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Abstract

The resistivity of the semi-conducting material in high voltage direct current cables were
studied under a variety of conditions. A wide theoretical background was also created,
summarizing previous works within the field and providing useful explanations for the
characteristics seen in the results. The semi-conducting material works as a protective
shield for the insulation of the cable, protecting it from electrical discharge and excessive
electrical field concentrations, both of which can damage the insulation and decrease the
lifetime of the cables. Pieces of cable were processed in two different ways to create samples
designed for measuring both the inner, and outer semi-conducting layers. Measurements
were performed using a four-point probe method over durations of 16 hours.

The resistivity of the semi-conducting layers was studied under many different conditions.
These include: varying measuring temperatures, using a constant measuring current in-
stead of a periodic one, repeatedly measuring the same sample, using different types of
semi-conducting material, using cross-linked and non cross-linked samples, using alternate
sample designs, and measuring under different values of relative humidity. Additionally,
the measurements that initiated the creation of this thesis were also recreated.

The experiments produced good results, contributing to a deepened understanding of the
behavior of the semi-conducting material under laboratory measurements. The results were
discussed, both examining what could be explained from theory and what could come as a
result of the methodology. Furthermore, some difficulties with the methodology were also
discussed. The ultimate goal of this thesis is to deepen the understanding of the semi-
conducting material and improve testing methodology, which in turn could help develop
more efficient and cost-effective semi-conducting materials for HVDC cables.

Keywords: HVDC, Resistivity measurements, Semi-conducting materials, CB EBA
compounds
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ISL - Inner Semi-Conducting Layer

OSL - Outer Semi-Conducting Layer
EBA - Ethylene Butyl Acrylate

CB - Carbon Black
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1 Introduction and Background

In an increasingly electric world, the efficient transmission of electricity becomes more and
more important. As the need for power increases one faces the options of either increasing
the current or voltage. Increasing current requires larger conductors and leads to more
joule heating. Increasing voltage, on the other hand, still increases the power transmitted
but with a lower current. This leads to fewer losses and makes increasing voltage, instead
of current, the clear choice when it comes to scaling up power [1]. Some difficulties do
come as a consequence of increasing voltage as it puts larger demands on the insulation
system. Over long distances, electricity is transferred using high voltage, HV, cables which
are quite efficient with minimal losses [2][3][4].

HV cables can be divided into two main categories: overhead power lines and ones that are
buried either underground or placed on the seabed. For suspended cables, the surrounding
air works as both a good insulator and cooling medium [5]. Due to this, these cables are
generally easier and cheaper to design and manufacture compared to submerged cables
that require an added insulation layer as well as a semi-conducting layers to electrically
protect the insulation layer [6]]7].

1.1 Historical Development of HV Cables

HV cables have gone through many iterations since their conception. The origins of HVDC
cables date back nearly 150 years to 1879, when Thomas Edison wrapped three copper wires
with rope, encased them in a steel pipe, and filled the pipe with asphalt. This cable was able
to transmit voltages of 220 V [§][9]|10]. Around ten years later, in 1890, Sebastian Ziani de
Ferranti designed a cable with waxed paper insulation, capable of transmitting 10 kV. Paper
cables were further developed in 1924 by Luigi Emanueli who impregnated the paper with
fluid oil. This significantly improved stability and allowed the cables to transmit voltages
of up to 132 kV, which was then further improved upon in the following years, culminating
with voltages of 220 kV twelve years later [11]. The next big improvement came in 1942
when synthetic plastics was first used. Marking a shift towards the cables we see today.
New synthetic materials kept being developed such as ethylene propylene rubber in 1955
and cross-linked polyethylene (XLPE) in 1963 further improving insulating abilities and
stability. Synthetic insulation cables have since then become increasingly common, phasing
out oil impregnated paper cables. More recent improvements have been seen in 2000 which
saw the first long-distance 500 kV XLPE cable. Multiple international projects have since
then been conducted, connecting energy infrastructure between different countries. In
2022 a 525 kV DC cable was successfully developed, doubling power transmissions over
long distances [12]. As the need for sustainable energy grows, advancements within cable
technology seem inevitable.
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It is impossible to discuss the evolution of DC cables without mentioning the so called ” War
of currents”. Towards the end of the 19th century, proponents for AC and DC transmission
systems competed to establish their system as the dominant one. Eventually, AC came
out as the winner and has since then been the predominant method of electrical power
transmission [13]. In recent years, however, some flaws with AC have become apparent.
DC cables have a couple of advantages such as: their superior ability to transfer energy over
long distances, the ability to interconnect different grids at different frequencies, and their
applications when it comes to renewable energy such as wind, and solar power [14][15]]16].
This does not, however, mean that DC is strictly better than AC. AC still has advantages
with a large one being the ease at which one can either increase or decrease the voltage
using transformers. Another benefit is that most electrical generators generate AC power
with some clear exceptions being solar plants and windmills [17]. These differences are also
why larger grids sometimes use combinations of AC and DC. Although converting AC to
DC results in losses it could still be preferential compared to the losses from long distance
AC power transfer [1§].

1.2 Design of HV Cables

The design of submerged cables naturally vary, but in general they have the same basic
components in common, both for AC and DC cables [19][20][21]. These being, from the
middle outwards (Figure [L.)):

1. The conducting core/cable
. Swelling bands with superabsorbent polymer powder
. Conductor bands

. A thin semi-conducting layer

2

3

4

5. A thick insulating layer
6. A thin semi-conducting layer

7. Swelling bands and superabsorbent polymer powder

8. A protective jacket, consisting of a metal sheath and an oversheath

An image, obtained from Severengiz, Sprenger, and Seliger [19], showing the structure, and
main layers, of a typical HVDC cable can be seen below in Figure [I.1] along with short
descriptions of each layer in Table [I.1]
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Figure 1.1: Image showing the structure, and main layers, of a typical HVDC cable.
Image taken from Severengiz, Sprenger, and Seliger [19].

Table 1.1: Table describing the different layers of a HV cable and their purposes.

Layer # Name Purpose

1 Conducting core Conducts current

2 Swelling bands and Protects the conductor from moisture
superabsorbent polymer powder

3 Conductor band Protects the swelling bands

4 Inner semi-conducting layer (ISL) | Protects the insulation from electrical stress

and removes the risk of electrical discharge
5 Insulation Electrically isolates the conductor
6 Outer semi-conducting layer (OSL) | Further protects and shields the insulation
from electrical stress

7 Swelling bands and Protects the outer semi-conducting layer
superabsorbent polymer powder from moisture

8 Protective sheath Protects the cable from physical and

chemical damage

1.3 The Semi-Conducting Layers

The main layers of an HVDC cable that are of interest for this work are the semi-conducting
layers. Both the inner semi-conducting layer, ISL, and the outer semi-conducting layer,
OSL. Normally, in cables used for lower voltages, these layers are not required. When




Chapter 1. Introduction and Background 4

using voltages above approximately 2 kV the extra semi-conducting layers become nec-
essary to protect the insulation from electrical damage [22]. The semi-conducting layers
serve multiple purposes, all extending the lifetime and stability of the cables. Without
them, electrical stress-induced breakdowns of the insulation can occur [23][24]. The semi-
conducting layer also reduces the risk of electrical discharge and provides a good interface
between the conductive core and the insulation [25]]26].

For the semi-conducting layers to be able to handle these tasks they have to fulfill a couple
of criteria. They have to have similar mechanical and thermal properties to the insulation.
They also have to have a resistivity between that of a conductor and insulator. The exact
resistivity values naturally depends on factors such as the use cases of the cable, the voltage
to be transmitted, whether it is an ISL or OSL, and the temperature when measuring the
resistivity, but typical values range around 1-100 Qm at 90 °C' [27]]28]. A resistivity that
is too small, i.e. too conductive (as an exaggerated example), leads to the semi-conducting
layer essentially becoming an expansion to the conductor, increasing leakage current and
leading to excessive joule heating, damaging the insulating layer. On the other hand, if
the resistivity is too high, i.e. not conductive enough, the semi-conducting layer essentially
just acts as more insulation. This leads to the same damage that would be seen if there
was no semi-conducting layer, that is electrical discharge and stress.

Since the semi-conducting layers are clearly an integral part of the electric insulation system
of a working HV cable it is important to understand how they are affected by different en-
vironmental factors that they could normally encounter. For this thesis the main attribute
of the semi-conducting layer that will be studied is its resistivity.



2 Introductory Experiments and Purpose of
Thesis

This thesis was developed in collaboration with the material laboratory division at NKT.
This chapter details measurements that had been previously performed at the division be-
fore the MSc thesis which sparked interest in further investigations and laid the foundation
for this project. The methodology of these measurements are described, the results shown,
and subsequently discussed.

2.1 Previous Measurements

In these previous measurements, oddities were detected in 24-hour long measurements of
the resistivity in the semi-conducting layer. Measurements showed changes in resistivity
by up to a factor of 50 over the span of a couple of hours, reaching values above 1000 Qm,
larger than what internal guidelines allowed. The internal guidelines allows ISL samples to
have a resistivity of < 1000 2m and OSL samples < 500 2m. This type of measurement,
that was performed over multiple hours, was not something that had previously been done
at the division. These results were also something that was only seen in measurements at
the lab and not in actual usage of the cables.

2.1.1 Methodology

Two types of samples were created to measure either the ISL or OSL. These were created
in accordance to IEC standards 60840 § 12.4.9, 62067 § 12.4.9, 60811-401 and internal
guidelines of the Material Technologies division at NKT. A sketch showing the design of
the samples can be seen below in Figure [2.1

Outer Semiconducting ? Outer Semiconducting
Layer

Layer

_ Inner Semiconducting

__Inner Semiconducting

Figure 2.1: A sketch showing the designs of both ISL and OSL samples along with the
placements of the measuring electrodes. The inner and outer semi-conductor layers are
also marked.
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Room temperature samples were put in an oven at the standard measuring temperature
of 90 °C. The resistivity was measured when the cable was first inserted into the oven,
followed by a measurement after 15 minutes, 30 minutes and then every 30 minutes onward
for a duration of 8 hours. A final measurement was performed 24 hours after the initial
one.

2.1.2 Results

The introductory measurements that initiated this project can be seen below in Figure
2.2

3] 3|

107 §750000000000000¢ e 10 % Introductory OSL
e E
G 1024 G 1024
[ [—
iy iy
2 2
- -~
B 2
é 10% 4 § 10! Xxxxxxwxxxx XX

X
% Introductory ISL XX
Introductory ISL Remeasured P
10° : : . : 10° : : . :
0 5 10 15 20 25 0 5 10 15 20 25
Time [h] Time [h]

(a) Some of the ISL resistivity measurements that  (b) One of the OSL resistivity measurements that
initiated the creation of this thesis. initiated the creation of this thesis.

Figure 2.2: Some of the resistivity measurements that initiated the creation of this thesis. These
graphs show how the resistivity of the ISL can change by up to a factor of approximately 50 over
the span of just a couple of hours. They also shows how the ISL and OSL can exhibit very different
characteristics.

As can be seen in Figure the resistivity changes from around 20-40 2m to above 1000
Qm within the span of just one hour, exceeding the upper allowed limit of 1000 Qm for
the inner semi-conducting layer. Even in the re-measurement of the ISL layer it reaches
a resistivity above 500 Qm. This resistivity change is not as extreme for the OSL, but a
change of a factor &~ 20 over a couple of hours can still be seen. For the ISL, the measured
values exceeded the tools upper limit of 200 k€2 which is why it flattens quickly and remains
unchanged for most of the measurement. It was therefore remeasured. Similarly to the
ISL measurements, a strong increase in resistivity is seen during the first couple of hours
of the OSL measurement before a steady state is reached. The main differences between
the ISL and OSL results are the time it takes for the measurements to reach a steady state
and the final resistivity values. ISL samples reach their steady state quicker but also have
much higher resistivity values.
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2.1.3 Discussion of Results

The resistivity goes through two distinct regions, a transitionary and stable region. Ini-
tially, one can see a strong increase in resistivity that starts slowing down after a while.
This behavior resembles an exponential function and can be explained by the resistivity
increasing as the sample heats up. As the sample approaches the measuring temperature,
the speed at which the sample heats up decreases, explaining the deceleration of the re-
sistivity. The same behavior can be seen for both ISL and OSL samples but over a much
longer amount of time for the OSL sample. This could quite simply be explained by the
vastly different masses between the ISL and OSL samples, with the OSL sample’s larger
mass leading to a slower increase in temperature.

