnitude is reduced over time at 60 °C. In practice this is a process with
two time constants: a lower one for the positive charge and a higher one for the negative
charge. Charge extraction and recombination would also affect the charge peak dynamics.
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Figure 22. Charge distribution in sample with low water content, at 60 °C and < 1% RH. The
applied electric field was 32 kV mm''. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.
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4.3.3.6 Space charge discharge at 60 °C

At 60 °C, mainly positive charge was present in the sample. The effect of charge
concentration on discharge rate can be seen in Figure 23, where charge at the anode
discharged at a higher rate due to the initial higher magnitude. This is most easily shown
by plotting charge magnitude per unit area at 60 °C, as shown in Figure 24. As was the
case at 40 °C, this was probably a consequence of the higher local electric field at the
anode due to a higher local density of charge. After around 1 day, the charge concentration
at the electrodes and in the bulk at 60 °C was roughly of the same magnitude, and the
discharge throughout the sample occurred at more or less the same rate. A initially high
discharge rate followed by a slower discharge, similar to what occurred during the first
day of discharge at 60 °C, was suggested to be due to different trap levels discharging at
different time scales in [123].
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Figure 23. Space charge distribution for discharge in dry conditions at 60 °C. The coloured
lines indicate the areas of, from left to right, the cathode peak (C), bulk peak (B) and anode
peak (A).
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Figure 24. Charge per area in different peaks in dry conditions at 60 °C. The peaks'
positional limits correspond to the coloured areas indicated in Figure 23.
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4.3.3.7 Space charge accumulation 80 °C

The charge distribution at dry conditions at 80 °C is shown in Figure 25. As for the
samples at 60 °C, there was initially some charge present, likely remnant charge after
calibration. As voltage was applied, homocharge accumulated at the anode, while
heterocharge accumulated at the cathode. This is similar to what occurred at 40 and 60 °C,
suggesting similar mechanisms being dominant.

The cathode heterocharge increased until 20 minutes into the measurement, and then
decreased, before finally disappearing after about 6 days. This is similar to the
heterocharge at 60 °C, which also decreased after some time. The heterocharge started to
decrease at an earlier time at 80 °C, showing that increasing the temperature affects the
processes responsible for the dynamic changes. This may be related to increases in
injection and mobility, which both have previously been found to increase with
temperature [121,122]. The cathode heterocharge was roughly of the same maximum
magnitude as for 40 and 60 °C, but the maximum occurred at an earlier time. This is likely
due to the mobility of positive charge increasing with temperature, and also due to the
injection of negative charge increasing with temperature. Hypothetically, a higher
mobility would lead to increased cross-sample transport of positive charge, as well as a
lower residence time of positive charge in traps. Without any negative charge, this would
result in the charge reaching a maximum magnitude where all traps were filled at an
earlier time than at the lower temperatures. The charge peak would remain at the
maximum as long as the applied voltage is constant. When injection of negative charge
is also included, the result would be negative charge accumulating in the traps near the
cathode, which would reduce the cathode heterocharge peak magnitude. This is consistent
with the measured results. At the end of the measurement period, the negative charge
peak at the cathode reduced in magnitude and broadened, and appeared to move into the
sample. It is uncertain whether this is negative charge accumulating, a result of the mirror
charge peak reflecting the changes in the rest of the charge distribution, or a combination.
A previous study suggested that the lowering and broadening of a charge peak indicated
injection of charge [124].

The homocharge at the anode increased to a maximum at 5 hours. After this, the charge
magnitude fell to a value of about 70% of the maximum within the first day. The rate of
decrease then fell, the peak reaching its final value of approximately 60% of the maximum
at the end of the 14-day charging period. The charge peak widened during the
measurement, reaching the centre of the sample after 7 days. Comparing the charge
distribution to what was found at 40 and 60 °C, it shows quite similar behaviour though
the time scale is shorter at 80 °C. The anode homocharge magnitude was lower at 80 °C
than at 40 and 60 °C. The difference between the anode peaks at the lower temperatures
and 80 °C may be due to, for example, injected positive charge being rapidly transported
away from the anode, or higher amounts of negative charge leading to a more rapid net
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charge decrease. This is the same process as has been suggested at the lower temperatures,
and occurs on a shorter time scale due to higher charge mobility.
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Figure 25. Charge distribution in sample with low water content, at 80 °C and < 1% RH. The
applied electric field was 33 kV mm'. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.

4.3.3.8 Space charge discharge at 80 °C

At the end of the charging measurement period at 80 °C, the charge peaks of significant
magnitude were homocharge peaks at both electrodes. As mentioned before, the cathode
homocharge peak may be real charge combined with the mirror peak or just the mirror
peak alone, although the former seems more likely [124]. The charge distribution during
discharge is shown in Figure 26. The rate of discharge, shown in Figure 27, was initially
high, and was reduced as the charge density lowered. This is similar to what occurred
during discharge at 60 °C, and is likely connected to different trap levels being present in
the insulation [123].
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Figure 26. Space charge distribution for discharge in dry conditions at 80 °C. The coloured
lines indicate the areas of, from left to right, the cathode peak (C) and anode peak (A).
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4.3.4 Measurement results at high water content

4.3.4.1 Space charge accumulation at 20 °C 85% RH

At 85% RH, the charge distribution, shown in Figure 28, was initially dominated by
homocharge, showing that accumulated injected charge remained dominant at 20 °C
when the water content was increased. The homocharge peaks were relatively wide, with
the negative and positive peaks covering a third of the sample thickness each, respectively
near the cathode and anode, and the tail of the negative peak covering the centre third of
the sample. The net negative charge at the centre of the sample reached a maximum after
about 2 days, and then began to decrease. A possible origin for this is that the charge in
this area was at first dominated by injected charge from the cathode. Over time, charge
from either the bulk or from the anode accumulated in the same area, which after 5 days
resulted in the net charge in the centre becoming positive. The now positive charge peak
increased for the rest of the measurement. Some apparent negative charge between the
positive centre charge and the anode homocharge can also be seen, appearing after about
4 days. The amount of charge is very low, however, and close to the sensitivity limit of
the measurement system. If it is assumed to be real charge, the resulting semi-symmetrical
heterocharge does match the pattern for bulk-generated charge such as dissociated ions
quite well. The cathode homocharge reached a maximum after about 5 days and then
started to decrease. The homocharge peaks at the end of the measurement were slightly
narrower in this case than for the dry sample, and the amplitude was about 75% of what
was observed at dry conditions.
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Figure 28. Charge distribution in sample with high water content, at 20 °C and 85% RH. The
applied electric field was 31 kV mm’!. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.

4.3.4.2 Space charge discharge at 20 °C 85% RH

Unfortunately, the recording of the discharge measurements stopped after 34 minutes.
During this time, it showed the same discharge tendencies as the dry samples (see Section
4.3.3.2 and 4.3.3.4), e.g. more rapid discharge in areas with higher charge concentrations,
indicating that similar mechanisms dominate.
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4.3.4.3 Space charge accumulation in a supersaturated sample at 20 °C

Figure 29 shows the charge distribution in the supersaturated sample. Homocharge
accumulated at the anode, again showing that injected charge was dominant there. At the
cathode, heterocharge accumulated, meaning that the high amount of water in the sample
changed the net charge there to positive. This is different from what was observed in the
dry and the 85% RH samples at 20 °C (see Section 4.3.3.1 and 4.3.4.1). More positive
charge was also present in the bulk. Both homocharge and heterocharge accumulation
appeared to start immediately after the DC voltage was applied. During the first 4 hours
of measurement, symmetrical heterocharge accumulated at both the cathode and anode,
although the charge concentrations were low. The anode heterocharge peak stopped
growing after 4 hours and started to decrease in magnitude. After 5 days, the anode
heterocharge was gone, and only positive charge was present in the sample. The cathode
heterocharge reached a peak after about 4 days, and then started to decrease. After 9 days,
it seemed to have reached a steady state. The anode homocharge increased for the whole
measurement period. The difference in charge accumulation between 85% RH and
supersaturation is due to higher amount of water; either the water increased the mobility
of injected positive charge or there was an amplification of bulk generation. If the latter
is the case, the bulk-generated negative charge will have to have significantly different
properties from the positive charge in the supersaturated sample, as the anode
heterocharge disappeared early while the cathode heterocharge grew significantly during
the measurement. It is of course possible that the observed pattern is a result of both
processes occurring simultaneously: the symmetrical heterocharge is due to bulk
generation while the large cathode heterocharge and anode homocharge peaks are due to
hole injection and transport enhancement.

The fact that heterocharge started accumulating very quickly after voltage application
means that either there was bulk-generated charge accumulating at the cathode, or that
the injected charge at the anode had high enough mobility so that significant amounts of
charge have been transported across the sample and accumulated during the time before
the first measurement 5 minutes after voltage application. A crossing time of 5 minutes
corresponds to a mobility of 3-10"* m? V' 5!, which is within the range of mobilities
found in the literature [115,125,126]. Bulk-generated charge has also been found to occur
in polyethylene insulation [12,13,44,46,75,76,80], however.
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Figure 29. Charge distribution in supersaturated sample, at 20 °C and 75% RH. The applied
electric field was 35 kV mm.. The red arrows show the time development of different
charge peaks, while the black arrows point to the charge magnitude of a peak at the time

given by the accompanying text.
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4.3.4.4 Space charge discharge in a supersaturated sample at 20 °C

The charge distribution of the supersaturated sample during discharge at 20 °C is shown
in Figure 30. The charge per unit area in the coloured areas shown in the figure is plotted
in Figure 31. Comparing the homocharge and heterocharge peaks shows that the
heterocharge discharges at a slower rate than the homocharge peak, even though the
charge peaks are of a similar magnitude. This was different than for the dry samples,
where charge peaks of similar magnitudes discharged at similar rates.

For charge peaks of equal magnitude containing the same charge carrier species, located
in areas with similar trap distributions, discharge rates would be expected to be equal.
Even though differences in trap distributions seems to be the suggested origin of the
difference in discharge rates in [123], a difference in trap distribution between the anode
and cathode is here unlikely, as both electrodes were made of the same semiconducting
acrylate ethylene copolymer, and were subjected to the same conditioning procedure. If,
on the other, hand two different charge carrier species are assumed to be responsible for
the respective positive charge peaks at the anode and cathode, a difference in mobility
between the carrier species could explain the difference in discharge rates. In that case,
the cathode heterocharge, consisting of carriers being retained longer, would be of a
species having a lower effective mobility than the carrier species at the anode. The
presence of lower mobility heterocharge would indicate bulk charge generation, such as
ionic dissociation, appearing in addition to the previously established injected charge.
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Figure 30. Space charge distribution for discharge of the supersaturated sample at 20 °C. The
coloured lines indicate the areas of, from left to right, the cathode peak (C), bulk peak (B)
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Figure 31. Charge per area in different peaks in the supersaturated sample at 20 °C. The
peaks' positional limits correspond to the coloured areas indicated in Figure 30.
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4.3.4.5 Space charge accumulation at 40 °C 85% RH

At 40 °C, as shown in Figure 32, the positive charge accumulating in the whole sample
resembles what was measured for dry conditions (see Section 4.3.3.3). This implies that
there are similar mechanisms responsible for the space charge at 40 °C 85% RH as there
was for the dry sample at 40 °C. There are also similarities with the supersaturated sample
at 20 °C. The charge accumulation rates at 40 °C 85% RH were similar to what was found
for the dry sample, but the maximum charge magnitudes at high water content were lower.
As was found in the dry sample, the homocharge at the anode in Figure 32 increased
rapidly in the period after voltage application. It then decreased for about a day, before
starting to increase once more. This occurred at an earlier time for the wet sample than
for the dry sample; the anode peak started to decrease after 3.5 hours, 1.5 hours before
the corresponding decrease in the dry sample anode peak. Assuming similar mechanisms
being dominant in the dry sample and the 85% RH sample at 40 °C, the earlier shifts in
accumulation rates at 85% RH would likely be the result of a higher mobility of charge
carriers.

A rapid shift in the location of the cathode heterocharge peak can be observed after 7 days
of measurement. This was due to a communications problem between the oscilloscope
and the computer software that recorded the data, resulting in the oscilloscope resetting
some settings to default. Among these were the sampling frequency. This was partly
compensated for in post-processing of the data, but while the charge magnitude after
compensation remained roughly the same as before, the placement of the peaks shifted
slightly, and was most noticeable for the cathode heterocharge.

79



Charge concentration [C m'3J

—==1d
-==-7d
— 144
T T T T T

0.25 0.3 0.35

0 0.05 0.1

OllgosilionO‘[%nm]
Figure 32. Charge distribution in sample with high water content, at 40 °C and 85% RH. The
applied electric field was 39 kV mm''. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.