After =~ 3 and =~ 6 hours for ISL and OSL samples respectively the resistivity starts
plateauing, reaching a steady state. A relatively minor, continuous, decrease of resistivity
can however be seen after leveling off. This can more clearly be seen when looking at
the raw data used for the graphs which is displayed below in Table 2.1l One can see
that for every column (with an exception of the first one in which there was an error
with the measuring device) there is a clear drop in resistivity between the 8 and 24 hour
measurements. One can also see that the resistivity seems to peak somewhere around 3-7
hours after which it starts slowly decreasing.

Table 2.1: Data used for the creation of the graphs in Figure .

Time [h] | Resistivity ISL [(2m] | Resistivity ISL [Qm] | Resistivity OSL [Qm]
Remeasured
0 20.3 2.6 0.7
0.25 73.7 11.9 1.9
0.5 180.3 20.5 2.7
1 803.0 29.5 4.2
1.5 1004.2 38.4 4.9
2 1004.2 39.2 6.6
2.5 1004.2 41.8 7.4
3 1004.2 43.5 8.4
3.5 1004.2 9.1
4 1004.2 9.6
4.5 1004.2 44.6 10.1
) 1004.2 10.3
5.5 1004.2 10.5
5.75 1004.2 44.6 10.5
6 1004.2 10.6
6.5 1004.2 44.5 10.7
7 1004.2 10.7
7.5 1004.2 444 10.7
8 1004.2 44.3 10.7
24 1004.2 424 10.4
24.5 1004.2 10.4
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2.2 Purpose of Thesis and Aim

Volume resistivity measurements are a common and efficient way of ensuring the properties
of the material. It is therefore important to have a good understanding of what effects and
characteristic behaviors can be seen in the semi-conducting material during these types of
measurements.

This thesis aims to provide a detailed overview of how the semi-conducting layers behave
during long measurements, with durations of a couple of hours, under different measur-
ing conditions. It also aims to provide a large theoretical background of how the semi-
conducting material works. With the theoretical background, the phenomena seen in the
measurements can be understood and explained with greater accuracy.

The ultimate goal of the thesis is to help provide a better understanding of the testing
methodology, the semi-conducting material, and how they relate to each other. This can
then help develop more efficient testing methods that, in turn, help out with developing
more efficient materials for cheaper and better cables.

2.2.1 Scope of Study

There are many different aspects to the cables that can be studied. It is therefore important
to be clear about what variables we vary and which we keep constant. Furthermore, it
is also important to note which factors that can unintentionally vary as a result of which
samples that are used.

Tests will be performed at varying temperatures centered around the standard measuring
temperature of 90 °C. Measurements will also be performed in climate chambers at differ-
ent humidity values. Recreations of the previously discussed results, using the same type
of cable, will also be done. Measurements will also be performed using different types of
semi-conducting materials, using a constantly applied measuring current and a periodically
applied measuring current, as well as repeatedly measuring on the same sample. Finally
samples that have been cross-linked and not cross-linked will be compared.E] Optical and

chemical characterizations of the samples and contaminants will also be performed using
a SEM equipped with an EDS.

This thesis will also provide a solid theoretical background of the current-transport mecha-
nisms present in the semi-conducting layer of HV cables, along with detailed descriptions of
potential errors that can occur during regular measurements, so that measures can be taken
and make sure that future measuring endeavors and research will be more successful.

This thesis does not seek to examine these aforementioned conditions for cables under
regular use, but rather specifically within a laboratory context where the material is ex-

1Cross-linking is a chemical process that increases form stability and temperature resistance of a poly-
mer. As a default all samples are cross-linked.
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amined. The conditions that some of the measurements are performed under would also
never reasonably occur for regular cables.

2.2.2 Limitations

Due to the length of each measurement and the large amount of variables examined there
are some potential limitations to the depth and consistency of these results. All measure-
ments are backed up by either one or two other measurements performed using similar
samples and under the same conditions. This should make sure that all results are accu-
rate but they would naturally be more precise with more measurements reinforcing them.
There are also limitations concerning the available samples. Not all samples can be taken
from the same length of cable, which could potentially affect the results. Care will, how-
ever, be taken to make sure that all samples are similar and consist of the same material
(unless a different material was to be studied). The main difference in this case would be
the mass of the samples which could potentially change the way that the sample reacts to,
for example, heat.



3 Theory

This chapter goes into more detail about the purpose and design of the semi-conducting
layers. It also describes how well, and in which way, the semi-conducting layer conducts a
current. How resistivity is calculated, along with previous studies on similar topics to the
ones covered in this thesis are also included.

3.1 Purpose of Semi-Conducting Layers

HVDC cables consist of multiple layers with different purposes. These are detailed and
described in Figure [I.T and Table [I.1 A crossectional picture of one of the cable samples
used for this thesis can be seen in Figure [3.1

Figure 3.1: Crossectional image of one of the cables used for this thesis.

For this study, the protective jacket is always removed as it is not relevant. Its main purpose
are to protect the cable from outside mechanical and chemical impacts , neither of which
are applicable for this project. This thesis focuses on the inner- and outer semi-conducting
layers. These layers, that are not present for cables of lower voltages (roughly below 2 kV
22]), serve the purpose of protecting the insulating layer from both electrical discharge
and overwhelming electric stress. Without the semiconducting layers, prolonged safe use
of the cables is not possible without degradations in the quality of insulation [30].

The conductive core itself consists of multiple wires that are twisted together. This results
in an uneven conductor surface that causes the electrical fields from each individual wire

10
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to interact with the other electric fields in a way that creates "hot-spots”. In these regions,
the concentration of electric fields are much higher compared to other parts of the cable
. The high voltages transmitted through the cable result in an electric field strength
that can exceed the dielectric strength of the insulation, especially at the hot-spots.

Without the ISL, these concentrations of electric fields could result in large amounts of
electrical stress on the insulating layer, leading to malfunctions and electrical breakdown
. The equipotential semiconducting layer redistributes the electrical stress evenly in
the insulator, removing these dangers and ensuring the insulation layers integrity . A
sketch showing this can be seen below in Figure (3.2

Uniform
~ Electric Field

High Stress
P

Outer Semi-
Conducting
Lavyer

Mo Semi- Inner Semi-

* Conducting Conducting
Layer Layer

Figure 3.2: A sketch from showing how a lack of semi-conducting layers lead to high
stress regions. The sketch has been modified to have clearer text and an explicitly marked
outer semi-conducting layer.

There is also the matter of air gaps that are formed between the insulator and conducting
layer. Without the ISL electrical discharges between the conductive core and the insulating
layer can occur . These discharges can also decrease the integrity and longevity of the

insulating layer .

The OSL fills a similar purpose. Acting as a grounding surface, it helps to spread out the
electrical stress evenly throughout the insulator and prevents electrical discharge between
the insulator and the outer jacket. It also provides a nice interface between the insulation
and the protective sheath, reducing potential mechanical stress which could reduce the
insulation capabilities of the insulation layer .

For the semi-conducting layer to fulfill these requirements the material has to have a couple
of attributes. It requires a resistivity such that it can stop accumulation of charge but not
high enough to be completely conductive, a sufficient flexibility and moldability, a good
compatibility and interface with the insulation material, and good thermal stability .
To fulfill these criteria a carbon black (CB) blended polymer compound is employed. An
example of one type of semi-conducting compound that fits all of these criteria, and the one
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that is used in the cables looked at in this thesis, is an Ethylene Butyl Acrylate Copolymer
(EBA) blended with CB [37][38][39).

3.2 Design of the Semi-Conducting Material

As mentioned in section 3.1, the semi-conducting material is a compound of EBA copolymer
and CB. To understand how these work together to form a semi-conducting material they
will be individually described first.

3.2.1 Electrical and Thermal Properties of Carbon

Carbon is a material that can appear in many different configurations, each with their own
set of electrical and thermal characteristics. Common variations of carbon are those of
diamond and graphite. These are very different when it comes to resistivity, p. Diamond
structures have high values of resistivity p ~ 10'® Qm while graphite structures have low
values of resistivity p ~ 8 puQm [40][41]. A third type of carbon is amorphous carbon,
which is slightly more difficult to describe in a general fashion.

Amorphous carbon, as the name implies, can be regarded as an amorphous material,
meaning that it has no long range order. Generally, it is either found as a powder or
deposited on a thin film [42]. Although no long range order is observed, there is still short
range order, forming shapes similar to that of graphite[l] Due to this, amorphous carbon
has a resistivity closer to graphite than diamond, although this naturally also depends on
the purity of the carbon and how it has been treated among other factors.

For the purpose of creating the semi-conducting layer it has to fulfill a couple of require-
ments. It needs to have a low resistivity, be durable, and be easily mixable into the
polymer. Carbon black, which is a type of powdered amorphous carbon, mostly fits these
criteria but with a slightly too large resistivity. To further reduce the resistivity to the
desired level, the CB undergoes a graphitization procedure. This increases the amount of
graphite-like ordered structures which in turn decreases resistivity [43]. Graphitized CB
can reach resistivity values as low as p &~ 2 - 1072 Qm [44]. The durability and mixability
of graphitized CB remains sufficient as the graphitization only affects short range order
of the CB and not its powdered nature. Due to these factors, graphitized CB is common
when designing the semi-conducting layer.

'Long range order in a material refers to some overlying structure throughout the material, typically
in the form of a crystal lattice. Short range order means that there are local clusters of structured atoms
but that the material as a whole does not have a symmetrical structure. Most metals and semi-conductors
exhibit long range order, amorphous solids and liquids short range order, and gases no order.
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3.2.2 Polymers and Ethylene Butyl Acrylate Copolymer

A polymer is a repeating pattern of chemically bonded, smaller monomer units. These
monomers can be varied in both size and complexity which also leads to the same being
true for polymers [45]. Polymers are used in a lot of different areas, with some more
everyday examples being plastic, rubber, and many proteins in the body. Due to the very
broad definition of what a polymer is, it is not surprising that polymers can also exhibit
many different electrical characteristics. The previously mentioned example of rubber, is
a clear example of an electrical insulator polymer with a resistivity of ~ 10" Qm [46].
Polymers can, however, also act in other ways such as: dielectrics, semiconductors, metal-
like conductors, and even superconductors [47].

The polymer used in the semi-conducting compound is Ethylene Butyl Acrylate Copolymer
(EBA). This copolymer is itself an insulator, but it has many aspects that make it a good
candidate for the semi-conducting compound. Due to its nature of an insulating polymer,
it creates a nice interface with the insulating layer, reducing mechanical stress. It also
has good thermal stability, bondability to different substrates, flexibility, and low water
absorption [48][49]. As EBA is a copolymer, one can also vary the proportions of the
different monomers to vary its properties and adjust it for its desired use.

Another relevant aspect of polymers is that of cross-linking. This is a process by which mul-
tiple polymer chains are linked together, either through covalent or ionic bonds [50]. There
are various methods to create these bonds, including by irradiation, chemical reactions, and
thermal treatments [51][52][53]. Cross-linking has many effects, with some examples being:
reducing mobility of polymer chains, in turn increasing temperature resistance, increasing
molecular weight, and improving form stability [54][55].

3.2.3 The Semi-conducting Compound and its Production

The semiconducting compound is a mixture of EBA and CB. The polymers insulating
capabilities and the CB’s good conductivity gives the resulting compound its desired re-
sistivity, p &~ 107! — 10° Qm [56]. This span of resistivity is quite large and can be
adjusted by changing the proportions between the components. If too little CB is added
then the resistivity will remain mostly unchanged from the insulator resistivity, resulting
in the semi-conducting compound essentially just being more insulator [57]. On the other
hand, if too much CB is added, the semi-conducting compound will lose its flexibility and
interface with the insulation layer [58|. It is important to note that this desired concen-
tration is not constant throughout all semi-conducting materials, but instead depends on
the usage of the material, the type of CB, the type of polymer, and the mixing of the two
[59][60][61].

The two most important things that have to be considered when creating the semi-
conducting compound are: to obtain a good mixing of the CB such that is somewhat
homogeneously distributed throughout the compound and to preserve the structure of
both the conductive material and the polymer [36]. The CB’s conductivity largely comes
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from its graphite structure, and if this structure is damaged during the mixing process, it
could immensely increase the resistivity of the compound. Similarly, without a somewhat
homogeneous distribution of CB in the compound long range current transport would be
impossible, once again severely increasing resistivity.

This semi-conducting compound does not conduct electricity in the same way as normal
semi-conductors like Si and Ge, which is also why it is referred to as a semi-conducting
material and not a semi-conductor. Normal semi-conductors conduct electricity via the
excitation of electrons from the valence band to the conduction band. The EBA CB
compound, on the other hand, conducts electricity mainly through physical connections of
CB and the tunneling of electrons between different CB patches [62][63][64].

3.3 Mechanics of Electrical Transport in the Semicon-
ducting Compound

Materials can generally be grouped into three main categories when it comes to conducting
electricity: conductors, semi-conductors, and insulators. In conductors, the abundance of
free electrons move freely through the material, allowing electric current to flow easily. In
contrast, semi-conducting materials lack a large number of free electrons, instead current
flows when electrons gain enough energy to jump from the valence band to the conduction
band. Electrons in the valence band are bound to atoms and therefore do not conduct
electricity, while those in the conduction band are free to move and contribute to electrical
conduction. Insulators are similar to semi-conductors in the way that they can normally
only conduct when electrons in the valence band get excited to the conduction band, with
the key difference being the larger band gaps of insulators making the excitations less likely
[65].

Conductors, semi-conductors, and insulators each respond differently to changes in tem-
perature. In general, the resistivity of conductors increases with increasing temperatures,
while the resistivity of semi-conductors and insulation decrease. For conductors, the energy
of the free electrons increases with temperature, causing them to increasingly collide with
each other, increasing resistivity. On the other hand, in semi-conductors and insulation,
the increase in electron energy causes more electrons in the valence band to get excited to
the conduction band, thus decreasing resistivity [66].

The conduction in the semi-conducting compound can not be described using band theory
in the way that typical semi-conducting materials can be. Instead, multiple other models,
among which percolation theory and quantum tunneling, are used to describe how current
is transported. This area has been widely studied, with the effects that CB type, CB con-
centration, and polymer type, among others, have on conductivity having been discussed
[67](68]]69][70].
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3.3.1 Percolation Theory

Percolation theory describes the transport properties of a system with clusters capable of
transporting something dispersed in a larger network of non-transporting material |71][72].
It is applicable in a large amount of areas including, but not limited to, fluid movements
through porous materials, artificial neural networks, and even social dynamics such as the
spreading of rumors [73][74]]75].

For the purpose of this thesis, percolation theory works as an effective way to describe the
current-transportation of the clusters of conductive CB throughout the insulating EBA
copolymer [76][77][78]. Percolation theory describes how at a certain CB concentration
threshold, conduction will change from being localized within local CB clusters, to spanning
the entire material by long range transport between CB clusters [79]. This concentration
threshold, called the percolation threshold, depends on many factors such as the quality,
composition, and electrical characteristics of both the CB and polymer, along with the
effectiveness of mixing [80](81][82]. When the threshold is reached, the conductive abilities
of the compound increase significantly, as there is enough CB at appropriate positions, to
allow for long range transport of currents. This phenomenon has been widely documented
through both theoretical and experimental work, with the changes of resistivity at the
percolation threshold having a magnitude of around 102 — 10'® Om. This does, however,
naturally depend on which materials were used [76][77][78][83][84].

At low CB concentrations, below the percolation threshold, current transport is local and
does not occur throughout the entire material, leading to a very high resistivity. Current
is locally transported in two ways. One way is that of hopping, or tunneling, between
conductive islands (CB clusters), through surrounding potential barriers (the insulating
polymer matrix) [62]]63][64](85][86]. There is also that of regular current transport by
physical connections throughout CB agglomerates.

As the concentration of CB increases, the average distance between the conductive is-
lands decreases which in turn increases tunneling probabilities [87]. When the percolation
threshold is reached, long range transport starts being seen, significantly decreasing the
materials resistivity [88].

Increasing the CB concentration past the percolation threshold does relatively little to
affect the resistivity. The paths that the current takes through the material have already
appeared and further increases to CB concentration simply increases the amounts of avail-
able routes that the current can take. At even larger CB concentrations tunneling becomes
less relevant as larger and longer geometric paths become available [89]. The problem with
CB concentrations that are too large, is as previously mentioned, the worsened mechanical
and interfacial properties of the semi-conducting material.

There is an important distinction here to make regarding the percolation threshold. It de-
scribes the concentration of CB required to see long range transport of currents throughout
the entire material. What is not included in this description is whether the conducting
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path has to physically touch or not. As previously discussed, hopping/tunneling is a com-
mon mechanism of current transport which does not require the CB to form a continuous,
physical, network for current to be transported [62][63][64]. For materials consisting of
agglomerates of CB particles spread throughout the polymer it is reasonable to consider
the percolation threshold the point where these conductive clusters are sufficiently close
to lead to high-probability tunneling throughout the entire material [90]. There are, how-
ever, other types of CB filled polymers where the CB stretches out in narrow, long, well
connected bands. For these materials there is relatively little current through tunneling
and most transport happens through physical connections [91]. There are even ways of
treating the semi-conducting material in ways that make long range physical connections
are the main driver of conduction while still having low percolation thresholds of ~ 1 %
[92]. Simply put, the structure, placement, and type of CB in insulation matrices can vary
greatly, leading to very different characteristics of which transport mechanisms are relevant
and at what CB concentration the percolation threshold is found [93][94].

The prevalence of the different transport mechanisms also depend on the temperature of
the material. As the temperature increases, differences in the polymer and CB’s thermal
expansion coefficients cause them to expand different amounts. This mismatch can cause
physical connections to get severed and distances between CB clusters to increase [91],
both causing an increase in resistivity. Even if a physical connection has gotten severed,
current can still flow via tunneling. As a result, tunneling becomes increasingly dominant
as the material heats up.

The aforementioned increase in distance between conductive clusters gives a strong increase
in resistivity. This is, to a big part, due to the probability of quantum tunneling decreasing.
A decreased tunneling probability essentially means that fewer electrons travel throughout
the material which is analogous to an increased resistivity. This thesis will not go into
too much detail regarding quantum tunneling probabilities but a short summary is in
order.

Quantum Tunneling Through a 1D Potential Barrier

Quantum tunneling allows a particle, such as an electron, to pass through a potential
barrier that it classically would not have enough energy to pass through. A typical analogy
would be that of kicking a football up a hill. If the ball (the electron) is kicked with enough
kinetic energy to overcome the potential energy at the top of the hill (potential barrier)
it would be able to roll to the other side. If the ball does not receive enough energy it
will simply roll back down the hill. When considering an electron on a CB cluster (the
football) trying to pass through the potential barrier of the polymer (over the hill) this
does not hold. As a consequence of the electrons wave function having to be continuous
throughout, and at the edges of the barrier, the electron has a finite probability to travel
to the other side of the barrier without having enough energy to pass over it. This would
be analogous to the ball making it up partway to the top of the hill and then appearing
on the other side. The probability of this happening depends on three main factors: the
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height of the potential barrier, the energy of the electron, and the width of the barrier.
Tunneling becomes more likely as the electron’s energy approaches the barrier height, but
less likely as the barrier width increases. Tunneling probability, 7', can be described by
the following equation:

_ow. /2T =E)

Tre n? (3.1)
where w is the width of the barrier, U, the height of the barrier, E the energy of the
particle, m the mass of the particle, and A the reduced plank constant [95[|96]. Examining
this equation it becomes clear that the width of the barrier matters most when it comes
to tunneling probability.

3.3.2 The Effect of Temperature on Resistivity

As the resistivity of the semi-conducting material increases with increasing temperature it
is said to have a positive temperature coefficient (PTC). The increase in resistivity primar-
ily come from the severing of physical connections and the increasing distances between
CB clusters as the semi-conducting material approaches its glass transition temperature,
around 70 °C. An increase in distance between clusters, i.e. an increase in width for
Equation , causes an exponential drop in tunneling probability [91]. On the other hand,
electron energies also increases with temperature, in turn exponentially increasing tun-
neling probability. Increases in distance between clusters is the most impactful out of
these two competing effects. Increases to tunneling probability correspond to decreases in
resistivity.

As the material reaches higher temperatures, around 100 °C, another phenomena is seen
where the resistivity starts decreasing again. This negative temperature coefficient (NTC)
is not yet completely understood but seems to come from reaggregation of conductive
particles and conductive pathways being rebuilt [97][98].

Cross-linking

Cross-linking, as described in section 3.2.2, increases the temperature resistance and form
stability of the polymer. Cross-linking has two primary effects on resistivity. At room tem-
perature cross-linking raises the potential barrier height, very slightly decreasing tunneling
probability, and amplifying resistivity. This, however, only holds for semi-conducting ma-
terials where tunneling is the main current-transport mechanism at room temperature. If
physical conduction paths are also present, cross-linking does nothing to increase resistiv-
ity. The second effect of cross-linking is seen at larger temperatures. Due to the increased
temperature resistance and form stability of the polymer it is not as affected by break-

ing down of conductive paths as non-cross-linked materials and therefore sees a smaller
PTC.



Chapter 3. Theory 18

3.4 Electrical Characterization

Calculating the volume resistivity, p, is quite simple. It can be found by a simple relation
between geometric properties and the measured resistance.

A
As the measured samples are sheaths of a cylinder the area is given by A = n(d —t) - ¢
where d is the outer diameter of the sheath and t is the thickness of it. [ shows the
distance between the probes over which the resistance is measured. Putting the adjusted
area expression into the previous equation gives the following

w(d—t)-t

p=R ;

(3.3)

with a factor of % if half a cylinder is measured.

Resistance, and in turn resistivity, both have a clear dependence on temperature and can
be described by the following equation.

R=Ry(1+a(T-T)) (3.4)

Making the assumption that the area and length remain unchanged (which is mostly cor-
rect) allows Equation to be rewritten for p.

p=po(l+a(l-T)) (3.5)

3.4.1 Contact Resistance

Something that has to be considered when doing resistance measurements is contact resis-
tance. It is normally one of the most common causes for poor or inaccurate measurements.
Contact resistance occurs as a consequence of properties of the interface between the mea-
suring equipment and the sample. Examples of these properties are: the conductivity and
geometric features of the electrode, the physical contact between the probe and electrode,
and possible contaminates [99][100]|101].

As part of preparing the samples for electrical measurements, contacts are created using
thin layers of silver paint that are painted along the semi-conducting area. The extreme
conductivity of silver makes it a good electrode to reduce contact resistance [102]|103]. The
silver paint only consists of somewhere between 30-70 % but this does not really affect its
efficiency [103][104]. At elevated temperatures the acetone mixed into the silver paint also
evaporates, increasing the silver concentration. Furthermore, by painting the electrode
along the entire sample, using a sufficient thickness, and making sure that a good coverage
is reached, contact resistance can be further decreased [105].
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As measurements are performed at high temperatures, around 90 °C', and over long periods
of time it is important to note how these factors affect contact resistance. As the contacts
are made of silver, being a noble metal, the risk of oxidization and other reactions are
quite low. Adsorbent films can, however, still form which, in turn can increase contact
resistance [87]. Although silver-oxygen reactions are unlikely, silver-sulfur reactions are a
more valid concern. These could lead to degradation in contact quality [106]|107]. Sulfur
is a common element for cross-linking rubbers, [108], but should not really be seen in any
significant quantities post cross-linking.