4.3.4.6 Space charge discharge at 40 °C 85% RH

At 40 °C, there is no significant difference between the discharge of the wet sample,
shown in Figure 33 and Figure 34, and the discharge of the dry sample. The discharge
rates in the dry sample were slightly higher than in the wet sample, likely due to the initial
charge magnitude being higher in the dry sample. The discharge rates indicate that the
mobilities of the carriers during discharge are similar.
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Figure 33. Space charge distribution for discharge of the sample with high water content, at
40 °C and 85% RH. The coloured lines indicate the areas of, from left to right, the cathode

peak (C), bulk peak (B) and anode peak (A).
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Figure 34. Charge per area in different peaks in the sample at 40 °C and 85% RH. The peaks'
positional limits correspond to the coloured areas indicated in Figure 32.
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4.3.4.7 Space charge accumulation at 60 °C 85% RH

Some space charge was initially present, possibly residual charge from the calibration
procedure similar as in the dry sample. Heterocharge accumulated at the cathode and
homocharge at the anode, as shown in Figure 35. Positive charge accumulated in the bulk.
The similarity between the charge distribution in this sample and the dry sample at 60 °C,
both samples at 40 °C, and the supersaturated sample at 20 °C suggest that similar
mechanisms are also dominant with absorbed water present at 60 °C. The charge
accumulated at a faster rate than what was found for the dry sample, which, as in Section
4.3.3.3, can be due to an increase either in the charge injection rate or in the charge
trapping rate near the electrode. Similar to what was found at 40 °C, changes in the charge
accumulation rate at 60 °C 85% RH occurred earlier than in the dry sample at 60 °C,
indicating that absorbed water increased the charge carrier mobility. From about 1-2 days
into the test, the cathode mirror charge peak started to move into the sample. This may be
an indication of negative charge building up close to the cathode, especially as at the end
of the measurement period there seems to be a positive mirror charge peak appearing in
the cathode. The movement of the cathode peak into the sample is similar to what was
found in dry conditions at 80 °C (see Section 4.3.3.7), where positive charge was found
to accumulate more rapidly than negative charge so that measurable negative charge
appeared much later than measurable positive charge. It is probable that the effects of the
slower negative charge injection and accumulation is therefore the origin of the cathode
heterocharge peak movement [124].
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Figure 35. Charge distribution in sample with high water content, at 60 °C and 85% RH. The
applied electric field was 37 kV mm’!. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.

4.3.4.8 Space charge discharge at 60 °C 85% RH

As the sample at 60 °C 85% RH suffered a breakdown at the end of the charging period,
no discharge measurements could be performed.
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4.3.4.9 Space charge accumulation at 80 °C 85% RH

As shown in Figure 36, there was initially heterocharge at both electrodes, which was
probably remnant charge from the calibration procedure. This was replaced by
homocharge during the first half hour after voltage application.

At the cathode, the homocharge accumulated very close to the electrode. As was the case
for cathode heterocharge at lower temperatures, the magnitude of charge initially
increased, then decreased, and then increased again. It is not unlikely that the changes in
charge accumulation rate is due to the interaction between two different charge carrier
species, one of them being the injected electrons. However, as for anode homocharge in
dry conditions at 40 °C, this could also be a result of the local electric field affecting the
injection and transport of electrons. Similar to the dry sample at 80 °C, the changes in
charge peak accumulation rate occurred earlier in the wet sample at 80 °C than at the
lower temperatures. A noticeable difference from what was found for wet samples at the
lower temperatures was that the cathode heterocharge at 80 °C never increased much
above the initial values and disappeared soon after measurement start. Given that the
initial accumulated heterocharge was most likely an effect of the calibration procedure
(remnant charge after the negative polarity calibration, i.e. injected homocharge), this
means that there was only homocharge accumulation at the cathode at 80 °C 85% RH.
This can be due to a reduction of positive charge, through suppressed transport or reduced
bulk generation, or through an increase in the accumulation of negative charge due to
increased injection or trapping. Looking at the high build-up of positive charge between
the middle of the sample and the anode, it is possible that the lack of cathode heterocharge
is related to increased trapping of positive charge carriers. In addition, the size of the
cathode homocharge peak indicates an increased presence of negative carriers, although
this may also be a result of the mirror charge peak at the cathode being large due to the
large positive charge accumulation in the bulk. The peak does move into the sample
during the first day of measurement, however, which, much as for 60 °C and 85% RH, is
an indication of charge injection.

At the anode, homocharge built up to a peak around 0.1 mm from the electrode, and
increased in magnitude for the entire measurement period. Towards the end of the
measurement period, the peak of the positive charge concentration shifted slightly
towards the cathode. Some heterocharge also appeared at the anode towards the end of
the test. The amount of anode homocharge was significantly higher in the wet than in the
dry sample. It is possible that this is related to the water concentration, which at 80 °C
85% RH is much higher than at 85% RH at the lower temperatures. In that case, there is
apparently a critical limit of either water concentration alone or water concentration
combined with temperature over which water enhances charge accumulation
significantly.
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The positive charge concentration appeared to move towards the cathode during the
measurement period, which contrasts with the charge at lower temperatures which
remained mostly stationary. This may be the main concentration of trapped charge
moving, or it may be an effect of negative charge accumulating near the anode. There is
some evidence of this in the broadening of the mirror charge peak at the anode, which is
similar to what occurred at the cathode at 60 °C 85% RH.
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Figure 36. Charge distribution in sample with high water content, at 80 °C and 85% RH. The
applied electric field was 32 kV mm’'. The red arrows show the time development of
different charge peaks, while the black arrows point to the charge magnitude of a peak at the
time given by the accompanying text.

4.3.4.10 Space charge discharge at 80 °C 85% RH

Discharge of the wet sample at 80 °C, shown in Figure 37 and Figure 38, was initially at
a higher discharge rate than in the dry sample. However, when comparing the discharge
rates of charge concentration peaks of similar magnitudes in the wet and dry samples, the
discharge rates were similar, indicating that the charge carriers moving in the samples are
the same for dry and wet samples.
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Figure 37. Space charge distribution for discharge of the sample with high water content, at
80 °C and 85% RH. The coloured lines indicate the areas of, from left to right, the cathode
peak (C), bulk peak (B) and anode peak (A).
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Figure 38. Charge per area in different peaks in the sample at 80 °C and 85% RH. The peaks'
positional limits correspond to the coloured areas indicated in Figure 37.
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4.3.5 Summarised results

Table 14 lists the most important aspects of the charge distributions at the various
temperatures and relative humidities.

At 20 °C, the absorption of water facilitated positive charge accumulation in the bulk and
near the cathode. The magnitude of accumulated homocharge at the anode was reduced
by the absorbed water. Supersaturation increased the accumulation of positive charge in
the bulk and at the cathode, changing the net charge at the cathode to heterocharge.

Increasing the temperature to 40 °C increased the magnitude of the accumulated charge,
while further increases in temperature reduced the magnitude. Higher temperatures
increased the rates of charge accumulation, dissipation and discharge.

Absorption of water at 40 °C reduced the overall magnitude of accumulated charge. At
60 °C water absorption reduced the anode homocharge peak, while the magnitude of
cathode heterocharge remained similar to the magnitude in the dry sample. The charge
accumulation rate was equal in both dry and humid samples at 40 °C, while at 60 °C
absorbed water increased the accumulation rates. At 80 °C, the absorption of water led to
accumulation of significant amounts of positive charge in the bulk.
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Table 14: Space charge results summary

T | RH Cathode Bulk Anode Comments
[°C]| [%]
25 | Homocharge None Homocharge Uniform charge increase
Positive charge
thode heteroch d after 5
20 | 85 | Homocharge closer to Homocharge Cathode heterocharge appeared after
days
cathode
100 | Heterocharge | Positive charge | Homocharge
o Ch i d for 5 hours, d d
4 | Heterocharge | Positive charge | Homocharge arge mereased 1ot . ours ecre.ase
for 20 hours, then increased again
40 Charge increased for 3 hours, then
85 | Heterocharge | Positive charge | Homocharge | decreased slightly for the rest of the
measurement
h i for 10 h th
0 | Heterocharge | Positive charge | Homocharge Charge 1ncrea§ ed for 10 hours, then
remained constant
Charge increased for 10 minutes.
60 Positive charge, Cathode heterocharge then decreased
85 | Heterocharge | disappears over | Homocharge | for the rest of the measurement. Anode
time homocharge decreased, reaching a
constant level after 1 day
Cathode heterocharge increased rapidly
.. up to 20 minutes, then decreased. Bulk
Positive charge, .
Heterocharge, | . charge increased for 2 hours, then
0 . disappears over | Homocharge .
disappears . disappeared gradually. Anode
time .
homocharge increased for first 5 hours,
then fell. It also spread into the sample
20 Bulk positive charge peak present,
which combined with anode
Homocharge, .
. homocharge after about 1 day. Positive
possibly ) .
. charge in bulk dominating charge
85 | Homocharge | Positive charge | heterocharge . . .
distribution, increasing for the entire
at end of . L
measurement period. Indications of
measurement

negative charge accumulation at near
electrodes
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4.3.6 Discussion

This section contains the discussion of the space charge measurements collectively. First,
the space charge results with regards to the effect of temperature are discussed and the
likely sources of charge carriers in dry samples assessed. Next, two hypotheses that exist
in the literature for the effect of water on space charge, water-induced shallow traps and
generation of dissociated ions (see Section 2.4.1), are used to evaluate the measured
results with high water content. Then, a macroscopic model [64] connecting the influence
the semiconductor electrodes can have on trap distribution is presented, and its effect on
the conductivity and space charge accumulation is compared to the measurement results.
Finally, given that indications of temperature- or water content-dependent charge carrier
mobilities were found in the measurement results, the discharge patterns of the different
samples are analysed and the apparent mobilities calculated.
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4.3.6.1 Effect of increased temperature on dry samples

Increasing the temperature seemed to increase the charge injection rate at the anode,
which has also been found in the literature [121]. This is likely the reason for the overall
increase in charge magnitude from 20 to 40 °C and may also explain why positive charge
dominates at 40 °C and higher. Positive charge injection has also been found to be
dominant for XLPE with semiconducting electrodes in [41]. Changes in the charge peaks
occurred at shorter intervals at higher temperatures, which can be linked either to an
increase in mobility or an increase in negative charge in the sample. The decrease in
overall magnitude from 40 to 60 °C and 80 °C is the opposite of what would be expected
from the increase in injection. However, increased mobility of charge carriers with
temperature [121,122,127] could result in reduced charge magnitude even with an
increased injection rate, for example through a shorter charge residence time or through
an increased transport of negative charge to the anode, leading to negative charge
accumulation that would reduce the net positive charge in the measurement.

While the changes in homocharge due to increased temperature can generally be
explained by injected charge and temperature dependence of the mobility, the
accumulation of heterocharge, which is present at 40 °C and higher, is often connected to
bulk-generated charge. The question of the origin of the heterocharge in the dry samples
will be evaluated in Section 4.3.6.1.1. In addition, some observations regarding mobility
for injected charge resulting in heterocharge accumulation will be presented in Section
4.3.6.1.2.

4.3.6.1.1 Bulk-generated heterocharge

Although the most referenced sources of bulk-generated charge in XLPE are cross-
linking by-products and additives such as antioxidants [43-46], degassing has previously
been found to remove most of the effect of the by-products as described in [44,46,77,79].
Given that all of the samples used in the space charge measurements were degassed, it is
likely that cross-linking by-products and antioxidants likely have a very limited effect on
the charge accumulation in the samples.

Another potential source of bulk-generated charge is absorbed water, through the
dissociation of water molecules. The samples described as dry still retain around
0.005 kg m™ of water, as they are in equilibrium with the air inside the climate chamber
during the measurements. The water content of the air inside the chamber is determined
by the relative humidity in the lab, which was measured to be on average 25% at 25 °C
during the measurements. However, ionic dissociation results in both positive and
negative ions being generated, leading to the expectation of heterocharge at both
electrodes. Instead, only cathode heterocharge is observed. This would occur if, for
instance, the negative ions were more mobile and could be more easily removed from the
insulation. In general, for water the negative hydroxide ions and their water complexes
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are less mobile than the positive protons and their complexes, although this is in liquid
systems. There is no expected affinity between either of the ions and the non-polar
polyethylene chains. The similarity of the ions means that the asymmetry in having
positive heterocharge with no negative heterocharge could be due to a dissimilar mobility,
as the less mobile species would accumulate as space charge more easily: if the mobility
was similar, a symmetrical charge distribution would be expected. Given that at 40 °C
and higher the charge distribution is asymmetric, there is either a significant difference in
mobility, e.g. through effective ion size or the traps that can respectively affect either of
the positive or negative ions, or there could be an interaction effect between several
charge carrier species, such as accumulation of injected positive charge masking the
accumulation of negative ions at the anode.

The main argument against water ions affecting space charge accumulation is the number
of dissociated ions required. Disregarding the potential injected negative charge in the
dry sample at 40 °C, the positive charge concentration at the cathode requires on average
1 ion per 20,000 water molecules, calculated using a water content of 0.005 kg m™. In
contrast to this, when using self-dissociation rates in liquid water at 40 °C , only 1 ion per
300,000,000 water molecules is obtained [113]. The number of ions will increase with
increasing temperature, but even at 80 °C, the amount is still only 1 ion per 100,000,000
water molecules. As discussed in Section 4.2.4.2.2, the amount of self-dissociation in a
XLPE sample could likely be expected to be orders of magnitude lower, due to the lower
density of water and non-polar structure of XLPE. Looking at the diffusion properties, it
is likely that water molecules do not form clusters in XLPE but move as individual
molecules, leading to an even lower number of ions per water molecule. This means that
self-dissociation alone can probably not provide enough ions to obtain the charge
concentrations found in the heterocharge peaks, even if the amount required to remove
the effect of injected negative charge is disregarded. In addition, it is likely that negative
charge injection at the cathode also takes place at 40 °C. It could be possible that a
strongly field-dependent dissociation process could be able to explain the difference in
measured charge concentration and estimated dissociated ion concentrations, however, as
field-dependent dissociation has not been included in the estimates. The effect of this
process, assumed to be independent of conduction in completely dry XLPE, would still
strongly depend on the concentration of water, as the amount of water molecules available
determines the amount of ions generated. Unless the electric field dependence for the dry
conduction mechanism and for the ionic dissociation mechanism are very similar, the
electric field dependence would therefore be expected to change from a dry sample to a
sample with high water content. The water dissociation mechanism would become more
dominant as water content increases. However, in the current measurements presented in
Figure 9, the electric field dependence of the conduction current seems to be mostly
unaffected by the water content of the samples.
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4.3.6.1.2 Injected charge as heterocharge

For injected charge to lead to heterocharge accumulation at the cathode, there would need
to be an increased amount of trap-states near the cathode or an extraction barrier for
positive carriers. For a single carrier type, a symmetrical trap distribution when
comparing the electrodes is likely, given that the anode and cathode both consist of the
same semiconducting polymer. The positive charge mobility required to accumulate
heterocharge at the cathode can be estimated by looking at when positive net charge
appears in the measurement. At 40 °C, this occurs after approximately 1 hour. If the
heterocharge is assumed to exclusively consist of injected charge that has been
transported across the sample, an average crossing time of 1 hour combined with the
sample thickness and applied electric field from Table 13 would correspond to a mobility
of 2:10" m? V-'s”!. This is not an unreasonable value, as the literature reports mobilities
in the range from 5-10'7 to 10" m? V-'s[115,125,126].