3.4.2 Previous Examples of Electrical Characterization of CB
and Polymer Compounds

Multiple previous studies that have examined the electrical properties of the semi-conducting
material that makes up the semi-conducting layers in HV cables. Many of these have fo-
cused on the resistivity as a function of the CB volume concentration. The resistivity starts
at large, insulating values when the CB concentration is low, but as the concentration in-
creases it eventually reaches the percolation threshold and a rapid decrease in resistivity
follows. Below in Figure [3.3] taken from [109], one can clearly see this drop in resistivity.
Note that the x-axis is normalized against the percolation concentration, ¢., which is at
~9—11%.
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Figure 3.3: ”Electrical resistivity of EBA/CB copolymer composites, at ambient temper-
ature. Solid line is drawn to guide the eyes only.” The x-axis shows ratio of the amount
of black carbon to the percolation threshold at ~ 9 — 11 %. I.e. at x=1 the volume of
black carbon is &~ 9 — 11 % of the total semi-conducting compound. The unit on the y

axis shows meter/siemens which is equivalent to Qm. Figure and cited part of the caption
obtained from El Hasnaoui et al. |[110].

Many other studies have also measured this dependence, two of these can be seen below
in Figure [111] [112]. These have found similar results to those seen in Figure



Chapter 3. Theory

20

These also show the difference that different kinds of CB and polymer can have on both
the percolation threshold and the resistivity before, and after, it.
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Figure 3.4: Two further examples of previous studies done on the resistivity in semi-conducting
compounds as functions of the concentration of CB.

In El Hasnaoui et al. [110], the temperature dependence of different CB concentrations
was also studied. As seen below in Figure the temperature dependence of resistiv-
ity strongly depends on the CB concentration. CB concentrations below the percolation

threshold lead to a NTC while concentrations above it lead to a PTC.
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Figure 3.5: "Electrical resistivity as a function of temperature of the EBA /CB composites for four
CB concentrations, two concentrations below the percolation threshold ¢. (¢p= 4 % and ¢ = 6 %)
and two concentrations above ¢, (¢ = 13 % and ¢= 20 %). Solid lines are drawn to guide the eyes.”
Note: The temperature written as 250 °K should presumably be 350 °K. The unit on the y axis
shows meter/siemens which is equivalent to Qm. Figure and caption obtained from El Hasnaoui

et al. .
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At higher CB concentrations the materials behavior deviates strongly from regular semi-
conducting materials. For those, the resistivity decreases with increasing temperatures
as more and more electrons get thermally excited to the conduction layer. In contrast,
the semi-conducting compound exhibits a strong exponential growth in resistivity with
temperature.

Another study also examining the temperature dependence of the resistivity for varying
CB concentrations is [113]. Some of its results can be seen below in Figure [3.6]
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Figure 3.6: "Temperature dependence of the resistivity values for [...| HDPE-CB2 [..]]
composites filled with various CB amounts.” Figure and caption taken from [113]. The
caption was adjusted to remove discussions about other sub-figures.

Once again a strong increase in resistivity starts being seen as the compound reaches
~ 100 °C, note the logarithmic y-axis. After peaking, a strong decrease in resistivity is
seen, indicating the NTC region. There is also a clear difference when comparing the
temperature at which the increase in resistivity starts at when comparing to Figure [3.5
making it clear that different compositions and types of materials can also adjust such
parameters.



4 Methodology

This chapter describes the preparation of samples and how the measurements are conducted
at sample level and product level.

4.1 Preparation of Sample

To create samples with easy access to the semi-conducting layer a standardized procedure
in accordance with TEC standards 60840 § 12.4.9, 62067 § 12.4.9, 60811-401 along with
the internal guidelines of the Material Technologies division at NKT was followed. The
semi-conducting material is designed for transmitting voltages of 525 kV at a standard
operating temperature of 70 °C'. The standard measuring temperature is, however, 90

°C.

The sample preparation process started with a large length of cable, usually between one
and two meters. The cable was then sawed into smaller pieces with the desired length of
~ 200 mm. A picture of this starting point can be seen below in Figure

Figure 4.1: The starting point in the sample preparation process, a 200 mm piece of
cable.

The outer sheaths of the samples were then cleaved and removed. Everything between the
outer sheath and OSL, which to be clear are simply swelling bands and copper wires, were
also removed. Below is a picture of the sample post cleaving with the protective sheath,
copper wires, and swelling bands put to the side.

22



Chapter 4. Methodology 23

Figure 4.2: Picture showing the sample and everything that was removed during the
first step of the sample preparation process. The sample, which is now ready for having
electrodes applied if the OSL is to be studied, can be seen on the right. The removed
swelling bands (top), protective sheath (right), and copper wires (middle) can also be
seen.

At this point the sample consists of the four innermost layers, the conducting cable, ISL,
insulation, and OSL. The samples were now ready for OSL-measurements but not ISL-
measurements. To prepare an ISL-sample, an OSL-sample was cleaved down the middle
and had its conductive cable removed. The swelling bands between the conducting cable
and the ISL were also removed and the ISL was further cleaned to remove any remnants
of the swelling bands. Every 200 mm section of cable could either yield one OSL sample
or two ISL samples.

Figure 4.3: Picture showing the results of cleaving an OSL-sample with the purpose of
creating ISL-samples. This yields two ISL samples (top left), the conductive core (top
right), and swelling bands (bottom right).
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With both ISL- and OSL-samples having been stripped down to their necessary parts the
electrical contacts could now be added. Four ~ 3 — 4 mm thick lines of silver conductive
paint, SCP, were painted at set distances from each other and acted as electrodes. Different
types of SCP were used during the project with varying silver concentrations of ~ 50 — 70
%. The current was driven through the outermost electrodes which were placed 25 mm
from the inner electrodes. The inner electrodes were used for voltage measurements and
separated by a distance of 50 mm. A sketch of the samples seen below in Figure [£.4] and
actual pictures of the finished samples in Figure

Outer Semiconducting b4 Outer Semiconducting
Layer Laver

Inner Semiconducting Tnner Semiconducting

Figure 4.4: A sketch showing the finished samples before measurements. A sample for
measuring the outer semiconducting layer can be seen on the left and for the inner layer
on the right. Distances between the electrodes, A, B, C, and D, are also marked as 25 mm
between A and B and C and D. The distance between B and C is 50 mm.

.....

(a) (b)

Figure 4.5: Two perspectives of finished ISL and OSL samples with the same design as
seen in the previous sketch. ISL samples are seen to the left in both pictures and OSL
samples to the right.

As one can see in Figure there is quite a big difference between the samples used
to examine the ISL and OSL. The samples used for ISL measurements are half-cylinders
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consisting of the ISL, insulation, and the OSL. The samples used for OSL measurements,
on the other hand, are complete cylinders and consists of all the same parts, but with the
addition of the conducting metal core. This means that there is a large mass difference
between an ISL and OSL sample from the same cable. ISL samples weigh ~ 0.85 kg and
OSL samples ~ 7 kg. Furthermore, there is more stability against deformations for OSL
samples compared to ISL samples due to the stabilizing presence of the core.

To measure the thickness and diameter of the samples two methods were used. Firstly,
pictures of slices of cable were analyzed with software to give averages of the diameter
and thickness. These measurements were also manually confirmed using a precise, digital
caliper. Caliper measurements were performed on six different points on each side of
the cable which were then averaged out. For samples were the software analysis was not
available, only the caliper measurements were used.

4.2 Resistivity Measurements

The resistivity measurements themselves were also done in accordance with IEC standards
60840 § 12.4.9, 62067 § 12.4.9, 60811-401 along with the internal guidelines of the Material
Technologies division.

After the sample had been prepared it was placed on an appropriate rig for measuring.
These rigs had four probes that were placed on the electrodes. Three pictures of the rig
itself, an ISL sample on the ISL side of the rig, and an OSL sample on the OSL side of the
rig can be seen below in Figure [4.6

(a) The measuring rig used (b) An ISL sample on the (c) An OSL sample on the
for all measurements except ISL side of the measuring rig. OSL side of the measuring
humidity measurements. rig.

Figure 4.6

The probes were connected to a B2910BL Precision Source/Measure Unit (SMU)
which supplied pulses of current through the outer electrodes, measured the voltage over
the two middle electrodes, found the resistance, and calculated the resistivity using the
dimensions of the sample with Equation 3.3} Unless otherwise stated the injected current
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was 10 nA and applied periodically every 45 seconds for a duration of 16 hours. The results
were exported to a separate device where they were read and plotted using Python. Many
different variables were studied to see the effect that they had on the resistivity over long
measurements. These include:

e The effect of repeated measurements on one sample

e Using a constant measuring current or periodic (10 nA)
e Different temperatures (75, 90, 105 °C)

e Different types of semiconducting layers

e Cross-linked and non cross-linked materials (Samples for all other measurements were
as a default cross-linked)

e Different shapes of OSL-samples
e Different humidities (10, 30, 50, 70, 90 %RH)

For each of different variables multiple different values were studied and each value studied
multiple times to minimize the effect of potential errors. All samples started at room
temperature before being inserted into the measuring location. Most measurements were
performed in an oven set to 90 °C'. Measurements were started right before this insertion,
meaning that the first value comes from a room temperature sample.

4.2.1 Recreation of Introductory Results

For these measurements samples were procured from cables of the same type as the in-
troductory measurements. They were not from the same length of cable but they were
made in the same way. The samples were prepared using the previously described method,
the same as for the original measurements. The measurements themselves were performed
under the same circumstances as the old measurements, using the same temperature of 90
°C. Every 45 seconds a 10 nA current was driven through the sample and the resistance
measured. The resistivity was calculated using the logged resistance.

4.2.2 Repeated Measurements

To examine whether measurements had some sort of ageing effect on the samples multiple
measurements were performed on the same sample over a period of weeks. Before and after
each measurement the thickness and diameter of the relevant semi-conducting layer was
examined. The silver contacts were also optically confirmed to be intact. The intervals
between measurements were large enough for the samples to rest and return to room
temperature, ranging from a couple of days to more than a week. Two sets of measurements
were performed using this method, one to examine the ISL and one for the OSL, each
consisting of five separate data points. All of these measurements were performed at the
standard measuring temperature of 90 °C'. Every 45 seconds, for a duration of 16 hours,
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a 10 nA current was driven through the sample to measure its resistance and calculate its
resistivity.

4.2.3 Constant Injected Current

This was a quite simple measurement. A constant current, of the same magnitude as
other measurements, of 10 nA driven through the sample for the entire measurement.
The measurement was performed at the standard operating temperature of 90 °C. The
resistance was measured and the resistivity calculated and logged every 45 seconds for 16
hours. A single measurement of this was done for both the ISL and OSL.

4.2.4 Temperature

These sets of measurements were the most extensive ones and constitute the largest single
part of the project. For the study of the temperature’s effect on resistivity, the measurement
rig was put inside an oven set at varied temperatures. A current of 10 nA was supplied
every 45 seconds for 16 hours, the resistance measured, and the resistivity subsequently
calculated and logged. Measurements were performed at 75 °C', 90 °C, and 105 °C. For
each of these temperature three measurements were performed. The temperature of the
semi-conducting material was also measured and logged during the measurement. The
method for measuring the temperature is described in section 4.3.

4.2.5 Different Types of Semi-Conducting Layers

To study the difference between different types of semi-conducting layers another model
of cable with a different semi-conducting layer was compared to the temperature measure-
ments in section 4.2.4. The samples were prepared and measured in the same way at the
same temperatures (75, 90, 105 °C) as the aforementioned measurements. Measurements

were performed every 45 seconds for a duration of 16 hours using a measuring current of
10 nA.

4.2.6 Non Cross-Linked Samples

Samples that had not yet been cross-linked along with the same type of samples but
cross-linked were obtained from the NKT factory in Koéln. The samples had the same
semi-conducting material as all other samples and had already been prepared up until the
electrode-painting step. Measurements were performed at 90 °C' using a measuring current
of 10 nA every 45 seconds for a duration of 16 hours.

4.2.7 Different Shapes of OSL-Samples

To examine the effect that the shape and mass of OSL samples have on the results, an
alternate design for OSL samples was prepared. A complete OSL sample was split down
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the middle and had its conductor removed. This design is essentially an ISL sample but
with the electrodes put on the outside. A picture showing the alternate design can be seen
below in Figure [4.7]

(a) (b)

Figure 4.7: Two perspectives of the alternative preparation for OSL samples.

The measurement itself was performed on the ISL side of the rig at the standard temper-
ature of 90 °C' and with the standard measuring current, 10 nA, every 45 seconds for 16
hours.

4.2.8 Humidity

For humidity measurements a different rig employed. This rig was easier to use and pro-
vided better contact between the probes and electrodes. With it both the ISL and OSL
could be measured simultaneously. Pictures of the rig with and without samples can be
seen below in Figure [4.8

(a) (b)

Figure 4.8: Two pictures of the measuring rig used for humidity measurements, showing it both
with and without samples.



Chapter 4. Methodology 29

The rig, with the samples, was put inside a climate chamber where humidity and tempera-
ture could be adjusted. The climate chamber itself was in a room with a relative humidity
of 50 % and a temperature of 23 °C'. A couple of hours before the start of the measurement
the climate chamber was set at its desired temperature and humidity. A temperature of
80 °C was always used while the relative humidity was varied. Room temperature samples
were taken from outside the room with the climate chamber and immediately put onto the
measuring rig. The rig was then fastened and the measurements started. The same type
of SMU was used as in the temperature measurement and the same measuring current of
10 nA was used.

4.3 Temperature Measurements

As many of the tests are performed at elevated temperatures it is also interesting to examine
the duration it takes for samples to reach the temperature of their environment. For this
purpose a K-type thermocouple wire was used. A small hole with a diameter of ~ 2 mm,
about the same diameter as the wire, was drilled into the sample approximately 2 ¢m from
the outermost electrode. The hole was drilled diagonally into the semi-conducting layer
such that it is roughly in the middle of the layer, about 1 mm deep. The thermocouple
wire was inserted into the cavity far enough into it such that only the brown protective
jacket can be seen. A piece of tape is then applied on the wire to keep it in place without
covering the hole. Three pictures showing the main steps for this can be seen below in

Figure

Figure 4.9: Three pictures showing the process of inserting the K-type thermocouple wire
into an ISL sample.

This process was developed by the author of this thesis and was not based on any pre-
established standards. The method was, however, discussed with others and a couple of
different things were considered, the main ones being the following:

e To not affect the measurements. This was done by placing the wire outside of the
outermost electrode.
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e To get a temperature that reasonably represented the semi-conducting layer as a
bulk. This was done by placing the wire in the middle of the layer and not too close
to any edge.

e To make sure that the measured value actually represented the temperature of the
semi-conducting layer and not the air around it. This was done by drilling the hole
at an angle and making it such that its diameter was the same as the wire. This
made sure that airflow between the probe and the outside air was minimal.

Before each measurement the thermocouple wire was also tested at a known temperature
to make sure that the measured values were reliable.

4.4 Optical and Chemical Characterization

To get a better understanding of the surface of the samples and any possible contaminants
a scanning electron microscope (SEM), equipped with energy dispersive X-ray spectroscopy
(EDS) was employed. Understanding the topology of the surface along with types of con-
taminants can be very important when it comes to contact resistance [115][116]]|117].

For the SEM and EDS analysis separate samples were created. These were simply small
pieces cut from the same cables as the normal samples and consisted of either a part of the
ISL or OSL along with some insulation. These samples were approximately 7 mm thick.
They were then cleaned and contacts were created on parts of the samples.



5 Results and Discussion

This chapter describes the results obtained from all the types of measurements described in
the previous chapter. The exact methodologies used to prepare and measure the samples
are described in chapter 4. Some brief summaries of the methodology will, however, still
be provided at the beginning of each section. Something that goes for all measurements
is that the samples started at room temperature before being inserted into the measuring
area. This also means that the start of the measurement show the transition between room
temperature and the measuring conditions.

Before looking at the results, it can be important to keep in mind some differences between
individual samples and between ISL and OSL samples. Each measurement is performed
on a new sample, all of which naturally vary slightly. Discrepancies between measure-
ments that are expected to look the same can therefore occur simply due to these inherent
variations. While the ISL and OSL consist of the same material, they differ in how they
are applied to the cable during production. ISL and OSL samples also differ in shape
and size. Differences between ISL and OSL results do therefore not indicate some dif-

ference in material property, but rather come from differences in production and sample
preparation.

5.1 Recreation of Introductory Results

As a start, the results that initiated the thesis are recreated. These recreations are plotted
together with the original results below in Figure [5.1] Note the logarithmic y-axis.
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Figure 5.1: Recreations of the introductory results that initiated this thesis plotted together with
their corresponding introductory measurements.
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In general the recreations seem quite similar to the original ones but with one clear discrep-
ancy: the time it takes to reach the peak. For both the ISL and OSL it takes longer for the
recreation to reach its peak compared to the original. This effect is more noticeable for the
ISL than OSL, but is clearly present in both. Concerning the ISL sample the recreation
takes &~ 3 h longer to reach its peak while the OSL sample takes an additional hour to
reach its peak. The resistivity values that the recreations end up at seem consistent with
the introductory measurements.

There are a couple of reasons that could explain the discrepancies between the two results.
A minor difference is regarding when the measurements were initiated. In the original
results, the sample was put into the oven before the first data point. In contrast, the
measurements for this thesis were started while the sample was outside the oven at room
temperature before quickly being inserted into the oven. This should constitute a difference
of at most a couple of minutes and does not seem like a reasonable explanation for the
differences seen in Figure [5.1]

Another possible explanation would be a difference in the samples themselves. The recre-
ation samples were taken from the same type of cable but not from the same length of
cable. This means that there could be differences between the cables simply resulting from
them being created in different ways. There was also a significant divergence when it comes
to the diameter, D, and thickness, t between introductory and recreation measurements.
These are detailed below in Table (.11

Table 5.1: The thickness and diameter of samples for both the introductory measurements
and their recreations.

D [mm] | t [mm]
Introductory ISL 68 2.2
Recreation ISL 61 1.4
Introductory OSL 124 2.0
Recreation OSL 112 14

The differences in D and ¢ should only affect the results by a relatively small factor judging
from Equation and once again do not seem to be a satisfactory explanation of why
the samples take longer to reach their peak resistivity. A final possible explanation for
these differences would be changes to the methodology and equipment. The introductory
measurements were performed three years prior to the creation of the thesis and since then
SCP, SMU, and measuring rig have all been changed. Nonetheless, the recreations were
still successful as they share the general characteristics and approximate resistivity values
as the introductory measurements,
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5.2 Repeated Measurements on One Sample

The two sets of repeated measurements on ISL and OSL samples can be seen below in
Figures [5.2a] and [5.2b| respectively. The legend and indexes indicate the dates that the
measurements were performed in the format YYMMDD.
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Figure 5.2: Two graphs, each showing multiple measurements of the same sample per-
formed at different times for one ISL sample (a) and one OSL sample (b). The legends
indicate the dates (YYMMDD) that the measurements were started.

Here the first measurement, 250219, has about half of the resistivity compared to all other
measurements. Although this would not be impossible, it is also to be noted that the
thickness of the semi-conducting layer was registered as 1.01 mm, less than half of the
thickness after the first measurement. It is somewhat likely that this was simply a typo
and that the thickness in actuality was 2.01 mm. This second thickness also aligns better
with measurements on similar pieces. The same measurement but adjusted for this can be
seen below in Figure |5.3
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Figure 5.3: Adjusted version of Figure where the first measurement, 250219, has
been multiplied with a factor of two to make up for what could have been a typing error.

It is, however, also possible that all measurements except the first one had their thicknesses
incorrectly inputted. Both the OSL plot in Figure [5.2b| and many of the plots that will be
discussed in the following sections that were performed at the same temperature ended up
close to 5 Qm, the same as the 250219 measurement. The truth could naturally also be
somewhere in the middle with the initial thickness being written as too small and all of
the following as too large. Regardless of the quality of the results, these measurements act
as a clear example that the method for measuring thickness was less than ideal, leading to
unnecessary uncertainties.

Looking at Figure [5.2b| a consistent decrease in resistivity for each measurement can be
seen. This change is not radical but it indicates that there is some aging, that results in a
decrease of resistivity.

The diameter, D, and thickness, ¢, was also measured before and after each measurement.
A table of D and t before and after the initial measurement can be seen below in Table
b.2l D and t were remeasured after every subsequent measurement but always tended
back towards the values seen after the first measurement which is why only those are
shown below.

Table 5.2: The diameter and thickness of samples pre- and post-measurement. The post
measurement values were obtained after the sample had cooled down, i.e. these values do
not come as a consequence of thermal expansion of a hot object.

D pre [mm)] | ¢t pre [mm] | D post [mm] | ¢ post [mm)]

ISL Sample 1 67 2.0 62 2.10
OSL Sample 1 124 2.1 125 1.95
ISL Sample 2 66 1.65 62 1.75

OSL Sample 2 121 1.35 122 1.35
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In general the results stay somewhat consistent throughout repeated measurements, keep-
ing the same characteristics over time but with slightly adjusted values of resistivity. Part
of the reason for differences in resistivity come from the changes in D and ¢ shown in Table
.2l For ISL samples a decrease in D and an increase in ¢ was seen while for OSL samples
the opposite of an increase in D and decrease in t was noted. All measurements also start

at approximately the same value indicating that the samples return to their initial states
after cooling down post measurement.

5.3 Constant Measuring Current

A single measurement was conducted for both an ISL and an OSL sample using the constant
power mode on the SMU. This meant that the measuring current of 10 nA was continuously
driven through the sample. Measurements were still only recorded every 45 seconds. The
results from these measurements are presented below in Figure [5.4]
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Figure 5.4: Graphs showing the difference in resistivity between having a periodically or
constantly applied measuring voltage for ISL (a) and OSL (b).

As can be seen, there does not seem to be an especially large difference between plots with
a constant measuring current and periodically driven measuring current. The OSL curves
are essentially identical while there is more of a difference between the ISL curves. The
ISL curves are, unfortunately, not that reliable due to mistakes made in the methodology.
The OSL measurements were performed in the same period of time on the same batch of
cable while the ISL. measurements were performed months apart and with samples from
different cable batches. Due to a lack of available cable pieces at the time the constant
measuring current measurement for the ISL was also performed on a sample that had been
previously been used on a humidity measurement which could further have affected results.
Due to a lack of time no backup measurements were performed which further increases the
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uncertainty of the ISL measurement. The much more reliable OSL result shows how a
constant measuring current does not affect results.

It is not necessarily an unexpected that a constantly driven measuring current would not
affect the results significantly. It was still interesting to study it to see whether the semi-
conducting material would act as a capacitor, that would provide possibility to measure and
assess permittivity apart from resistivity, with the polymer acting as a dielectric between
the conductive carbon. If this was the case and since DC current was used for mea-
surements, the current would likely stop flowing as the capacitors charged, significantly
increasing the resistivity. This also nicely aligns with previous studies on CB polymer
compounds being quite bad capacitors [118].