The calculated mobility above uses an average crossing time based on the appearance of
measurable (Q > 0.2 C m) space charge. However, in order to obtain a measurable
charge concentration after 1 hour, the actual accumulation would have to have started
before this time. The actual charge mobility will in that case have to be higher than the
mobility found from the measurable charge peak at the cathode. Using the upper limit of
the reported mobilities in the literature, 10713 m? V-'s™! yields a crossing time of 1 minute,
which is short enough to enable the cathode charge accumulation in the measured results.
Using the lower mobility limit, 5-10""7 m? V! s7! results in a crossing time of around 2
days, however, which would be too long to result in the observed charge accumulation.

At higher temperatures, the cathode heterocharge appears at an earlier time, which means
a shorter crossing time and a correspondingly higher charge mobility. This is in
accordance with the literature, where higher temperatures have been found to increase
charge mobility [121,122,127].

4.3.6.1.3 Homocharge peak dynamics

Looking at the homocharge peak at the anode, the charge concentration reaches a
maximum after around 5 hours at 40 °C, and then decreases until 1 day after measurement
start. A similar change in the accumulation rate also occurred at 80 °C. The change from
increasing to decreasing the accumulated charge has at least three possible explanations,
even when limiting the carrier type to injected holes and electrons. In addition, if more
charge carrier types such as dissociated ions are included, the interaction of these with
the injected carriers may also give rise to dynamically changing charge peaks.

The first possibility is that the accumulated positive charge in the sample reduces the
electric field at the anode, thereby limiting injection. While charge is transported away
from the anode, it will still contribute to the reduction in the local electric field at the
anode. The balance between injection and transport of charge will change over time,
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leading to an oscillation of the charge peak. While this would explain the change in
accumulation rate, it does not explain why there is an additional positive homocharge
peak appearing near the centre of the sample at 40 °C.

The second possibility is that the reduction is due to transported negative charge. In that
case, negative charge moves across the sample and is trapped near the anode. This will
reduce the measured net positive charge, which will therefore be lower than the real
positive charge present there. A transported negative charge build-up does not necessarily
have the same localisation or concentration as a peak consisting of injected positive
charge. While injected charge will start filling up traps closest to the electrode, charge
moving through the bulk will fill up traps on the way. If the trap density increases with
increasing proximity to the electrodes, this will result in increased charge concentration
closer to the centre of the sample. The observed reduction in the positive charge
concentration that occurs near the centre of the sample at 40 °C could be an effect of this,
as the net charge in the region would be reduced. The timing of the reduction also
corresponds well with this hypothesis, as it occurs at about 3.5 hours into the
measurement, while the anode peak reduction starts at 5 hours into the measurement —
transported negative charge would start affecting the positive net charge closer to the
cathode earlier and affect charge peaks closer to the anode later.

The third effect that can lead to reduction of charge is recombination. As the accumulated
charge in the measurements at 40 °C and higher is mostly positive, recombination will
most likely be between injected free electrons and trapped holes. For the anode peak to
be affected, the electrons would have to move an average distance corresponding to three
quarters of the sample thickness in the 5-minute time from when the high voltage is
switched on to when a measurable effect on the charge is observed. This would require
an electron mobility of 2-10"* m? V! 57!, calculated using the average applied electric
field at 40 °C in the measurements, which is within the range of mobilities reported in the
literature [115,125,126]. Recombination or superposition would also occur between
injected electrons and transported holes in the region near the cathode. There is no way
to distinguish between recombination and superposition from the PEA measurements, as
both phenomena would result in a reduction of net charge. To tell the difference between
these phenomena, other effects such as electroluminescence due to recombination would
have to be observed, requiring different measurement techniques. Electroluminescence
measurements has previously been used to show recombination occurring in LDPE [53],
but have not been considered for this work.

It is also possible that field-dependent injection, recombination and co-located trapping
occur simultaneously in the samples. Charge accumulation rates would be affected by all
three mechanisms simultaneously and given the complex behaviour of charge
accumulation in the samples this seems to be quite likely to occur.
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4.3.6.2 Effect of increased water content

The effects of water absorption on the space charge distributions will be discussed based
on the hypotheses that were presented in Section 2.4.

It is important to note that in the measurements at higher humidity the effect of the higher
water content will likely occur in addition to the effects in dry samples; the observed
effects that are present in dry samples are not necessarily expected to disappear when
increasing the water content. The following discussion will use the measurements of the
dry samples as a basis. For dry samples at 20 °C, bipolar injection was the dominant
source of charge carriers. Increasing the temperature to 40 °C increased charge injection,
and either increased positive charge mobility at 40 °C leading to positive heterocharge,
or increased the antioxidant-related bulk charge generation leading to positive
heterocharge. Further increasing the temperature to 60 °C increased the injection and
mobility of positive charge, while increasing the temperature to 80 °C increased positive
charge mobility and negative charge injection.

4.3.6.2.1 Increased mobility of electronic carriers due to introduction of shallow
traps

As shown in Section 4.3.4.1, the presence of water at 20 °C resulted in a lower amount of
homocharge combined with increased injection. This is consistent with water molecules
increasing shallow trap density, which in turn increases charge transport. Increased
injection would lead to an increased accumulation of charge, but the increased transport
of charge into the bulk limits the amplitude of the charge peak. Due to the similarity
between the charge peaks of the 85% RH sample and the peaks in the dry sample, it seems
likely that the deep trap distribution in the samples is unaffected by water absorption. The
small amount of positive charge near the sample centre can be explained by injected
charge having moved through the middle of the sample. The slow accumulation of
positive charge will be a result of the time it takes for the charge carriers to move there
from the anode. There is no corresponding negative charge having crossed the other way,
even though negative charge injection still appears to be high. This means that either the
mobility of negative carriers is not affected as much by the presence of water, or that
water creates a difference in the deep trapping of positive and negative charge that was
not evident in the dry sample. The latter seems unlikely, however, as an increased density
of deep traps would decrease the mobility of charge, and likely increase the accumulation
of homocharge. In addition, water has only been found to give rise to increased shallow
trapping for electronic charge carriers [10,67,69].

Supersaturation at 20 °C resulted in a continuation of the changes introduced by the

absorption of water at 85% RH. Due to the more rapid accumulation of positive
heterocharge, when compared to the 85% RH sample, this means that positive charge
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mobility is further increased by the increased water content. Negative charge mobility
may also have been affected, as some negative heterocharge can be observed appearing
and subsequently disappearing during the first day of measurement. Compared to the 85%
RH sample, positive charge is much more dominant in the supersaturated sample. The
amount of positive charge is also higher. Since only injected charge is considered in this
discussion, this means that either positive charge injection will have to have increased
significantly more than negative charge injection, or that the shallow traps from absorbed
water are deep enough to enhance the accumulation of positive charge.

At 40 °C, the lower amount of accumulated charge can be explained by the increased
mobility due to absorbed water leading to a change in the balance between trapping and
detrapping. The increased number of intermediate states (shallow traps) means that
carriers can move out of deeper traps more easily, lowering the net residence time.

The similarities of the charge distributions of the dry sample and the sample at 85% RH
indicate that the similar charge transport mechanisms remain dominant at 40 °C when
increasing the humidity. This is consistent with water affecting shallow traps, increasing
the effective mobility of injected charge, while affecting deeper traps much less [10].
Indeed, the interaction with deeper traps, which is central to where charge is trapped, does
not seem to be affected very much, given that the shape of the charge distributions at
40 °C seems to be unaffected by water absorption. Indications of an increase of the
mobility of negative charge carriers can be seen at 40 °C, as the reversal of the anode
homocharge peak occurs earlier, at 85% RH, than in dry conditions, as can be seen when
comparing Figure 20 and Figure 32. This reversal would occur when injected negative
carriers crossing the sample arrive and accumulate in the same volume as the positive
anode peak. Carriers with a higher mobility would be expected to arrive earlier. However,
as for dry samples, the reversal could also occur due to decreased injection from a
homocharge affected decrease of the local electric field at the anode.

At 60 °C, the measured results seem to support the assumption that absorbed water leads
to increased mobility. This is based on an increased heterocharge accumulation rate at the
cathode, which would occur if positive charge could be transported across the sample
more easily. This is consistent with what was observed at higher humidities for both 20
and 40 °C. Negative charge mobility also seems to be affected by humidity, as negative
charge appears near the anode towards the end of the measurement period. For the dry
sample, no negative net charge was present. In addition, the homocharge accumulation
rate at the anode peak reversed earlier for the sample at 85% RH, than for the dry sample.
An earlier reversal compared to the dry sample at 40 °C also occurred at 40 °C 85 % RH.
This is consistent with negative charge arriving at an earlier time, due to a higher charge
mobility in the sample at higher humidity. The cathode heterocharge also started
accumulating again after reversal, at an increased rate. This requires that there either be
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an increase in negative charge injection, an increase in positive charge extraction or that
there is significant recombination.

At 80 °C and 85% RH, the charge accumulation process initially seems to be similar to
lower temperatures, as cathode heterocharge accumulated for the first minutes of the
measurement. The accumulation of positive charge does not appear to be as dominant in
the first few hours compared to the lower temperatures, as homocharge also was present
at the cathode, reminiscent of what occurred at 20 °C 85% RH. This is different from
40 °C and 60 °C, where only heterocharge was observed. There was also some
heterocharge at the anode, which, while being the opposite of what was observed at lower
temperatures, would indicate an increased transport of negative charge due to increased
mobility. The lack of positive charge dominance for the first minutes could have been
explained by increased mobility; the mobility of positive charge has increased to such a
degree that detrapping occurs with the same frequency as trapping, leading to no
significant build-up of positive charge. However, following the first minutes of
measurement there is a massive build-up of positive charge. The charge peak is located
further into the bulk than the anode homocharge peaks were at the lower temperatures.
Another difference between 80 °C and the lower temperatures is negative charge peaks
located close to both electrodes. The massive build-up of positive charge in the centre of
the sample does not appear to be consistent with the hypothesis of higher mobility; there
is no reason for highly mobile charge to be contained in the centre of the sample. Trapping
of charge in the bulk is also different from the observed charge distributions at lower
temperatures and in the dry sample at 80 °C, which were dominated by charge trapped
near the electrodes.

4.3.6.2.2 Ionic dissociation of water molecules

For ionic dissociation, the appearance of cathode heterocharge at 20 °C 85% RH is the
first indication. As equal amounts of positive and negative charge are created by
dissociation, some symmetry in heterocharge could be expected, although this depends
on the properties of the ions. The asymmetry in heterocharge that was found in the
measurements, particularly at higher temperatures, seems to slightly contradict this, but
could possibly be explained with trapping or other differences in mobility. As there was
significantly more positive heterocharge than negative charge, positive ions would appear
to be more easily trapped. There is not any apparent reason to expect a barrier to extraction
for either of these ionic groups through the polymer electrodes, as the semiconducting
polymer has comparable water permeability to that of the XLPE (see Appendix B). The
transport through the semiconducting electrodes will likely be lower than through the
insulation, as there is no electric field affecting the ions there, but this should affect both
the positive and the negative ions more-or-less equally. If the difference in heterocharge
is due to a difference in the trap distribution for positive and negative ions, there is
asymmetry in trap depths and densities between positive and negative ions. Based on the
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charge distributions, there would have to be considerably more positive ion trapping than
negative ion trapping.

In the supersaturated sample, the charge distribution when assuming bulk generation of
ionic carriers again would indicate a difference in trapping. The increased amount of
charge compared to the 85% RH sample would occur due to more dissociable water being
present in the sample. As negative ions are seemingly absent, this indicates a lower
likelihood of trapping, similar to the sample at 85% RH. Negative ions are removed from
the area close to the anode faster than they accumulate. In addition, the higher trapping
rate of positive ions means that higher amounts of negative charge will need to
accumulate to be detectable; small amounts of trapped negative ions will be masked by
higher concentrations of trapped positive ions.

At 40 °C, the heterocharge at the cathode in the 85% RH sample is what would be
expected for ionic dissociation. However, the main difference between the charge
distributions of the dry sample and the sample at 85% RH is a lower charge concentration
magnitude and more rapid processes, making it reasonable to assume that similar
mechanisms are dominant for both samples. This means that, when ionic dissociation is
assumed for the 85% RH samples, the decrease in charge magnitude at 85% RH compared
to the dry sample would be the opposite of what would expected, given the increase of
dissociable molecules when water is absorbed. Increased temperature has been found to
increase the likelihood of detrapping [128], which would lead to a reduction of
accumulated charge, but this would also occur in the dry sample. Another possibility is
that the increased amount of dissociated ions leads to increased accumulation of negative
charge, which would reduce the net positive charge in comparison to the dry sample. This
could be feasible at the anode, as negative ions would migrate there due to the applied
electric field. However, in order to also reduce the cathode heterocharge, negative ions
would also need to accumulate there, which is more unlikely, as negative ions affected
by the electric field would migrate away from the cathode.

At 60 °C, there was again similarities between the charge distributions of the dry sample
and the sample at 85% RH, indicating that similar mechanisms are in play. The lower
amount of accumulated charge again would be opposite to expectations if ionic
dissociation is assumed, due to the higher availability of dissociable molecules in the 85%
RH sample. In addition, the earlier reversal of the accumulation rate of positive charge at
the cathode in the sample at 85% RH does not seem plausible if ionic dissociation is the
only effect of increasing humidity. In order for this to occur, negative ions would have to
accumulate near the cathode, which is unlikely, as negative ions would be transported
away from, not towards, the cathode.

Ionic dissociation would, similar to the lower temperatures, be expected to lead to
heterocharge superimposed on the charge distribution of the dry sample at 80 °C. The
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measured results show no significant heterocharge at the start of the measurements;
rather, there is only positive charge located in the bulk. The amount of charge is higher
in the sample at 85% RH, which is different from what occurred at lower temperatures.
Charge of a single polarity being dominant does not correspond well to the ionic
dissociation hypothesis, given that, as above, a charge distribution including both
polarities would have been expected. However, differences in trapping, where positive
charge is more easily trapped than negative charge, might explain why mainly positive
charge accumulated.
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4.3.6.3 Macroscopic model: increased conductivity in near-interface regions

Defects and impurities in the sample will affect the trap distribution and conductivity, as
explained in Chapter 2. As impurities have been found to migrate from semiconducting
polymer electrodes during production, it is likely that the concentration of impurities
increases with proximity to the electrodes [72], leading to increased conductivity in those
regions [63]. To test whether this effect can explain the space charge distributions found
in Section 4.3, a macroscopic model, originally described in [64] and summarised in
Section 2.3, was used.

Equation (2.15) was implemented into a finite element model. The bulk conductivity was
based on Poole-Frenkel conduction, using Equation (4.3), with parameters corresponding
to a water content of 0.012 kg m™ from Table 9, and a temperature of 20 °C. The initial
conductivity distribution used in the model is shown in Figure 39, in which the parameters
are x,=3 um and m, = 10. As can be seen, this increases the conductivity near the
electrodes up to a maximum of 3 times the bulk conductivity. Converting the normalised
position in Figure 39 by using the thickness of the real sample at 20 °C in dry conditions,
this corresponds to the increased conductivity reaching a depth of around 60 pm from the
electrodes before bulk values are reached. The applicability of the model was investigated
using two parametric sweeps, one each for the m, and x, parameters, with sweep values
as shown in Table 15.
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Figure 39. Conductivity gradient used in the modelling, with x, = 3 um, m,=10,and T =
20 °C.
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Table 15: Parameter values used in the modelling

Parameter Sweep values
mg [-] 3 10 30 100 1000
X [um] 10 20 40 80

4.3.6.3.1 Distance factor and enhancement factor fitting at 20 °C

Figure 40 shows the measured results for the dry sample at 20 °C after 14 days at 10 kV,
along with some results from the parameter sweep. As can be seen, the modelling results
in a symmetrical peak structure similar to the measurement result. Using peak placement
and magnitude as a starting point, the parameter set yielding results most similar to the
measurements was with m, = 30 and x, = 40 pm. This solution yields a steady-state peak
magnitude at £2.5 C m?, which is very close when compared to 2.1 C m™ at the anode
and -2.8 C m? at the cathode from the measurements. The peak shapes in the model are
much wider than what was found in the measurements, however. Narrower peaks are
obtained by decreasing x,. As can be seen in Figure 40, decreasing x, from 40 to 20 pm
obtains peaks of similar width to what was observed in the measurements, but with almost
double the peak magnitude. The charge in the centre third of the sample is in both cases
higher than in the measurements. Further decreasing x, to 10 pm leads to no charge being
present in the centre third, peak magnitudes that are much too high and narrower and
steeper peaks compared to the measurement results. However, the parametric sweep
shows that it is likely that an optimised combination of x, and m, can be found, and that
the macroscopic model appears to be sufficient to explain the charge concentrations
observed in dry conditions at 20 °C.
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Figure 40. Space charge from finite element calculations with conductivity gradient, x,
parameter sweep, m, = 30, T =20 °C, along with measurement results for the dry sample at
20 °C.

4.3.6.3.2 Temperature sweep

Given that modelling at 20 °C was found to yield satisfactory results, the model was also
implemented at 40, 60 and 80 °C. The results are shown in Figure 41, along with the
measurement results at the same temperatures. As can be seen, there are discrepancies
between the model and the measurements at higher temperatures. The most obvious are
the heterocharge peaks in the measurement results at 40 and 60 °C, which are not present
in the calculations. In addition, the remnant space charge in the measurements after 14
days at 80 °C was lower than what was present at 20 °C. In the calculations, the steady-
state space charge increases when the temperature increases. This is because the absolute
differences between the conductivity in the bulk and the conductivity near the electrodes
will increase when the temperature increases, due to the temperature dependence of the
underlying mechanism, even if the relative differences stay the same. In the
measurements after 14 days, the homocharge was higher for 40 °C than at 20 °C. For
60 °C, the homocharge at the anode was of the same magnitude as was measured at 20 °C,
while at 80 °C it was lower than all other measured temperatures. The lack of proper
description of these phenomena by the model means that the premise of the model,
injection combined with a conductivity gradient, while possibly valid at 20 °C, is not
sufficient at higher temperatures. Given that the space charge distribution observed when
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water is absorbed is similar to the distributions at increased temperatures, the model will

also be insufficient to describe the effect of absorbed water.
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Figure 41. Space charge from finite element calculations with conductivity gradient, 7
parameter sweep, m, = 30, x, = 40, along with measurement results at 20 — 80 °C.

4.3.6.4 Improving model fit

Given the poor fit of the model at higher temperatures, more complex mechanisms must
be included to replicate the results found in the space charge measurements. A model of
bipolar injection, trapping in a single deep trap level and transport through a sample has
been developed in [31] and shown experimentally to work well for space charge and
conducted current in [53]. The model has also been expanded to include distributed trap
levels as well. Replacing the simplistic macroscopic model using conductivity variance
by using the mobility-based charge transport would yield more flexibility to account for
phenomena in addition to the trap distribution near the electrodes. Obtaining a long-term
defined homocharge, measured at 20 °C in dry conditions, may require using a geometry-
dependent trap distribution, where the trap density is higher closer to the electrodes, to
replace the conductivity variance. In addition, differentiating the mobility of the two
injected charge species would lead to differences in charge transport, e.g. positive charge
moving through the sample faster, possibly enabling asymmetric heterocharge
accumulation.
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4.3.6.5 Apparent mobility

Increased mobility of injected charge was found to be a likely explanation for the
phenomena observed in the space charge measurements. To check this, charge mobility
was estimated from space charge discharge measurements by calculating the apparent
mobility, using the procedure from [65] and [66], as described in Section 2.3.2.

4.3.6.5.1 Low water content

Using Equation (2.18) on the measured space charge discharge profiles yielded apparent
mobilities as shown in Figure 42. The gaps in the 20 °C and 40 °C mobility estimations
are due to the calculation returning negative values, which shows that in this case the
uncertainty of these kinds of calculations is high. However, the 10""° — 103 m? V! 5!
range of apparent mobilities compares well to the range of mobilities found in the
literature [115,125,126]. The apparent mobility increases with temperature, at least up to
60 °C, which is consistent with prior findings [129]. There is also some consistency at
40 °C with the observations on mobility obtained during the space charge accumulation
measurements, discussed in Section 4.3.6; the mobility of positive charge was estimated
to around 2-107'> m? V-'s°!, slightly lower than the calculated bipolar apparent mobilities
here. There is, however, no difference found between the apparent mobility at 60 °C and
the apparent mobility at 80 °C. This is different from the indications of increased mobility
at 80 °C that was found in the space charge accumulation measurements in Section
43.3.7.

The feasibility of the values of the calculated apparent mobilities can also be checked by
comparing charge carrier crossing times. The average apparent mobilities in Figure 42
would yield crossing times of around 10 minutes at 40 °C, and 3 minutes at 60 and 80 °C.
Comparing this to the times at which heterocharge appears in the measurements (1 hour
for 40 °C), this is enough time for the charge to have already crossed. At 60 and 80 °C,
the remnant charge from calibration makes it difficult to assess when significant
heterocharge would have accumulated, but in both cases the charge increase was higher
than the sensitivity of the instrument within the first 5 minutes, which, when taken as the
crossing time, is in the expected range based on the estimated crossing time from apparent
mobility.
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Figure 42. Calculated charge mobility from space charge discharge measurements in dry
samples.

Using an average value of the mobility at the different temperatures, an apparent
activation energy can be calculated. A plot of the average mobilities against inverse
temperature after 1 day of discharge is shown in Figure 43. As can be seen in the figure,
an Arrhenius relation using an activation energy of 1.1 eV fits the data well. For
comparison, the activation energy for the second driest sample category from the current
measurements in Section 4.2.3, calculated using an Arrhenius relation, was between 1.1
and 1.3 eV, which is in the range of the activation energy from the apparent mobility.
This is fairly close, especially given that some discrepancy in values would be expected
due to the different measurement methods, and the high uncertainty of the current
measurement data at the lower temperatures.
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Figure 43. Temperature dependence of average 1-day apparent mobility in dry samples. The
straight line is an Arrhenius relation fit with a 1.1 eV activation energy.

4.3.6.5.2 High water content

The estimated mobilities for samples with increased water content, calculated using
Equation (2.18), are shown in Figure 44. Mobility estimations for the sample at 60 °C and
85% RH were not possible, since no discharge measurements were performed due to
sample breakdown during charging. For the sample at 20 °C and 85% RH, only data for
the first 30 minutes was available.

At 20 °C, the mobilities of the dry and wet (85% RH) samples are similar. This is also
the case at 40 °C. This is different from what would be expected of samples with increased
water content, which in a previous study was found to exhibit an increased apparent
mobility [10]. The increased apparent mobility there was found for # < 1000 s however,
which in Figure 44 is seen to be an area with very high uncertainty in the results. The
mobility of the supersaturated sample at 20 °C is somewhat higher than the dry sample
mobility, appearing to be more in line with the results in [10], but as can be seen the
uncertainty is still quite high. It is worth noting that while [10] presented results for
95% RH samples at 185 kV mm!, an applied field far higher than the applied field in the
space charge measurements performed in this work, it also found similar results with
regards to increased mobility through measurements of the conducted current at
30 kV mm™.
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Most interesting, though, is that the apparent mobility of the wet sample at 80 °C is lower
than the mobility of the dry sample. This is the opposite of what would be expected from
a case where water increases the mobility due to an increased number of shallow traps
[10]. A lower effective mobility would be expected if there was a higher amount of deep
traps, leading to more immobilised charge, or if the remaining charge after voltage
application in wet samples contained a significantly higher amount of charge carriers
having a lower mobility. For the latter case, ionic carriers generated when water is present
in the sample would be expected to have a different, possibly lower, mobility than the
injected carriers in dry samples. The appearance of dissociated ionic carriers does not
explain why there is mainly positive space charge present — dissociation of water would
be expected to result in both negative and positive space charge. For the former case,
thermal ageing of the samples would cause deep traps to appear, specifically in the form
of carbonyl groups, the time for such ageing to occur in any significant amount is likely
much longer than the measurement time, even at the highest temperature [130]. It is
possible that the change in behaviour at 80 °C is related to the higher amount of water; at
lower temperature samples the water content is 0.02 and 0.04 kg m™ for 20 and 40 °C
respectively, significantly lower when compared to 0.17 kg m™ at 80 °C. However, there
is no apparent reason to not expect a continuation of the change with water content when
the temperature increases — the drastic change in behaviour at 80 °C seems odd without
some other mechanism being in effect as well.

The activation energy for the wet samples has not been calculated, as there are

measurements of sufficient duration at only two temperatures with the same relative
humidity.
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Figure 44. Calculated charge mobility from space charge discharge measurements in wet
samples.
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4.3.6.6 Summary

Analysis of the space charge measurements showed that the origin of space charge in dry
samples was probably injected charge — the number of ions required to obtain the
measured space charge was much higher than the number of ions likely to be generated
through ionic dissociation. Bipolar injection and transport, with increased temperature
increasing charge mobility, were also found to be able to explain the observed charge
dynamics at higher temperatures. Calculations of apparent mobility also showed
increasing mobility for the temperature range 20—60 °C, whereas similar mobilities were
found for 60 and 80 °C.