5.4 Temperature Effects

Temperature measurements were performed at three different temperature points: 75, 90,
105 °C. The results from these measurements are presented in Figure [5.5
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Figure 5.5: Two graphs showing the resistivity of ISL and OSL samples as a function of
time for three different temperatures, 75, 90, and 105 °C'.

It is clear that ISL and OSL results have very different characteristics. ISL samples reach
their peak resistivity after about two hours, after which the resistivity slowly starts drop-
ping, while the resistivity in OSL samples keep on increasing even after 16 hours. The
resistivity difference between different temperatures in OSL samples are also much larger
than in ISL samples where all results tend toward the same value.

That the ISL results all reach the same value indicate that the ISL has a superior tem-
perature resistance when compared to the OSL. This is desirable as the ISL faces higher
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temperatures during normal use than the OSL.

Looking closer at Figure[5.5a], there is another detail separating it from the OSL results. At
the beginning of the measurement, roughly one to two hours in, the resistivity peaks. This
peak becomes more distinct at higher temperatures, being quite obvious at 105 °C, barely
noticeable at 90 °C', and seemingly non-existent at 75 °C'. This peak could potentially come
as a result of the NTC seen at larger temperatures for the semi-conducting compound. If
this was the case, something similar should probably be seen on OSL measurements as
well. This is, however, not the case. Another explanation for the peak could be the
thermal expansion of the rest the sample. As the insulation layer of an ISL sample heats
up and expands, it partly crumples up, decreasing D and slightly increasing ¢, in turn
decreasing p. This decrease had a magnitude of approximately 6.5 %.

A detail that needs to be disclosed is that the ISL and OSL samples came from different
cables. The materials that composed the cables were still the same and the samples were
prepared in the same way. It was determined that this would not affect the results. The
main difference between the cables was a slight difference in size. This difference should
be easily ignored as ISL and OSL samples always have different sizes and the dimensions
of the sample are adjusted for in the resistivity calculation.

The simplest explanation for differences in the results comes from the widely different
masses of the samples. OSL samples have almost 10 times the mass of ISL samples (=
0.85kg for ISL and =~ Tkg for OSL). It seems reasonable that this would lead to the semi-
conducting layers and the rest of the cable heating up at different paces. To examine this,
the temperature change over time for inner and outer semi-conducting layers were plotted
and can be seen below in Figure |5.6|
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Figure 5.6: Graph showing the change in temperature for the inner and outer semi-

conducting layers as a function of time. The sensor is placed inside the middle of the
semi-conducting layer, roughly 1 mm deep.
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Although the ISL heats up slightly faster, this difference is minimal and can not explain
the stark difference between the results in Figure [5.5 This does not mean that ISL and
OSL samples react the same to being heated up. The results in Figure [5.6| only show the
temperature in the middle of the semi-conducting layers and not in other parts such as
the insulating layer. The insulating layer, constituting the largest fraction of a sample and
being a thermal insulator, heats up very slowly. This means that the thermal expansion of
this layer will take much longer than the roughly two hours it takes for the semi-conducting
layer to heat up.

As the insulating layer expands, it changes both the diameter and thickness of the semi-
conducting layers. This is where a clear difference between ISL and OSL samples can be
seen. Without the stabilization of the conducting core, ISL samples partly collapse in on
themselves, crumpling up like a spider’s legs post mortem, decreasing the diameter. The
reduction in diameter of the sample also increases the thickness of the semi-conducting
layer. Examples of these changes after a sample had cooled down following a measurement
can be seen in Table [5.2] but are summarized as follows: on average ISL samples had their
diameter reduced by &~ 4.5 mm (= 6.5 %) and their thickness increased by ~ 0.1 mm (= 5
%). OSL samples, on the other hand had their diameters increased by ~ 1 mm (= 1 %)
and their thickness decreased by ~ 0.1 mm (=5 %).

This offers some explanation to why the resistivity would continually increase/decrease
for OSL and ISL samples respectively and could quite nicely describe Figure [5.5al Figure
is a bit trickier as the long term change in resistivity is larger compared to Figure
[5.54] but it seems likely that this change just comes as a result of a combination of all the
aforementioned reasons.

Focusing in on only the transient region, where most of the changes in resistivity happen
is also interesting. As seen in Figure [5.6]it takes roughly 6-8 hours for the semi-conducting
material to reach its equilibrium value.

Plotting the resistivity as a function of time together with the temperature as a function
of time can give a more detailed idea about the relationship between temperature and
resistivity.
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Figure 5.7: Two graphs showing the resistivity of an ISL and OSL sample plotted together
with its corresponding temperature curve.

For the ISL, the resistivity follows the temperature quite closely as a start but starts to
decrease as it reaches 90 °C. The resistivity of the OSL, in contrast, is not really affected
by temperature increases in the beginning of the measurement before quickly increasing
as the temperature approaches 90 °C'. Accurately measuring temperature is difficult, and
the depth at which the probe is placed matters greatly. It is probable that the probe for
for the ISL sample was placed at a deeper depth than the probe in the OSL sample which
explains why it takes longer to heat up. This difficulty will lead to some errors that will
also propagate through the following results.

To get a better understanding of the plots in Figure they are recreated showing resis-
tivity as a function of temperature which can be seen below in Figure [5.8
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Figure 5.8: The resistivity as a function of temperature for the results in Figure .

This further emphasizes the weak exponential increase in resistivity for the ISL results
and the stronger exponential increase for the OSL result. Although these results are
interesting, they also suffer from a somewhat scuffed x-axis since most data points exist
at higher temperatures. This explains why the small jump in resistivity at the beginning

of Figure takes up much more space in Figure [5.8b] Therefore, the points at higher
temperatures are also more reliable.

The exponential temperature dependence of the resistivity aligns with a tunneling based

conduction method, supported by previous studies such as El Hasnaoui et al. |110], seen
in Figure 3.5

To get a better understanding of this exponential relationship the heat-resistivity coeffi-
cient, a;, can be examined. Equation (3.5 can be rewritten to give a.

£-1
— fo _ 5.1
=TT (5.1)

Calculating « for every temperature and plotting it as a function of temperature shows how
much the resistivity is affected by temperature at different points. Two graphs showing «

as a function of temperature and its corresponding resistivity as a function of temperature
graph can be seen below in Figure 5.9
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Figure 5.9

As expected there is a strong increase in a towards higher temperatures with a at 90 °C
being roughly 280 times larger than a at 23 °C, «(90) = 2.8 and «(23) = 0.01. To clarify,
this means that the resistance grows at 280 times the speed at 90 °C' compared to 23 °C.
These values can starkly contrast each other for different samples, with some samples only
seeing a change in « by a factor of 5, but the same general trend can nevertheless always be
seen. In Figure[5.9a] an exponential fit has been applied although it does not fit particularly
well. From the theory discussed in section 3.3.2 two main explanations are given for how
resistivity changes over temperature: an exponential increase in resistivity from the CB
agglomerates getting spread out and an exponential decrease resulting from the rise in
electron energy. It therefore seems likely that o would also follow an exponential curve
which is why an exponential fit was chosen. Other fits, namely different polynomials were
also used but did not yield any better results. By plotting o and the fit with a logarithmic
y-axis it is easier to examine how « diverges from an exponential behavior.
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Figure 5.10: Figure but plotted with a logarithmic y-axis.
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Although the aforementioned explanations given in section 3.3.2 are reasonable and widely
accepted [64][97][98][119] they do paint a slightly misleading picture. The problem comes
from the fact that increases in resistivity due to widening gaps between CB agglomerates
has a complicated relationship with temperature. An increase in temperature does not
directly correlate to an increase in distance between CB agglomerates, in fact the average
distance remains the same, but rather to an increased probability that larger gaps form.
Looking at it another way, T' is not necessarily proportional to w. There is still a depen-
dence of w on T but an increase of X °C' does not necessarily correlate to an increased w
of C'- X where C' is some coefficient, constant or otherwise.

a goes through three distinct regions in Figure [5.10, Between ~ 20 — 30 °C' « increases
strongly as equilibrium conditions are broken, faster than the exponential fitting. Between
~ 30 — 70 °C' « still increases but at a slower pace before reaching another strong increase
again above 70 °C. This last point, at 70 °C' is approximately the glass transition tem-
perature of the polymer where more radical changes in structure are to be expected. The
general trend, however, remains the same, with increasing temperatures increasing both «
and p.

All of this to say that the temperature dependence of resistivity is complex. There are
also large differences in values of o between different samples, even with the same type of
semi-conducting material. The same general behavior of « increasing with 7' is still always
seen. Two examples showing other o behaviors are shown below in Figure 5.11
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Figure 5.11: Examples of a for two other measurements. Showing the large differences
in a between different samples.
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5.5 Different Types of Semi-Conducting Layers

For this measurement two types of semi-conducting materials are compared " Type 1”7 and
"Type 27. Type 1, is the same material seen in all other measurements.

Measurements on Type 2 were performed in the same way as the measurements for section
5.4 and are compared to the results of that section. To be clear, the Type 1 measurements

are the same ones seen in Figure 5.5 Measurements of both Type 1 and 2 can be seen
plotted together in Figure [5.12]
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Figure 5.12: The resistivity values of ISL samples (a) and OSL samples (b) with two
different types of semi-conducting materials as a function of time at three different tem-
peratures, 75, 90, and 105 °C'. The Type 1 measurements are the same as the results in

Figure

In every single case the Type 2 material has a higher resistivity than the corresponding
Type 1 material measurement. In the ISL measurements, seen in Figure[5.12a] the distinc-
tive peak is missing from the higher temperature measurements. The Type 2 measurements
also distinctly take a longer time to peak compared to their corresponding Type 1 mea-
surements. It is a bit harder to tell from the OSL measurements in Figure but the
same increase in time seems to be present there as well. Even though these differences are

not huge, it is still clear that the semi-conducting material can be adjusted to adapt for
different circumstances.

5.6 Cross-Linking

Samples from cables before and after cross-linking were obtained from the NKT factory
in Koln. These had the same semi-conducting material as all other samples and were



Chapter 5. Results and Discussion 44

measured at 90 °C every 45 seconds for 16 hours. The results from these measurements
can be seen below in Figure [5.13]
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The ISL results align quite
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Figure 5.13

nicely with expectations, with the temperature having a much
s-linked sample compared to the cross-linked one. As previously

discussed an increase in temperature leads to an increase in resistivity due to the breaking

up of conductive pathways.

As the non cross-linked polymer has a much lower temperature

resistance this effect gets amplified for non cross-linked results.

The OSL results are confusing. The cross-linked sample starts at a high resistivity of > 25
Qm and then barely change over the entire period, reaching a peak resistivity of ~ 33 Qm.
A closer look at all OSL measurements can be seen in Figure [5.14]
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at all OSL results for cross-linked and non cross-linked samples.
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The same weird behavior for the cross-linked samples was seen in both measurements,
which were performed on two separate samples. The results from the non cross-linked
samples look very similar to normal OSL results performed at 90 °C', although possibly
with slightly higher values of resistivity. Explaining these results from a physics standpoint
is difficult and it seems more likely that there was something wrong with the samples
themselves. The results were expected to follow the behavior seen in Figure with
cross-linked results being expected to look like standard OSL measurements at 90 °C,
while the non cross-linked ones being expected to have the same characteristics, but with
exaggerated values as the temperature increases,

5.7 Alternate OSL Design

For this measurement an alternate OSL design was prepared, essentially just being a normal
ISL sample but with the contacts on the outside. It was also measured on the ISL side of
the rig at 90 °C. Below, in Figure [5.15] the results from the alternate OSL preparation is
plotted together with ISL and OSL samples at the same temperature.
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Figure 5.15: The resistivity of the alternate OSL design at 90 °C' plotted together with
normal ISL and OSL samples at the same temperature.

Although all three measurements end up at approximately the same resistivity they all
take different ways to get there. As can also be seen in previous measurements, it takes
longer for OSL samples to reach their steady state than ISL samples with the alternate



Chapter 5. Results and Discussion 46

OSL design landing somewhere in the middle. As expected, the alternate OSL sample acts
as something in between an ISL and OSL sample, which it essentially is.