For wet samples, the observed accumulation of charge and dynamics was found to be
explainable by bipolar injection and enhanced charge mobility from absorbed water for
the temperature range 20-60 °C. lonic carriers seem to be less likely, given the
asymmetric charge distributions and the decrease of charge magnitude in wet compared
to dry samples. Apparent mobility calculations were too uncertain at short times to
evaluate whether shallow traps were affecting the space charge accumulation. At 80 °C
the behaviour of the space charge distribution was markedly different in the wet compared
to the dry sample, and also when compared with wet samples at lower temperatures.
Calculation of apparent mobility showed that absorbed water apparently reduced the
mobility at 80 °C, although the origin of this is not clear.
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4.4 Time-dependent currents

4.4.1 Measurement procedure

The measurement conditions of the two sets of time-dependent current measurements are
presented in Table 16. The first set examined the charging and discharging currents
immediately after voltage application and removal. These measurements were performed
at three temperatures and four levels of humidity. Due to low signal-to-noise ratios, parts
of the measurements set are not included in the presented results. The second
measurements set investigated the long-term effects of applied voltage by measuring the
charging and discharging currents for 14 days each. These measurements were performed
at 40 °C at relative humidities and applied electric fields similar to what was used in the
space charge measurements, enabling comparison between measured space charge and

currents.
Table 16: Measurement conditions for current measurement samples
Measurement Relative Measurement Applied Electric
. Temperatures L1 .
series humidity time* voltage field
[°C] [%] [kV] [kV mm']
0.6 2
1.5 5
3 9
1 40-60-80 10-30-60-90 1 min 4.5 14
6 18
7.5 23
28
"""""" 2 40  0-8  l4days 15 32
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4.4.2 Short-time measurements
442.1 40°C

Charging current

At 40 °C, only the currents at the four highest voltages were above noise level. The
charging currents started at a high value, and then quickly decreased to semi-stable values.
Figure 45 shows charging currents for two of the voltage levels. As can be seen, the
current initially followed a power law decay profile, but diverged after about 4 seconds.
This is consistent with the current initially being dominated by polarisation currents,
followed by a steady-state conduction current [131]. During the power law decay, the
differences between currents at various humidities were not significant. There were
significant differences between the following conduction currents, which appear to be
dependent on water content. Higher humidity in the sample resulted in higher currents.
The conduction current at 90% RH was on average 3 times higher than the current at
10% RH. The conduction currents also appeared to increase slightly with time. The
increase was more pronounced at higher water content. This could be an effect of more
traps being filled over time, resulting in an increasing amount of semi-mobile charge as
the traps are filled. The results show that water at 40 °C mainly affects the slower charge
transport processes and has less effect on faster processes dominated by polarisation.
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Figure 45. Short-time charging currents at 40 °C.
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Discharging current

The log-log plotted discharging currents, shown for two voltage levels in Figure 46, form
straight lines for the three lower levels of relative humidity, which correspond to the
power law decay profile expected from regular depolarisation currents [59,132]. There
appeared to be no difference in current magnitude for the three lowest humidities, which
suggests that humidity has little impact on the polarisation processes, which is in
accordance with the findings for the charging current. At the highest humidity at 6 and
9 kV, divergence from this trend was observed. The most probable explanation for this
was the setup causing interference through the guard electrode; high humidity and
possibly even condensed water on the sample surface may lower the resistance between
the measuring and guard electrodes.

---30 %RH|
-==-60 %RH|
—90 %RH|

Disharging current [A]

1 10 30 60
Time [s]

Figure 46. Short-time discharging currents at 40 °C. The currents are inverted.
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44.2.2 60°C

Charging current

At 60 °C all charging currents except for the lowest voltage level were above noise levels.
The currents for three of the voltage levels are shown in Figure 47. At 4.5 kV and lower
the current rose for an initial period of around 20 seconds, and then fell. At 6 kV it initially
fell, then increased for about 30 seconds and then fell again. This does not conform to the
common power law decay to steady-state current. At 7.5 and 9 kV the current initially
decreased, and then increased for the rest of the measurement. The initial decrease
appeared to follow a power law decay profile. For all voltages, higher humidity resulted
in higher currents, on average with a factor of 1.4. The increase in current due to humidity
was apparent from the start of the measurements. If the same mechanism is assumed to
be active at 40 and 60 °C, the results indicate that the conduction current increases more
with temperature than the polarisation current. The peak that appears in the charging

currents may be related to space charge effects, and will be discussed further in Section
4424,
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Figure 47. Short-time charging currents at 60 °C.
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Discharging current

The discharge currents, shown for three voltage levels in Figure 48, fell for the entire
measurement period, following an exponential decay profile. This diverges from the
standard power law decay discharge current found at 40 °C. The discharge currents
increased with higher humidities, which is also different from 40 °C, where the currents
were not affected by humidity. Within the measurement period, the increase in currents
due to higher humidity appeared to be for the most part constant, as the differences
between currents at the same voltage levels but different humidities did not change
appreciably over time. It is possible that this is related to increased charge mobility due
to shallow traps from absorbed water, as was indicated in Section 4.3.6.2.
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Figure 48. Short-time discharging currents at 60 °C. The currents are inverted.
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44.2.3 80°C

Charging current

At 80 °C, all voltage levels yielded charging currents above noise levels. The charging
current at 80 °C, shown for three voltage levels in Figure 49, decreased from an initial
high value at the start of each measurement. At 4.5 kV applied voltage and lower, this
continued for the entire charging period. At higher voltages, the charging current started
to increase after some time at higher humidities. At 6 kV, the current at the highest
humidity level started increasing after about 40 seconds; at 7.5 kV, the charging current
started increasing after about 30 seconds at the second highest and after 25 seconds at the
highest humidity level; at 9 kV, the currents corresponding to the three highest humidity
levels started increasing at 35, 20 and 15 seconds, with shorter times corresponding to
higher humidities. While it is likely that this would eventually lead to a peak in the
current, as will be discussed in section 4.4.2.4, the measurements are too short to conclude
on this. In general, higher water content yielded higher charging currents.
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Figure 49. Short-time charging currents at 80 °C.
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Discharging current

The discharge currents, shown in Figure 50, fell from the start of the measurement, at a
rate which increased with time. This was similar to what occurred at 60 °C. An apparent
difference was that while currents at higher humidity at 80 °C initially had higher
magnitude than currents at the same voltage and temperature and at lower humidity, the
differences were reduced with time. At 60 °C, the difference in currents at different levels
of humidity did not appear to change with time.
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Figure 50. Short-time discharging currents at 80 °C. The currents are inverted.
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4.4.2.4 Effect of increased temperature

As the temperature increased from 40 °C to 60 °C, and further from 60 °C to 80 °C, the
time dependence of the charging current changed. From 40 to 60 °C, a peak in the current
within the measurement period appeared. In the literature, several different explanations
have been proposed to explain observed peaks in charging currents, including ionic
hopping [56], space-charge limited current with trapping [54], interaction between
homocharge and heterocharge [55] and conduction by electrons hopping between Poole-
Frenkel trap sites [52].

For the phenomena described by hopping conduction, both ionic and electronic,
increasing the applied field would decrease the time needed to reach a peak in charging
current [52,56], as the mobility of the charges increases with increasing field. However,
as seen in Figure 47, the measurements at 60 °C did not follow this behaviour, as the time
to the peak in the current increased with increasing voltage.

For space-charge limited current, the peak corresponds to an injected charge front
crossing from one electrode to the other [54]. In this case, the time from applied voltage
to the current peak is the time it takes for the front to move between the electrodes. Using
the crossing times at 60 °C, being between 20 and 40 seconds, this leads to a mobility of
0.5-1.0-10"2 m?> V"' 5’1, which is in the upper range of mobilities reported elsewhere
[115,125,126]. As for hopping conduction, increasing the voltage should in this case
increase the mobility of the charge carriers, decreasing the crossing time and thereby the
time needed before a current peak appears; however, at 60 °C the opposite occurs.

The presence of heterocharge near an electrode may in some circumstances lead to
changes in the current similar to the observed results. According to [55], injected electrons
assumed to accumulate at the cathode will result in reduction of the local electric field. A
reduced electric field will lower the injection rate, lowering the conducted current.
Positive charge generated elsewhere in the sample accumulating at the cathode will have
the opposite effect. This means that a current peak would not only be dependent on charge
crossing the sample from one electrode to the other, but also be a result of the balance
between injected homocharge and accumulated heterocharge, due to changes in the local
electric field. This has been introduced previously when discussing the space charge
measurements in Section 4.3.6. Injection affected by same-polarity charge reducing the
applied electric field at an electrode would be able to affect the current almost
immediately after voltage application. In order for heterocharge to have an effect, it would
have to accumulate quite rapidly, as the charging current already increases after 1 second,
the earliest measurement time after electrification in the experiments. If the accumulating
charge is injected, this would require the mobility to be higher than 2:10""! m? V' s}, an
order of magnitude larger than what has been observed in the literature [115,125,126].
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At 80 °C, the charging current showed no indication of an initial power law response and
there were no peaks within the measured time frame; the currents followed a roughly
exponential decay trend, which at higher voltages appeared to start levelling out. The
departure from exponential decay became more pronounced with increasing voltage, and
the currents started to increase at the end of the charging period at the highest voltages.
This is consistent with increased temperature decreasing the time constants of the
underlying mechanisms, i.e. polarisation, conduction of injected charge and accumulation
of hetero- and homocharge. The polarisation currents may not have been present due to
the measurements starting after the polarisation currents have died out. The increase in
current found at 40 and 60 °C, probably due to the filling of shallow traps over time, was
also not present at 80 °C. The initial decrease of current over time at the lower voltages
may be a result of homocharge build-up decreasing injection due to lowering of the local
electric field, which could also be seen at the end of the charging measurements at 60 °C.
The subsequent increase in current at 80 °C may be a result of accumulation of
heterocharge increasing the electric field again, as injected charge having crossed the bulk
of the sample accumulates at the electrode of the opposite polarity. Using the increase in
current as a base for the crossing time means the charge should arrive fairly soon after
measurement start, i.e. after 1-2 minutes. This yields a mobility in the order of
10* m?> V' s, which is within the range of observed charge mobilities in the literature
[115,125,126].

Regarding discharge current, while at 40 °C it appeared to follow a standard power law
depolarisation process, at 60 and 80 °C it appears that this process is no longer as
dominant. The slower decay of the discharge currents may be an indication of trapped
charge being released over time, which by detrapping over time continues to contribute
to the current. This would mean that space charge would be expected to have an increased
impact at higher temperatures, which should be reflected in the space charge
measurements. Comparing this to the space charge measurements directly is not possible,
as the space charge measurements have no data at times less than 5 minutes. But when
looking at the first minutes of space charge accumulation, it is apparent that space charge
accumulation at short times increases with temperature, making it feasible that this effect
could also be present in the current measurements.
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4.4.2.5 Effect of increased water content

At 40 °C, the polarisation and conduction parts of the current responded differently when
the amount of absorbed water was increased. The polarisation part was not affected by
water absorption, as for the initial four seconds the current was largely identical for all
humidities. The conduction part of the current increased with increased water content,
showing that the polarisation and conduction parts of the current are a result of different
processes. An increase in current could be the result of both increased number of charge
carriers and an increase in mobility, although given that the space charge measurements
indicate increased mobility as the most likely mechanism it seems more likely that this is
also the origin here. The conduction current increased over time, which may be the
increasing number of mobile charge carriers due to the filling of traps, as was observed
at higher temperatures. The arrival of heterocharge would also lead to an increase in
conducted current, but it seems unlikely to be the origin here as the process should be
slower at 40 than at 60 and 80 °C. However, it may be that this is what is observed at later
times in the current measurements over 14 days (see Section 4.4.3.2), where the current
reached a peak after some hours.

At 60 °C, the response to increased water content seemed to be an increase in both
charging and discharging currents. The response at 60 °C seemed to confirm that the
mechanisms contributing to the polarisation part of the current are unaffected by
humidity, while the conduction current increases with increasing water content, as the
relative contribution from polarisation to the total current seemed to decrease with
increasing humidity. Except for the difference in the balance between the polarisation and
conduction part of the currents, the time development of the charging currents was fairly
similar at all humidities. The peak in the current appeared to occur earlier at higher
humidities. Going back to the mechanisms discussed in Section 4.4.2.4, an earlier peak
could be explained due to an increase in mobility, which fits well with the hypothesis that
absorbed water increases mobility through acting as shallow traps for injected charge.

At 80 °C, the effect of increased water content appeared to be dependent on the applied
electric field. At voltages of 4.5 kV and lower, the time dependence of the charging
currents was similar across all humidities, but with higher current values at higher
humidities. This is likely due to an increase in conduction current, the same as was
observed at 40 and 60 °C, and would then be explained by an increase in mobility. The
currents at voltages higher than 4.5 kV, however, exhibited an increase in current with
time that was humidity-dependent. This could be assumed to be the same effect as was
observed at 40 °C, where the increase in current was found to result in a peak when the
measurement was extended. Using the mobility hypothesis, the same explanation as for
60 °C could be used; higher mobility leads to a peak occurring earlier, and the increase
in current is the start of the rise towards that peak. However, it is strange that the peak
would occur later at 80 °C than at 60 °C, as charge mobility is expected to rise with
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temperature. A possible explanation would be that there are two different processes that
lead to charge peaks; e.g. the increasing amount of semi-mobile charge carriers in shallow
traps and the accumulation of charge impacting the electric field at the electrodes and
consequently charge injection. At 60 °C, the peaks are due to the more rapid process and
the measurement stops before the slower process peaks occur, while at 80 °C the
measurement starts after the more rapid process is done and the peaks are due to the
slower process.

Moving on to discharge, at 40 °C the current is dominated by depolarisation, which is
unaffected by the water content. For higher temperatures, and starting by comparing the
results with the shallow trap hypothesis presented in Section 2.4.1.1, the increase in
discharge current with increased water content at 60 and 80 °C would mean that thermal
effects alone are enough to excite some charge carriers out of the shallow traps from water
molecules. Water traps would in that case not themselves provide localisation points for
the carriers at 60 and 80 °C, and the increase in mobility is present even with no applied
field. Increased water content means a higher density of shallow traps, reducing the
average distance between traps and increasing the effective mobility. At the end of the
charging period, a significant part of the transported charge is currently in transit in the
bulk of the sample. When the voltage is removed, this charge is not immediately
eliminated, but must move some distance in order to either recombine or be extracted
from the insulation. The increased mobility from higher concentrations of water leads to
a higher current.