A possible explanation for the differences seen could have to do with the amount of semi-
conducting material on each sample. The alternate OSL design has half the amount of
semi-conducting material as a normal OSL sample but still significantly more than an ISL
sample. It is possible that the semi-conducting compound heats up slower when there is
more of it. This should in turn increase the time it takes for the resistivity to peak. This
does not really align with the results in section 5.4, but a potential problem with those
temperature measurements is that they only measured the temperature at a single point.
It is possible that they do not give a good idea of the material as a whole and that the
speed at which it heats up indeed depends on the size of the sample.

5.8 Humidity Effects

To examine the effect that humidity has on the resistivity, a climate chamber with ad-
justable temperature and humidity was employed. All measurements were performed at a
temperature of 80 °C.

Measurements for ISL and OSL respectively at five different values of relative humidity
can be seen below in Figure |5.16]
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(a) The resistivity of ISL samples as a func-  (b) The resistivity of OSL samples as a
tion of time at five different values of relative ~ function of time at five different values of
humidity: 10 %, 30 %, 50 %, 70 %, and 90  relative humidity: 10 %, 30 %, 50 %, 70 %,
%. and 90 %.

Figure 5.16

It is important to note that most, if not all, of the relative humidity values will not
be reached under normal usage. Not only does the protective jacket block any external
moisture but the swelling bands are also extremely at efficient at absorbing any moisture
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that could have gotten past the jacket. The ISL is even less likely to be affected by any
humidity as moisture would have to get past the OSL, insulation layer, and another layer
of swelling bands to affect it. The results are nonetheless presented and discussed.

The ISL measurements in Figure are, in general, quite different from the regular
temperature measurements. A strong increase in resistivity is still seen at the beginning
before a similarly quick decrease after only &~ 30 minutes. There is then a plateau, the
size/width of which increases with increasing values of relative humidity before another
quick decrease in resistivity which then finally leads to the steady state. There is one clear
outlier, the RH=10 % measurement, which looks almost identical to regular temperature
measurements. This can just be explained by the humidity not being high enough to affect
results. All of the other measurements, with the exception of the 90 % measurement end
up at the same resistivity of &~ 2 Qm. It seems unlikely that the 90 % result should differ
from the other measurements and this difference can probably be explained by measuring
errors.

The OSL measurements at all values of relative humility are essentially identical and all
end up at the same resistivity. This is the same value that most of the ISL. measurements
also ended up at. A reasonable explanation for this would be that enough moisture formed
on the samples such that the water on the surface was actually measured and not only the
semi-conducting material itself. That all of the results reach their steady state values as
quickly as they do further support the idea that the water on the surface is what is actually
being measured.

5.9 Optical and Chemical Characterization

SEM imaging was performed on both ISL and OSL surfaces to examine the amount and
types of contaminants. The contaminants where then analyzed using EDS to understand
their origins. SEM images of parts of ISL and OSL samples can be seen below in Figure

B.I7
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(b)

Figure 5.17: SEM images of the surfaces of the ISL (a) and OSL (b). Differences in
surface structure can be see, one example being the OSL showing a much smoother surface
compared to the ISL where a repeating pattern can be seen. Differences in quantity of con-
taminants can also be seen where the ISL has a higher concentration of large contaminants.
Both images were taken at 40x magnification with the width of the image corresponding
to 3.2 mm.

5.9.1 Contaminants and Chemical Characterization

In Figure|5.17) a couple of different types of contaminants could be seen. Some of these are
marked in different colors in Figure [5.18] and shown in more detail in the following section
together with their EDS spectra. The EDS spectra were created by point measurements
in the middle of the contaminants.

(b)
Figure 5.18: Figure but with some contaminants marked with different colors.

The contaminants looked at are divided into three different categories: contaminants from
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the conductor band, threads and superabsorbent polymer powder from the swelling bands,
and artifacts from the preparation or imaging process. Figures [5.19] and [5.20] show con-
taminants that fit into the conductor band category, Figures into the swelling
bands category and Figure into the artifacts from preparation and imaging.

The SEM images and the corresponding spectra for the conductor band contaminants can
be seen below.

(b)

Figure 5.19: The contaminant from Figure marked with a green circle. a) shows an
SEM image while b) shows its corresponding EDS spectrum that was taken from a point
in the middle of the contaminant. The width of the image corresponds to 284 um.

(a) (b)

Figure 5.20: The contaminant from Figure marked with a yellow circle. a) shows an
SEM image while b) shows its corresponding EDS spectrum that was taken from a point
in the middle of the contaminant. The width of the image corresponds to 298 um.

The percentages of the different elements present for conductor band contaminants are
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detailed below in Table (.3l

Table 5.3: Elemental composition of the conductor band contaminants.

Figure # C N O Na Mg |Al| Si ([P| S Cl | K | Ca|Ti| Sum
5.19 49.52 | 20.91 | 26.03 | 0.88 0.05 0.51 | 0.71 | 0.84 | 0.54 100.00
5.20 55.27 | 15.45 | 17.83 | 1.91 1.44 | 2.82 | 3.91 | 1.37 100.00

The defining characteristic for this type of contaminant is the large percentage of nitrogen.
The conductor bands are the only part of the cable that have nitrogen, making it easy to
classify these contaminants. Something initially unexpected is that Figure [5.20| shows a
conductor band contaminant on an OSL sample. This is weird as the conductor bands are
only found next to the ISL but can simply be explained by cross-contamination.

The SEM images and the corresponding spectra for the swelling band contaminants can
be seen below.

(b)

Figure 5.21: The contaminant from Figure marked with a red circle. a) shows an
SEM image while b) shows its corresponding EDS spectrum that was taken from a point
in the middle of the contaminant. The width of the image corresponds to 346 um.
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(b)

Figure 5.22: The contaminant from Figure marked with a black circle. a) shows an
SEM image while b) shows its corresponding EDS spectrum that was taken from a point
in the middle of the contaminant. The width of the image corresponds to 1 mm.

The percentages of the different elements present for swelling band contaminants are de-
tailed below in Table [(.41

Table 5.4: Elemental composition of the swelling band contaminants.

Figure # CcC IN| O Na | Mg | Al | Si P S Cl | K | Ca |Ti| Sum

5.21 72.05 22.74 1 0.99 1.35 1 0.16 | 0.16 | 0.55 | 1.24 | 0.77 100.00

.22 71.14 26.71 | 0.57 | 0.12 | 0.11 | 0.36 0.47]0.14 ] 0.18 | 0.18 100.00

These contaminants are not as easily identified. The swelling bands themselves primarily
contain C and O, the same as the semi-conducting layer itself. The main identifiers are the
general appearance of the contaminants and all of the small amounts of other elements.
Elements such as Na, K, and Ca are all commonplace in the superabsorbent polymer
powder. Table also shows signs of Mg and Al. Both aluminum and magnesium are
common elements when constructing SEMs and their holders and are therefore likely an
artifact from the tool itself.

The SEM image and its corresponding spectrum for artifacts from preparation and imaging
can be seen below.
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(b)

Figure 5.23: The contaminant from Figure marked with a purple circle. a) shows an
SEM image while b) shows its corresponding EDS spectrum that was taken from a point
in the middle of the contaminant. The width of the image corresponds to 284 um.

The data from the final category of artifacts from preparation and imaging can be seen
below in Table 5.5

Table 5.5: Elemental composition of the artifacts from preparation and imaging contaminant.

Figure # C IN| O | Na|Mg| Al Si |[P|S|Cl|K| Ca | Ti | Sum
5.23] | 60.55 5.74 3.89 | 14.17 15.42 | 0.22 | 100.00

This contaminant shows significant amounts of Al, Si, and Ti, all of which are common
elements in tools like SEMs. They could also come from the sample holder or other tools
used when preparing the samples themselves. The high amount of calcium could indicate
that this is another element that is an artifact from the preparation and measuring and
that the calcium in the other contaminants could also come from this.

In general both the amount and severity of contaminants are quite low. One aspect to
them that could potentially be a cause of worry is the presence of S in both the conductor
and swelling band contaminants. As discussed in section 3.4.1 silver-sulfur reactions could
degrade the quality of contacts but the concentrations are so low that this does not seem
like a problem.

Performing EDS analysis on the entire regions seen in Figures and gives an
idea of how prevalent contaminants are. Spectra for these scans are seen below in Figure

.24
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(a) EDS spectrum for the entire region in  (b) EDS spectrum for the entire region in

Figure Figure

Figure 5.24

From these spectra contaminants seem more common on the ISL than the OSL. This seems
reasonable as not only is the OSL more thoroughly cleaned but the ISLs proximity to both
the conductor and swelling bands means there are simply more sources of contaminants.
In general, however, the concentration of the contaminants is quite low with only trace
amounts being found.

5.9.2 Imaging of Contacts

The contact resistance partially depends on the topology and morphology of the contacts,
using SEM one can study these aspects of both ISL and OSL samples. It can also give
an idea of the coverage of the SCP. Below, in Figure four SEM images of the silver
contacts, both using the secondary electron detector and the back-scatterered topology
mode can be seen.
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HighVac. [B1x50 500 um

(c) ISL BS-TOPO. (d) OSL BS-TOPO.

Figure 5.25: Four figures showing SEM imaging of the silver contacts. The upper row
shows secondary electron imaging of the ISL and OSL respectively. The lower row shows
the back-scattered topographical signal, once again of ISL and OSL respectively.

These images are quite promising. Most of the advanced weave-like structure seen for ISL
samples, along with contaminants for both ISL and OSL, are not present in these SEM
image. For the OSL, the surface is flat and completely covered in the silver. The ISL
surface, on the other hand still shows remnants of the underlying structure, although the
differences in height are not as significant as before the SCP was applied.

The SCP covers most of the sample with only some minor spots not being covered. A
conclusion that can be drawn from this is that method for applying the SCP is quite
satisfactory.
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5.10 General Discussion of Results and Error Analy-
sis

There is a clear difference between ISL and OSL samples, regardless of which parameter
was being studied. This might seem odd as the same material is used for both layers, but
there are some clear differences in fabrication between the two.

The biggest difference between ISL and OSL samples is naturally the shape and mass
difference of the samples. ISL samples consist of half a cylinder with no conducting core,
while OSL samples are whole cylinders with a conducting core. This leads to an enormous
mass difference of almost a factor 10 (=~ 0.85kg for ISL samples and ~ T7kg for OSL
samples). As seen in the SEM analysis of the samples, such as Figure , there are
also differences in the topology of the ISL and OSL. The ISL, being closely packed to the
conductor bands, get imprinted by their pattern. The same is not the case for the outer
semi-conducting layer. A final difference between them is that OSL samples are thoroughly
cleaned using conventional methods, such as scrubbing with dish soap, resulting in lower
concentrations of contaminants while ISL samples are not.

There are a couple of things to consider that could have contributed to errors both small,
changing the results by a some factor, or large, introducing uncertainties that question the
accuracy of a measurement.

One inaccuracy that permeates the entire thesis is describing everything in terms of resis-
tivity when resistance would probably be more accurate. The difference between resistance
and resistivity is, as seen in Equation[3.3] just a factor of some geometric properties. Every-
thing that has been referred to as resistivity throughout this thesis has been the resistance
multiplied by the initial geometric factor at room temperature. This means that for every
measurement there is a small error, that increases with temperature, due to the discrep-
ancy between the initial and current geometric properties. If the dimensions of the sample
could be continually updated throughout the measurement more accurate results could be
obtained. This would, however, be an herculean task as not only would the temperature
of the semi-conducting layers have to accurately kept up to date, from which the thermal
expansion calculated and geometric properties updated, but the same would go for the
insulation as its expansion also affects the dimensions of the semi-conducting layer.