For the second hypothesis, dissociated ionic carriers will also be in transit when the
electric field is removed. At 40 °C, there are fewer ions, leading to a polarisation-
dominated discharge current unaffected by humidity. At 60 and 80 °C, however, there are
enough remnant ions to have an effect on the discharge current. The contribution due to
increased water content seemed to be almost constant within the period of the
measurements, meaning no significant elimination of ionic charge carriers would have
occurred during the measurement.
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4.4.3 Long-time charging and discharging currents
4.4.3.1 Low water content at 40 °C

Charging current

Results from the long-time measurement with low water content can be seen in Figure
51. The power law decay in the initial part of the charging current, shown in the insert in
Figure 51, was consistent with the short-time measurements in Section 4.4.2. In addition,
the first part of the long-time charging current measurement also showed the rising current
trend which was present in the short-time measurements between 4 and 50 seconds. This
continued to a maximum in the long-time measurement after around 16 hours. If this is
assumed to be a charge front having crossed the sample, using one of the mechanisms
considered in section 3.1, the 16-hour crossing time would yield an average mobility of
around 2.5-10' m? V-' 57!, which is within the limits of estimated mobilities in the
literature [115,125,126]. A similar current-time curve was observed in [58]. The broad
shape of the charging current peak may be an indication of a spread in mobilities of the
transported carriers, due to varying trap depths. It could however also indicate the arrival
of low mobility bulk-generated charge. The principle is the same as for injected charge;
charge will continuously be generated and increase the number of charge carriers in the
sample, leading to the current increase. It will take a certain time, depending on the
mobility of the carrier and the distance it has to travel, for the carrier to travel from where
it was generated to the electrode. At the electrode, it will either be extracted or
immobilised, which eliminates its contribution to the current. When charges from all
generation points have reached the electrode, the current will be constant. For both
injected charge and bulk-generated charge it is apparent that a second effect must be
present, as the current resided at the maximum for around 11 hours before it decreased
for the rest of the measurement. A third possibility is that space charge at the electrodes
alter the electric field, affecting injection.
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Figure 51. Long-time charging current at 40 °C for a dry sample. The insert is the first 10
seconds, on a log-log scale.

Discharging current

The discharging current also followed the power law for approximately the first 1,000
seconds. The current then gradually fell towards a steady-state value, stabilising after
about 1 day. This is likely the same depolarisation phenomenon as was found in Section
4.42.1. Although the steady-state value is less than zero, around -5-10"'% A, the
significance of this is limited; it is likely that the picoammeter zero-value had shifted
slightly during measurement. As can be seen in the figure, the entire 14 days of
discharging was not recorded. After about 9 days of discharging time the guard electrode
shifted to make contact with the measuring cable, resulting in very high noise currents
that rendered the rest of the discharging current indistinguishable from the noise.
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Figure 52. Long-time discharging current at 40 °C for a dry sample. The insert is the first 10
seconds, on a log-log scale. The currents are inverted.

Comparison with space charge measurements

The long-time current measurements can be compared to space charge measurements
performed at the same temperature and applied electric field. The comparison starts at 5
minutes after voltage application (or removal), as this is the first measurement point of
the space charge measurements. In addition, the comparison will be limited to long-time
trends, as the space charge measurements record the average of the signal in 1-minute
periods, making this the lowest possible partition of time in the space charge
measurements.

Starting at the 5-minute mark, the space charge measurements found homocharge at the
anode, which continued to grow until 5 hours into the measurement. Correspondingly,
the electric field at the anode, shown in Figure 53, is reduced by the accumulated charge.
The reduction in electric field from space charge at 5 minutes is quite small, around
0.4 kV mm!, while the maximum field reduction, occurring after 4 hours, is 4.4 kV mm''.
Given that the applied field is 30 kV mm™!, this would likely have an impact on the overall
current by reducing injection at the anode. There is no corresponding decrease in the
measured current around 4-5 hours, however. The subsequent increase in the local
electric field due to the reduction in homocharge, seen in Figure 53 to start after 1 day,
would result in increased injection, which would be expected to increase the current. In
the current measurement, however, the current starts to decrease after around 1 day.
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Figure 53. Space charge field at the anode and cathode during space charge measurements at
40 °C and dry conditions. The applied field was +30 kV mm™!, meaning positive values will
enhance the local electric field while negative values reduce local field.

The changes in electric field at the cathode are the mirror opposites of the changes in the
field at the anode; when the field at the anode decreases, the cathode field increases. Since
injection can be assumed to occur at both electrodes, the effects on the current from space
charge at one electrode could be masked by the effects of space charge at the other. While
this would limit changes in the conducted current, the magnitude of the field enhancement
at the cathode is larger than the field reduction at the anode. However, the exact effect of
the current would depend on the particular injection processes at the anode and cathode,
which may respond differently to changes in the electric field. It is interesting that the
electric fields at both electrodes appear to have local minimums occurring during the peak
in the charging current at around 14-24 hours, corresponding roughly to the maximum in
the measured current. This would in that case mean that the main mechanism affecting
the current is injection of charge at the anode, where the field reduction momentarily
decreases at 14-24 hours. This is not unreasonable, given that mostly positive space
charge is observed in the samples at 40 °C.

At around 24 hours, the measured current started to decrease and continued to fall
throughout the measurement period. In the space charge measurements, on the other hand,
the field enhancement at the cathode reaches its maximum at the end of the measurement,
which means that the injection would be expected to increase for the entire measurement
period. The field reduction due to the homocharge at the anode is mostly unchanged from
10 hours onwards and is smaller than the change in field at the cathode. The expected
change in current due to space charge, assuming that bipolar injection is taking place,
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would therefore be a steady increase due to increasing injection of negative charge from
around the same time that the measured charging current starts decreasing. If, on the other
hand, bulk generated charge is assumed to be dominant, heterocharge would reduce the
electric field in the bulk, leading to possibly reduced charge generation. For both cases, a
lower bulk field may lead to lower charge transport velocity.

Electric field enhancement at the electrodes is not the only effect that can connect space
charge and current measurements — immobilisation of carriers due to trapping will also
affect both. When trapped, a charge carrier will be immobilised for some time, leading to
a lower likelihood of other carriers being captured as fewer traps are available. This is
similar to the trap-filling phenomenon in space-charge limited current described in
Section 2.2.2.4. For trapping to reduce the current, a higher amount of charge will have
to be trapped than detrapped. With a finite number of traps in the sample, the number of
unoccupied traps would therefore necessarily go down with time. As the trapping rate is
dependent on the amount of unoccupied traps, the trapping rate would therefore be
expected to go down with time, given that more and more charge is trapped. If the
heterocharge is assumed to be mainly responsible for the changes in current, it is therefore
odd that the increased injection, in the previous paragraphs suggested to cause the early
current increase, is dominant before the 16-hour mark, when the increase in electric field
due to the heterocharge is small and the amount of available traps is high. Similarly, the
decrease in current due to trapping would have to be dominant after the 16-hour mark,
when the amount of available traps is lower and the increase in injection due to the
increasing cathode electric field from accumulated heterocharge is high.

The discharge current mainly followed a standard power law discharge pattern, typically
characteristic of depolarisation processes, as also found in the short-time current
measurements. Discharge of the accumulated space charge seemed to indicate that both
the homocharge and heterocharge was the same species.

124



4.4.3.2 High water content at 40 °C

Charging current

At 85% RH, the charging current, shown in Figure 54, exhibited similar time-dependent
characteristics as the dry sample. Initially, it displayed a power function decay profile,
followed by an increase towards a maximum. The initial power law part was larger for
the wet sample than for the dry sample. This is different from the short-time
measurements, where the initial power law decay of the charging current was independent
of water content. The maximum was reached 7 hours after voltage application, 9 hours
earlier than for the dry sample. The peak was also slightly narrower for the high humidity
sample. Using the same principle of transit time as for the dry sample, this would
correspond to a mobility of around 4.5-107'® m?> V-'s”!, 1.8 times the mobility of the dry
sample. After the maximum, the current then decreased and appeared to be moving
towards a stable value when the measurement ended. No steady-state was reached during
measurement, however. The charging current was higher at 85% RH than for dry
conditions, but the ratio between them varied. For the first 3 hours the wet sample current
was 3 to 4 times higher. The difference in current between the wet and dry samples then
fell slowly during the rest of the measurement, ending up with the wet sample current
being about 1.75 times higher than the dry sample current. This corresponds well with the
differences in mobility calculated from the current maxima, which would be proportional
to the conductivity and would produce a similar increase in the steady-state current if it
was the only factor affecting the current.
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Figure 54. Long-time charging current at 40 °C for a sample at 85% RH. The insert is the
first 10 seconds, on a log-log scale. The red dots are inverted negative current values.
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As mentioned in Section 4.4.2, there are several hypotheses in the literature predicting a
peak in the current through a sample [32,52,54-56]. In [32], a bipolar charge transport
model was used to show similar patterns in the time-dependent conducted current as was
observed in Figure 51 and Figure 54, although the results in the paper were calculated at
higher applied electric fields. The model, which includes trapping and recombination of
electrons and holes, shows that two carriers with different mobility will yield peaks in the
conducted current at two different times. The peaks correspond to the time it takes for the
mobile charge fronts, injected at their respective electrode, to cross to the opposite
electrode. Although there is no evidence of a second current peak in either Figure 51 or
Figure 54, a general observance can be made: in the model in [32], the higher mobility
charge carriers (in that case, holes) arrived earlier at their extracting electrode than the
lower mobility carriers, which for current measurements would mean that the current peak
corresponding to the holes would occur at an earlier time. Assuming that similar
mechanisms are dominant in the measurements in Figure 51 and Figure 54, the earlier
occurrence of the current peak in the Figure 54 may indicate that the charge carriers in
the wet sample has a higher mobility than the charge carriers in the dry sample. A similar
observation was also made in [55].

Discharging current

The discharge current had, for the first 10 seconds, the same polarity as the charging
current. This behaviour appeared to be of short duration, as after about 100 seconds the
current behaved similarly to what was found in the dry sample. It is believed that the
initial high positive discharging current is connected to issues with the guard at high
voltage and high humidity. Similar behaviour was observed during initial testing when
building the setup, in which case the behaviour was altered when the guard placement
was changed. Apart from this, the discharging current at §5% RH behaved similarly to
that of the dry sample.

The noise levels for the high humidity case were much higher both for the charging and

discharging currents, and single-point current spikes occurred more often and at higher
values in the charging current.
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Figure 55. Long-time discharging currents at 40 °C for a sample at 85% RH. The insert is
the first 10 seconds. The currents are inverted in the main plot but are not inverted in the
insert plot.

Comparison with space charge measurements

As for the dry sample, the long-time current measurement was performed at the same
temperature and relative humidity, and at similar applied electric field as one of the space
charge measurements, in order to compare the two sets of measurement results.

Looking at the space charge distribution for 40 °C 85% RH in Figure 32 and the field
distribution in Figure 56, the field reduction due to positive homocharge would decrease
injection at the anode, while the field enhancement at the cathode due to heterocharge
would lead injection to increase there. The similarity of the charge distributions of the dry
and the wet samples leads to the expectation of a similar conducted current. The amount
of charge and the resulting effect on the local electric field is lower for the wet sample,
however, meaning that the expected effect on the conducted current would be expected
to be lower. The measured currents show that this is not the case, however, as charging
current for the wet sample appears to have a more pronounced peak than the dry sample
current, as can be seen when comparing Figure 51 with Figure 54.
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Figure 56. Space charge field at the anode and cathode during space charge measurements at
40 °C and wet conditions. The applied field was +30 kV mm™!, meaning positive values will
enhance the local electric field while negative values reduce local field. Note that the sharp
increase in electric field at the cathode from 6 days to 7 days is due to a scaling problem
between the oscilloscope and the recording computer.

While there were some changes in the electric field from space charge occurring around
the same time as conducted current peaked, the impact of these changes is probably
limited. First, the increase in electric field at the cathode was accompanied by a
simultaneous reduction of electric field at the anode. The potential increased injection at
the cathode would therefore be expected to be accompanied by a reduction of injection at
the anode. The net effect this would have on the current would of course depend on the
respective injection processes and the properties of the injected charge carriers. However,
as for the dry sample, mostly positive charge is observed, meaning that assuming anode
injection to be dominant would not be unreasonable. Secondly, the changes in charge
accumulation occurred at around 3 hours, while the peak in conducted current was at 7
hours after electrification. In order to definitely conclude that the space charge field at the
electrodes was the single dominating factor in charge transport in the sample, a clearer
effect would be preferred. Similarly as in the dry sample, the homocharge at the anode
reached a stable value after around 10 hours. A difference compared to the dry sample, in
which the cathode heterocharge continued to increase for the duration of the
measurement, was that the heterocharge near the cathode also reached a stable value, in
this case after around two days. Any effect on the conducted current from the space charge
field would therefore be expected to be more or less constant after this time. Although the
relaxation time of the sample seems to be very long, it does not apparently correlate to
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the time constants of the space charge accumulation. In fact, the conducted current does
not show any clear connection to the dynamics of the space charge distribution.
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4.4.4 Summary

Results from time-dependent current measurements showed that injected charge is likely
the dominant process for dry samples, through a combination of polarisation currents,
charge transport across the samples and space charge-affected field-dependent injection.
Remnant space charge was found to likely affect the discharge currents at higher
temperatures. Absorbed water was found to likely increase the mobility of the injected
charge, but not to affect polarisation processes. Comparisons between current and space
charge measurements in dry samples at 40 °C indicated that positive charge injection,
limited by the accumulation of space charge at the anode, could be the dominant
mechanism affecting the current. For wet samples, however, lower amounts of
accumulated space charge would imply that smaller changes in the current should occur,
while the current measurements showed larger changes occurring. Looking at the current
measurements separately, increased mobility of injected charge seems to be a feasible
explanation.
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4.5 Results and discussion summary

The results from all three sets of measurements — conductivity mechanisms, space charge
accumulation, time dependent current — have shown that a single set of measurement data
is not sufficient to conclude what mechanism or mechanisms are responsible for charge
transport and accumulation.