As a consequence of the discrepancy between the "real” resistivity and the measured resis-
tivity, the dimensions of the sample start mattering. Normally, resistivity is an intensive
quality, meaning that it does not depend on the volume of the sample while resistance is
an extensive quality, depending on the volume. This does not hold when the resistivity is
calculated from the resistance as the resistivity now depends on an extensive quality.

Something that has been continuously seen in many measurements is how the resistivity
has kept on either increasing or decreasing for a long time, even after the semi-conducting
layer has reached thermal equilibrium. As previously discussed, one explanation for this is
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the thermal expansion of the rest of the cable. This thermal expansion in turn pushes on
the semi-conducting layer either increasing the thickness of it for ISL samples, or decreasing
it for OSL samples. This change of thickness does not affect resistivity but does affect the
resistance. As the measured resistivity depends on resistance it would, as opposed to the
actual resistivity, also be affected by this. Therefore it is possible that the changes in
resistivity seen after a couple of hours could just be changes in resistance but not actual
resistivity.

Even though the measured and calculated resistivity has its issues, and would probably be
more accurately described by using resistance, it still gives reasonable values of the actual
resistivity as in most cases the changes in diameter and thickness are still relatively minor.
It is simply something that should be kept in mind when discussing results.

One of the smaller potential errors comes from difficulties in measuring the thickness of
the semi-conducting layers. When looking at Equation we can see that the resistivity
is proportional to a geometrical factor of (d — t) - t. The thickness of the semi-conducting
layers can vary quite a bit around the circumference making it difficult to have a realistic
value of . The variation in thickness can, for example, be about 30 % larger at the thickest
sections compared to the thinnest. This can make it a bit difficult to precisely determine
a t that would give perfect results.

Another difficulty comes from difficulties in measuring the temperature of the semi-conducting
material. The method used provides results that seem reasonable, but since only one point
was measured it is difficult to say how well the measured temperature represents the ma-
terial at large. As discussed, the temperature plays a considerable role in the conductive
abilities of the semi-conducting material and if a large temperature gradient was present
throughout the material it could affect the results.

Inaccuracies could also occur from contact resistance or other difficulties with the contacts.
Thankfully, due to using a four-point probe method with measurements performed at a
set current, contact resistance is theoretically not something that will have had a large, if
any, effect on results.

Something that was noticed for a large fraction of the measurements was that the samples
had moved by upwards of 5 mm during the measurement. This movement was more
clearly pronounced for OSL samples. This movement could come as a result of the thermal
expansion or a slight melting of the sample or the careless handling of the measurement
rigs as they were inserted into the measuring areas. The temperature effect explanation
seems more significant as, in general, the motion away from the probes was clearer for
measurements performed at higher temperatures.

Whatever the reason, this lead to the contacts getting shifted away from the probes. The
consequences of this do not seem to be too severe. Although it is not known exactly when
this movement away from the probe happened, making it more difficult to connect it to
some behavior seen in the results, it seems likely that it can be connected to the unstable,
fluctuating, behavior seen in some graphs. One clear example of this would be in Figure



Chapter 5. Results and Discussion 57

[.5 which is shown below for the convenience of the reader.

P I
o N b
‘ N L

Resistivity [Qm)]
O? (o]

IS

0 2 4 6 8 10 12 14 16
Time [h]
Figure 5.26: "The resistivity of OSL samples as a function of time for three different

temperatures, 75, 90, and 105 °C.” This figure and caption was previously seen in Figure
and is reprinted here for the convenience of the reader.

In the 105 °C' plot an erratic behavior starts being seen after ~ 5 hours. Before this, the
plot was quite smooth, making the contrast even clearer. The 90 °C' plot also shows some
unstableness throughout the entire measurement but to a much smaller degree while the
75 °C' plot is very smooth. The magnitude of this noise is relatively small in effect, about
10 % of the total magnitude.

A simple experiment was conducted to get a better understanding of the effect that dis-
connects between probes and contacts had on the resistivity. ISL and OSL samples were
placed on the rig as during a normal measurement and the resistivity was measured every
10 seconds for a period of 15 minutes at room temperature. The samples were then shifted
~ 1 c¢m such that none of the probes touched contacts and the resistivity measurement
was performed again. Each of these measurements were performed twice. The results from
these measurements can be seen below in Figure [5.27]
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Figure 5.27

For the ISL results there was seemingly no difference between the results when the probes
and contacts were in contact, and when they were not. This is the desired result when
using a four-point probe method as it should bypass contact resistance.

The OSL results, on the other hand, show significant differences. Not only is the resistivity
larger when the probes and contacts are not touching, but it is also much more unstable,
fluctuating during the entire measurement and never reaching an especially stable value.
Something to note is that the ” Contact-Probe connection” measurement has a very large
resistivity compared to typical OSL results. This should, however, not affect the larger

change in resistivity seen between the ”Contact-Probe Connection” and ”Contact-Probe
No Connection” measurements.

This short experiment compared the scenarios when all probes and contacts being in con-
tact to when none of them were connected. This differs from typical measurements where
usually only one or two contacts become disconnected. Regardless of these differences from
an actual measurement this still seems like a valid explanation to why some OSL results
fluctuate and why large jumps in resistivity can occasionally be seen. It also shows the

importance of having the good contacts and makes it clear that the OSL side of the rig
leaves a lot to be desired.

The K-type thermocouple wire that was used for the measurements also had its issues
as it was both difficult to use and had not been calibrated. For a thermocouple wire to
accurately read temperature, the two wires of different metals within it have to touch each
other at the point where the temperature is measured. It was relatively common that the
contact between the wires would be broken when the wire was inserted into the measuring
area, making the measurement useless. This could usually be noticed immediately when
the measurement was initiated and easily fixed by simply redoing the measurement. The
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lack of calibration seems like a relatively minor issue as both the starting and end values
are mostly correct and the rest of the result seems reasonable.

Due to measurements being performed for long periods of time, 16 hours, there only being
one measuring rig with SMU, and the large amount of different aspects that were studied,
it was difficult to obtain the desired amount of measurements. Ideally, with more time
and resources, at least three measurements per measuring point would have been done
to increase the consistency of results. This was done to some degree, with almost every
measurement being repeated at least once, and sometimes twice but once again, more
repeated measurements would naturally be better. During the project there were longer
periods of time where the measuring equipment was not available due to calibration and
other such things that exacerbated the problem of not having enough time for all the
measurements. In hindsight, it may have been smart to slightly decrease the scope of
the thesis to make sure that all measurements would have more backup measurements to
increase the accuracy of the results.

Unfortunately, the thermocouple wire used to conduct temperature measurements was not
obtained until more than 2 months into the project. As a consequence the amount of tem-
perature measurements was quite limited. Furthermore, the equipment was only available
every other week which further decreased the amount of temperature measurements. On a
more positive note, the variation in how different samples heated was significantly smaller
than the variation observed for their resistivity. Nearly all ISL measurements exhibited
the same thermal behavior, as did the OSL measurements. Ideally this would mean that
any given 90 °C' temperature measurement would be able to accurately describe all others
performed at the same temperature, counteracting the inaccuracies from a lower amount
of total measurements.



6 Conclusion

In this thesis the mechanics behind resistivity measurements for the semi-conducting layers
in HVDC cables have been discussed in detail. 16 hour long measurements were performed
and had their results discussed on different semi-conducting samples in varying conditions
such as: different temperatures, using a constant measuring current contra a periodic
measuring current, alternate methods of preparing samples, cross-linked samples and non
cross-linked samples, different types of semi-conducting materials, and different values of
relative humidity. The measurements that initiated the creation of this thesis were also
successfully recreated. The incredibly high resistivity values that were obtained in the
introductory measurements seem to be a consequence of that specific cable/semi-conductor
material rather than something systematic with multi-hour measurements. SEM and EDS
analysis was also performed on the samples to get a better understanding of the material,
potential contaminants, its surface, and its composition. A detailed description of the
physics of the semi-conducting material was also provided which was then used to explain
results.

All pertinent measurements were successfully performed and for each of these the results
were thoroughly discussed and explanations for the results were put forth. Both theoretical
explanations, and more practical explanations connected to the methodology were detailed.
All important parts of the results were discussed: the transitionary region at the start, the
stabilization and steady state, and the long term effects seen after many hours. Some
difficulties with the methodology were also discussed.

These results can help further develop the testing methodology, improving results, and
deepening the understanding of semi-conducting measurements. Improving the efficiency
and understanding of testing methodology can hopefully, in turn, further the development
of cheaper, and more efficient semi-conductor materials for HVDC cables.
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7 Outlook

Even though this thesis has examined semi-conducting materials in many different contexts,
many remain unexamined, or not examined to their full extent.

In many of the ISL measurements there has been a clear trend where the resistivity con-
tinues decreasing by a small amount, even after 16 hours had elapsed. If this project were
to be continued it would be interesting to examine for how long this decrease in resistivity
continues. The same goes for OSL measurements where a clear, but small, increase of re-
sistivity could be seen after the sample had supposedly reached thermal equilibrium.

For temperature measurements it would be interesting to expand the scope of measure-
ments, including more extreme values. The temperatures used for the thesis were chosen
to be either at, or close to the standard measuring temperature (90 °C'). Choosing tem-
peratures further away from this temperature would not be as relevant for the purpose of
understanding HVDC cables but could, nevertheless, be interesting. A single measurement
of this character was performed at 120 °C' and can be seen below in Figure [7.1]
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Figure 7.1: The resistivity of an OSL sample at 120 °C' over a duration of 64 hours.

This graph shows both the PTC and NTC as discussed in section 3.3.2 and would be very
interesting to study further.

Also related to temperature, it would be interesting to get a more detailed perspective on
the temperature gradient throughout both the entire semi-conducting layer and the rest of
the cable. During this project the temperature was measured at a single point towards the
edge of the cable in the middle of semi-conducting layer. This does not give any information
about neither the insulation layer nor the rest of the semi-conducting material. Differences
in temperature throughout the semi-conducting layer could naturally affect results and
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having a better grasp on the temperature of the insulation layer could give a better idea
of the speed at which thermal expansion of this layer occurs. Performing a more extensive
study of temperature throughout the cable could both improve the quality of the results
and general understanding of the testing methodology and its details.

Another thing that could be expanded on in further studies is the effectiveness of the
sample preparation and measuring methodology. Many of the graphs throughout the thesis
have some sort of irregularities and in many cases it can be difficult to know whether the
irregularity came from some material property or simply a measuring error.

One possible explanation that was put forth for these irregularities was contact resistance
and errors arising from the contacts and probes getting separated. This was discussed
to some degree in the paragraphs around Figure [5.27] This is another subject of interest
for further study. It would be interesting to expand on this measurement and see how
the results are affected by having, for example one or multiple probes separated from
the contacts instead of just the simple measurement where all probes were separated.
Furthermore, other aspects of the contacts could also be examined such as their thickness
and the amount of layers of SCP.

In section 5.10 some differences between cables in actual use compared to the samples
used for testing in this thesis were put forth. Out of these, it would perhaps be the most
interesting to survey how the semi-conducting layers would react to a voltage being put over
the conductive core. The electric field generated by this could potentially affect resistivity
properties. This would of course be quite difficult to do and a different methodology,
following different TEC standards would have to be used.

Finally, it could also be interesting to compare differences between measuring the semi-
conducting material as a part of a processed cable or just by itself. As previously discussed,
it seems very likely that at least some behaviors of the semi-conducting layer at elevated
temperatures can be described by thermal expansion of the insulating layer. These ef-
fects would disappear if measurements were performed on an individual plate of the semi-
conducting material. Some of the contaminants seen on the semi-conducting material also
came from the adjacent conductor and swelling bands, these would not be seen when simply
measuring a plate of the semi-conducting material. Some aspects that could be beneficial
to study are:

e The resistivity of a plate of semi-conducting material with the same thickness and
surface area as a normal sample.

e The heating of a plate of semi-conducting material and the heat-resistivity coefficient.

e The resistivity of a plate with some applied external electrical field.
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