Conduction mechanisms for dry samples were narrowed down to either Poole-Frenkel
conduction or space charge limited current. When adding the space charge measurement
results, the most likely mechanism was found to be injected charge carriers, due to
accumulation of homocharge. Heterocharge in dry samples was found to most likely be
injected charge transported through the sample to reach the opposite electrode, due to the
large amounts of ionic dissociation or extremely high mobility required to achieve the
amounts of heterocharge found in the samples if bulk-generated charge was assumed.
Some indications of bipolar injection were found, although charge at higher temperatures
was mainly positive. For time dependent current measurement, it was found that increased
mobility of injected charge with increased temperature and space charge affecting the
electric field at the electrodes could explain the results. However, comparison between
time dependent currents and space charge accumulation over a 14-day period did not
reveal any clear correlation between the measurement results.

Absorption of water led to additional mechanisms fitting as well or better than Poole-
Frenkel or space charge limited current. Including a second ionic dissociation mechanism
in the analysis enabled the entire conductivity data set to be described, but required
parameters outside values permissible by physics. Space charge measurements showed
that both increased mobility of injected carriers and bulk-generated charge could explain
the changes in heterocharge when water was absorbed. However, while the lower amount
of accumulated charge at 40 and 60 °C could be explained by increased mobility of
charge, it could not be easily explained by ionic dissociation. The accumulation of space
charge at 80 °C diverged from the lower temperatures, resulting in increasing amounts of
positive charge in the bulk for the duration of the charging measurement. Calculations of
apparent mobility showed a reduced carrier mobility in the wet sample at 80 °C compared
to dry conditions, which would explain increased accumulation of charge, but the origin
of the divergence is still unclear. Analysis of the time dependent current measurements
showed that water increasing mobility of injected charge could explain the results
satisfactorily, although the results did not clearly disprove ionic dissociation.

In summary, bipolar injection with temperature and absorbed water affecting injected
charge mobility seems like the more plausible hypothesis.

131



5 Conclusion

Measurements of field- and temperature-dependent conductivity, space charge
accumulation and discharge, and time-dependent current measurements have been
presented and discussed in this thesis. Based on this work, the following conclusions can
be drawn:

Charge accumulation and transport in XLPE insulation with semiconducting
electrodes was found to be mainly due to injected charge.

Higher temperatures led to increased injection of charge and increased charge
mobility, leading to the conducted current being exponentially dependent on the
temperature. Higher mobility also resulted in injected charge moving across the
insulation to accumulate as heterocharge. The effects were more prominent for
positive charge than negative charge. Positive charge was the main type of
accumulated charge at higher temperatures.

Several commonly used conduction mechanisms (Schottky, Poole-Frenkel,
hopping and space-charge limited current) were found to describe the conduction
current for dry samples, and also for samples with the same water content across
temperatures. No systematic variation of fitting parameters with water content
was found for any conduction mechanism.

o

@)
@)

Space-charge limited current provided good fits for low levels of water
content.

Poole-Frenkel conduction provided good fits for low and intermediate
levels of water content.

Schottky injection provided good fits for high levels of water content.
None of the conduction mechanisms included in the study were found to
be able to predict the changes in conducted current when water was
absorbed, and a combination of two conduction mechanisms (Poole-
Frenkel and ionic dissociation) provided a good empirical fit.

Water absorption increased the mobility of injected charge, increasing the current
up to 3.5 times the current in dry samples.

o

Water absorption did not alter the electric field dependence of the
conduction currents.

The increase in current from water absorption from close-to-dry to close-
to-saturation is comparable to the increase in current when temperature is
increased by 510 °C or the electric field by 3—5 kV mm.
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o The increased charge mobility from water absorption affected space charge
accumulation through:

o Faster charge accumulation dynamics, leading to changes in charge
distributions occurring at earlier times for the wet compared to the dry
samples;

o Time to apparent equilibrium shorter at 40 and 60 °C;

o Less charge accumulating, lowering of the amounts of net charge at 20—
60 °C in wet samples compared to dry samples.

Water absorption at 80 °C led to the space charge accumulation diverging from
the lower temperatures, resulting in higher amounts of accumulated charge. The
accumulation of charge did not stabilise during the duration of the measurements.
The origins of this apparent shift in the mechanism are uncertain.

The changes in conducted current and accumulated space charge due to absorbed water
do not appear to be critical to XLPE insulation systems in HVDC conditions for
temperatures between 20 and 60 °C. The effect of absorbed water at temperatures closer
to maximum allowable XLPE service temperatures should be investigated further,
however, as space charge measurements at 80 °C revealed a potentially detrimental
change in the mechanism.
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Future work

Some suggestions for future work that arise from the results are listed below:

e Although small at temperatures of 20-60 °C, the changes in conductivity with
absorbed water should be included when calculating the electric field distribution e.g.
for joints in a wet-designed cable. This could be done by e.g. modifying the
conductivity of XLPE in the model to include the dual mechanism described by
Equation (4.12). The modified conductivity of the cable insulation could then be
combined with calculations of water absorption and temperature gradient, to achieve
a predictive model of the electric field distribution based on the accessory design.

e A bipolar injection model with trapping and recombination, where the mobility of
charge carriers is modified based on the water content, should be developed and
verified against the measurement results at 20-60 °C. Such a model could then be
used to predict space charge effects in cables and cable accessories.

o  While the measurements in this thesis have been performed on an XLPE insulation
material with semiconducting electrodes, the composition of such materials will vary
between different grades of material and between different material manufacturers. It
is also suspected that HVDC grade materials will differ somewhat in composition
from the AC superclean grade used here. The current- and space charge measurement
techniques used in the thesis should therefore be used to characterise several different
combinations of XLPE insulation and semiconductor materials for HVDC cable use.

o The effect of absorbed water on space charge accumulation at 80 °C did not follow
the expected trend from the lower temperatures. It is also uncertain whether this
charge accumulation would stabilise over time or continue to grow. It is also unclear
whether a continued increase in temperature up to the traditional limit of 90 °C would
exacerbate the issue. Further investigation of space charge accumulation in XLPE
insulation exposed to high temperature and containing high amounts of absorbed
water is therefore warranted.
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12.07.2010 Ed.1

. Polyethylene
Supercure” LS4201S

Crosslmkable Insulation Compound

Description
Supercure L542015 is a crosslinkable natural polyethylene compound, specially designed for insulation
applications.

Applications
Supercure LS42015 is intended for insulation of XLPE High“nltage cables with rated voltages up to 220 kv

Specifications
Supercure LS42015 meets the applic able reguirements as below when processed using sound extrusion practice
and testing procedure:

AEIC C57-93 (3rd edition) IEC G0840
HD 632 51 ANSIIGEA 108-720-2004

Special features

Supercure LS42015S is a reaty-to-use natural compound. It is specially developed for high productivity through a
reduced degassing burden and with an enhanced extrusion performance. The cleanliness property and excellent
distribution of additives in Supercure L542015 would result in superclean insulation

Physical Properties

Property Typical Value Test Method
Data should notbe used for specification work
Density (Base Resin) 922 kyim3 IS0 1872-21S0 1183
W elt Flow Rate (190 "Ci2,16 k) ' 2 i1 0min 150 1133
Tensile Strain at Break (250 mmimin) 2 = 450 % IS0 527
Tensile Strength (250 mndrming 2 =17 MPa 180 527
Retgnlinn of Tensile Properties After Ageing (500 h, 135 =20 % IEC BOB11-1-2
°C
Hot Set Test (200 °C, 0,20 Elongation under load 75 % |EC BOB11-2-1
MPa) Fermanent deformation 5 %
Gottfert Elastograph 0,56 - 0,67 Nm
M ethanol ¥Wash = 800 ppm
M oisture = 200 ppm Karl Fischer-titration
! Base Resin

2Mezsured on crosslinked spedmens

Supercure is a trademark of Borealis A5, Derm ark

Borealis AG | Wagramerarasss 17-13 | 1220 Vienna | Austria
Telephone +43 1224 00 0| Fax +43 1 22 400 333
FN 269858 | CCC Com mercial Court of Vierna | Website ywwybarealisorou com .

E BOREALIS
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12.07.2010 Ed.1

. Polyethylene
Supercure LS4201S

Electrical Properties

Property Typical Value Test Method
Data should not be used for spedfication work
Dielectric constant (50 Hz) 23 IEC 60250
DC Yolume Resistivity =10 POhm.cm IEC 60093
Dielectric Strength (50 Hz) = 30 kVimm IEC 60243
Dissipation Factor (50 Hz) 0,0005 IEC 60250

Processing Techniques

To produce agood and reliable cable, it is essertial to ensure careful and very clean handing of the insulation
material. Hence all material handling should preferably be conducted in closed systems and in clean room
canditions. Practical advice is givenin a separate brochure. Please contact your Borealis representative for mare
cetails.

Extrusion
M elt termperature 130 -140°C
Packaging
FPackage: Srallbins
Octahins
Storage

Supercure LS42015 has a shelf life of 12 months fram production date if stored in unopened onginal packages,
under dry and clean conditions at temperatures between 15 - 25 °C. The matenial could be stored (originally closed
and in dry environment) at an ambient ternperature up to 40°C for a certain period of time (6 months) without
negative influence on the material guality. Before use, material shall be conditioned indoors (production room) at
the ambiert temperature

Mare infarmation on storage is found in our "Safety data sheet" / "Product safety information sheet” far this product
Safety
The product is not classified as dangerous and is intended for industrial use only. Check and follow local codes and

regulations!

Please see our "Safety data sheet' / "Product safety information sheet” for detalls on vanious aspects of safety of
the product. For more information, contact your Barealls representative.

Biorealis &G | Wagramerstrasse 1719 1220 Vienna | Austis
Telephone +431 224 000 | Fax +43 1 22 400 333
FMN 2688582 | CCC Commercial Court of Wienna | Website wwwyborsalsgroup com

E BOREALIS
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12.07.2010 Ed.1

. Polyethylene
Supercure LS4201S

Disclaimer

The product(s) mentioned herein are notintended to be used for medical, pharmaceutical or healthcare
applications and we do not support their use for such applications.

To the best of our knowledge, the information contained herein is accurate and reliable as of the date of publication,
howewver we do not assume any liability whatsoever for the accuracy and com pleteness of such information

Borealis makes no warranties which extend beyond the description contained herein. Nothing herein shall
constitute any warranty of merchantability or fitness for a particular purpose.

It is the customer's responsibility to inspect and test our products in order te satisfy itself as to the
suitability of the products for the customer's particular purpose. The customer is responsible for the
appropriate, safe and legal use, processing and handling of our products.

Mo liakility can be accepted in respect of the use of Borealis' products in conjunction with other materials. The
information contained herein relates exclusively to our products when not used in conjunction with any third party
materials

Biorealis &G | Wagramerstrasse 1719 1220 Vienna | Austis
Telephone +431 224 000 | Fax +43 1 22 400 333
FMN 2688582 | CCC Commercial Court of Wienna | Website wwwyborsalsgroup com

E BOREALIS
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. Polyethylene
LE0S592

Crosslinkable Semiconductive Compound

Description

02.11.2010 Ed.1

LEO0582 is 2 crosslinkable black polyettylene compound, specially designed for bonded semiconductive screen

applications.

Applications

LEO0582 is intended for semiconductive applications in XLPE
medium and high voltage cables. It can be used as inner and outer semicon for bonded constructions and as inner

semicon for strippable constructions

Specifications

LEO0582 meets the applicable requirements as below when processed using sound extrusion practice and testing

procedure

AEIC C87

AEIC 58

BS 6622

DINYDE 0276-820
DINVDE 0276-263
HD E20 51

WD 32 81

|EC 60402

Special features

IEC 60840

130 1872-E/BA, KHXY, 23-G200, C40

MF C33-223
MF C33-226

UTE C 33-223
UTE C 33-223
o

c

LEO0592 is a ready-to-use semiconductive compound. The excellent distribution of carbon black and additives in
LEDS92 would result in an outstanding smooth semiconductive screen

Physical Properties

Property Typical Value Test Method
Data should not be used for spaitication wark
Density 1134 kgim3 IS0 1872-20150 1183
Tensile Strain at Break (25 mm/min) 200 % 180 527
Tensile Strength (25 mmimin) 22 MPa 150 527
Change of Tensile Properies After Ageing (240h 135°Cy = 20% IEC BOB11-1-2
Hot Set Test (200 °C, 0,20 Elongation under load 25 % IEC B60811-2-1

Pa) Permanent deformation
G ittfert Elastograph
M oisture (1.000 pprr

Borealis AG | Wagramerarasss 17-13 | 1220 Vienna | Austria
Telephone +43 1224 00 0| Fax +43 1 22 400 333

0%
1,14-1,28 Nm
300 pprm

FN 269858 | CCC Com mercial Court of Vierna | Website ywwybarealisorou com .

Page 1 of 3
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. Polyethylene
LEO0592

Electrical Properties

Property Typical Value Test Method
Data should not be used for specfication work

DC Volume Resistivity (23 °C) =100 Ohm.crm 150 3815

DC Yolume Resistivity (90 °C) =1000 Chm.cm IS0 3915

Processing Techniques

LE0S9Z provides excellent surface finish and outstanding output rates, when processing conditions are optimized
for the actual processing equipment and cable dimensions. Optimal conditions may vary according to the
equipment used

Extrusion
Typical processing temperature ranges for LEOS92 are shown below

Hopper drying (4 by 60 °C Under agitation with dehumidified air.
M elt termperature 120-140°C
Packaging
Package: Srnallbing
Qetahing
Storage

LE0532 has a shelf life of 16 maonths from production date if stored in unopened original packages, under dry and
clean conditions at temperatures between 10 - 30 °C (50- 85 °F)

More information on storage is found in our "Safety data sheet" / "Product safety information sheet” for this product
Safety

The product is not classified as dangerous and is intended for industrial use only. Check and follow local codes and
regulations!

Please see our "Safety data sheet' / "Product safety information sheet’ for detalls on various aspects of safety of
the product. For more information, contact your Borealis representative

Biorealis &G | Wagramerstrasse 1719 1220 Vienna | Austis
Telephone +431 224 000 | Fax +43 1 22 400 333
FMN 2688582 | CCC Commercial Court of Wienna | Website wwwyborsalsgroup com

E BOREALIS

Page 2 0f 3
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. Polyethylene
LEO0592

Disclaimer

The product(s) mentioned herein are notintended to be used for medical, pharmaceutical or healthcare
applications and we do not support their use for such applications.

To the best of our knowledge, the information contained herein is accurate and reliable as of the date of publication,
howewver we do not assume any liability whatsoever for the accuracy and com pleteness of such information

Borealis makes no warranties which extend beyond the description contained herein. Nothing herein shall
constitute any warranty of merchantability or fitness for a particular purpose.

It is the customer's responsibility to inspect and test our products in order te satisfy itself as to the
suitability of the products for the customer's particular purpose. The customer is responsible for the
appropriate, safe and legal use, processing and handling of our products.

Mo liakility can be accepted in respect of the use of Borealis' products in conjunction with other materials. The
information contained herein relates exclusively to our products when not used in conjunction with any third party
materials

Biorealis &G | Wagramerstrasse 1719 1220 Vienna | Austis
Telephone +431 224 000 | Fax +43 1 22 400 333
FMN 2688582 | CCC Commercial Court of Wienna | Website wwwyborsalsgroup com

E BOREALIS

Page 3 0f 3
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Appendix B
Water absorption and diffusion

B.1 Theory

Water absorption in non-porous polymers is determined by the available polymer-free
volume, the interaction between the polymer matrix and water and the interaction between
the water molecules themselves. In systems with low concentration of water and low
interaction, Fick's and Henry's laws are the governing equations for water absorption and
transport. Fick's law states that the water flux is proportional to the concentration gradient:

J=-DVC (B.1)

where J is the water flux, C is the concentration and D is a proportionality coefficient
called the diffusion coefficient [133]. Obtaining time-dependent water concentration can
be done by rewriting Equation (B.1) using the continuity equation, yielding

oc

~ ~V-(-DVC) (B.2)

where ¢ is time [133]. Henry's law states that the concentration of water immediately
inside a polymer surface is proportional to the partial pressure of water immediately
outside the surface:

c=5 (B.3)

where p is the partial pressure of water and S is a proportionality coefficient called the
solubility coefficient [134].

Solving Equation (B.2) with respect to concentration and combining the solution with
Henry's law, the relation between the mass uptake of water for a thin film sample and
the solubility and diffusion coefficients can be expressed as

C(t)=C; [l—exp[—7.3(?jmﬂ (B.4)

where / is the sample thickness and Cs is the equilibrium concentration of water [135].
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For a polymer film with different partial pressures of water on each side, combining Fick's
and Henry's laws can be used to find the water flux:

=Pl P 1‘1’1 (B.5)

where p2 > p1 are the partial pressures of water on the two sides, / is the thickness of the
polymer film and P = DS is the permeability coefficient.

Absorption, diffusion and permeation are thermally activated processes, and the
solubility, diffusion and permeability coefficients can be assumed to follow Arrhenius
relations [136].

Filler materials added to polymers, such as carbon black to increase conductivity, can
affect the diffusion and absorption properties of the material. While inorganic fillers will
absorb only small amounts of water themselves, due to their close-packed molecular
structure when compared to e.g. polymers, surface adsorption and alteration of the
interface region between polymer and filler can lead to increased solubility and decreased
diffusivity. Carbon black and the interface region will likely be more hydrophilic
compared to the polymer matrix, acting as secondary adsorption sites. Water molecules
adsorbing to these sites will be partially immobilised, similar to permanent microvoids
(or 'holes') in glassy polymers, which can be described by a Langmuir absorption isotherm
[137]:

_Cp B.6
1+bp (B.6)

where C' is a proportionality coefficient called the hole saturation constant and b is the
hole affinity constant, which is related to the rate of sorption and desorption in the holes
(or more generally adsorption sites). Modelling water absorption over time in a film of
such a material starts with the equation set

2

z
N (B.7)
—=yn—fN
ot

where 7 is the number of mobile water molecules, N is the number of immobilised water
molecules, z is the position in the film thickness direction, yn is the rate of immobilisation
(y is the probability of immobilisation per unit time) and SN is the rate of remobilisation
(B is the probability of remobilisation per unit time) [138]. Solving Equation (B.7), as
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shown in [138], and substituting the time dependence for Fickian diffusion from Equation
(B.4) [135], yields

c=cs[ s
y+

ﬂexp(—yt)[—exp[—?fa[Dltz]075]]+exp(—ﬂt)[ﬂ€7—l]+1] (B.8)
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B.2 Experimental procedures

Determining the diffusion and solubility coefficients can in principle be done in two ways:
through water absorption measurements and through water permeability measurements.
Water absorption measurements comprise placing a sample in a humid environment,
either by exposing it to air with controlled relative humidity or by placing it in water and
measuring the water content at regular intervals. Water permeability measurements
comprises exposing one side of a sample to a humid environment, either air of controlled
relative humidity or water, and measuring the amount of water that goes through the
sample over time.

B.2.1 Gravimetric water absorption measurements

The water uptake in the semiconducting copolymer was characterised with gravimetric
water absorption measurements. Sample discs, 0.5 mm thick, were made by initial roll
milling and subsequent hot pressing. Individual samples, 15 mm in diameter, were
prepared by using a hole punch. The samples were dried in vacuum at 80 °C for at least
3 days and left to cool to room temperature in vacuum. At the start of the water absorption
measurements, each sample was individually removed from the vacuum chamber and the
dry weight recorded. The sample was then placed in a heated water bath. At regular
intervals, each sample was removed from the water bath, dried off with blotting paper,
and the weight recorded. Equation (B.4) was used to find the Fickian approximate
solubility and diffusion coefficients, while Equation (B.8) was used to find parameters
for diffusion with immobilisation sites. Measurements were performed at 40, 60 and
80 °C.

B.2.2 Freeze-drying saturation concentration measurements
Based on earlier results in [139], the diffusion coefficient of the XLPE insulation material
was expected to be too high to obtain good results with the weighing method. The more
sensitive freeze-drying method was therefore chosen to measure the saturation
concentration, which can be used to obtain the solubility through Henry's law (Equation
(B.3)). The method, described in more detail in [139], utilises a sealed vacuum oven to
extract the water from the sample and collects it with a cold trap. Samples were prepared
from extruded film, press-cast and hole punched into rectangular samples weighing
approximately 250-350 mg. After being dried, the samples were placed in a water bath
for between 5 and 17 days, before being removed, dried with blotting paper and placed
in the freeze-drying apparatus for measurement. The dry weight was measured after
freeze-drying, and the water concentration calculated. Measurements were performed at
40, 60 and 80 °C.
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B.2.3 Freeze-drying water permeability measurements

In order to obtain the water permeability of XLPE, a permeability test cell for the freeze-
drying apparatus was used. The test cell, described in more detail in [140], places a sample
film between a heated water bath on one side and the vacuum system with the cold trap
on the other side. Water will permeate through the film, and the flux can be found by
measuring the amount of water collected in the cold trap at regular intervals. At steady-
state, the permeability coefficient can then be found using Equation (B.5). Measurements
were performed at 40, 60, 80 and 90 °C.

B.3 Results

B.3.1 Water absorption in semiconducting copolymer

The measured increase in water concentration over time in the semiconducting copolymer
is shown in Figure 57. As can be seen, Fickian diffusion fits well for the initial water
absorption behaviour of the samples, while at higher concentration levels the fit becomes
poorer. The coefficients obtained from the Fickian fits are listed in Table 17. It is likely
that the polymer matrix dominates initially, and that when it is saturated with water the
effects of the filler material becomes more prominent. The fit of Equation (B.8) is seen
to better model the absorption behaviour of the semiconducting copolymer, matching the
initial rapid sorption behaviour, the second rapid sorption and the end equilibrium
reasonably well. The coefficients used for the dashed lines in Figure 57 are listed in Table
18.
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Figure 57. Water concentration in semiconducting copolymer. Solid lines are Fickian fits,
dashed lines are fits for water absorption with immobilisation sites.

Table 17: Arrhenius coefficients for solubility and diffusion in the semiconducting polymer,
based on Fick's and Henry's laws

So Es Do Ep
[kgm?Pa'] [Jmol'] [m?s'] [Jmol!]
4.18-10'° -38404  4.32-10°° 36540

Table 18: Non-Fickian water absorption and diffusion coefficients for semiconducting polymer

T Cs D y p
[°C] [kgm?]  [m?s] [s'] [s7]
40 8.05 2.98-102 268107  1.23-10°
60 11.36 6.82-1012  1.10-107  2.24-107
80 11.80 1.77-10""  3.52-107  6.73-107
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B.3.2 Water saturation concentration of XLPE insulation

The measured water saturation concentration is shown in Figure 58. Using water
saturation vapour pressures, the solubility was found through Henry's law (Equation
(B.3)), and fitted to an Arrhenius relation, yielding the parameters listed in Table 19. The
Arrhenius parameters found for the modern type of XLPE in these measurements very
closely matches the values found in earlier reported measurements on an older, steam-
cured XLPE in [139].

0.25 T

0.2

0.15F

o
—
T

Water concentration [kg m_3]

g

=3

W
T

O 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
Temperature [°C]

Figure 58. Water saturation concentration for XLPE. The line indicates the Arrhenius fit.

Table 19: Arrhenius coefficients for solubility in XLPE

So Es
[kgm3Pa'] [Jmol']
1.84-107 -9239
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B.3.3 Water permeability measurements in XLPE

The measured flux of water through XLPE and the corresponding calculated water
permeability can be found in Table 20, with the resulting Arrhenius coefficients listed in
Table 21. Comparing the measured values with older data from [139] shows that water
permeability in modern XLPE is less temperature-dependent than the previous results
show. This may be related to different curing methods: the XLPE in [139] was steam-
cured, while the modern XLPE is peroxide-cured.

Table 20: Measured water flux and water permeability in XLPE

T J P
[°C] [kgm?s!'] [kgm?s!'m3Pal]
40 2.35-10°% 1.48-10°1%
60 1.14-107 2.67-10°1
80 4.61-107 4.57-10°%
90 9.77-107 6.55-10°13

Table 21: Arrhenius coefficients for water permeability in XLPE

Po Ep
[kgm?Pa']  [Jmol!]
5.72-101 27554
10714 T T T T T A T

Water permeability [kg m 25T m? Pa'l]

L 1 1 1 1 1 1

101
20 30 40 50 60 70 80 90 100

Temperature [°C]
Figure 59. Water permeability in XLPE. Measured values and Arrhenius fit (solid line) for
modern XLPE, and Arrhenius parameter fit for steam-cured XLPE from [139] (dashed line).
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B.4 Numerical calculation of conditioning times

In order to ensure that the insulation in the test objects is in equilibrium with regards to
water absorption and thereby representative for the intended temperature and humidity
conditions, the test objects need to be pre-conditioned for a minimum amount of time. To
estimate the minimum conditioning time for the Rogowski and plate test objects at the
relevant temperatures and relative humidities, Finite Element Method (FEM) calculations
were performed. The FEM modelling used discretisations of Fick's and Henry's laws, and
was based on work previously published in [141]. Note that this modelling tool has not
been developed for non-Fickian diffusion of the type described in Equation (B.8), and the
approximate Fickian coefficients in Table 17 were used to represent the semiconducting
copolymer. For the XLPE, the Arrhenius parameters for the solubility coefficient in Table
19 were used, while the diffusion coefficient Arrhenius parameters were calculated using
D = P/S§ from the values in Table 21 and Table 19.

B4.1 Geometric models

Test object model geometries can be found in Figure 60 and Figure 61. The Rogowski
test object was modelled by simplifying the Rogowski profile to a Bezier polygon, and
otherwise keeping the measurements exact. Each test object in Table 2 was modelled with
its individual insulation thickness. Examples of calculated water concentrations for
conditioning of a Rogowski test object at 40 °C are shown in Figure 62. As can be seen,
at 40 °C, the insulation reaches equilibrium after about 1 day of conditioning. The
corresponding values are 0.5 days and 3 hours for 60 °C and 80 °C, respectively.
Variations in insulation thickness did not change the time to equilibrium significantly. To
allow for some margin of error due to the non-Fickian nature of the semiconducting
polymer, the conditioning times in the experiments were doubled, compared to the
estimated times from the calculations. The water concentrations for conditioning a plate
test object to 85% RH at different temperatures is shown in Figure 63. As for the
Rogowski test object, the conditioning times for the plate objects were selected to be
longer than the times to equilibrium found in the calculations, to allow for some margin
of error. For the pre-conditioning times used in the measurements, see Table 3 and Table
4.
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Figure 60. FEM model geometry, Rogowski test object. Black areas are semiconducting
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Figure 61. FEM model geometry, plate test object. Black areas are semiconducting copolymer,
white enclosed areas are insulation.
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Figure 63. Water concentration in the FEM model of plate test object during conditioning to
85% RH at 20, 40, 60 and 80 °C.
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