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The growing demand for electricity, together with increasing electrification and the expansion
of distributed energy generation, is pushing electricity production further away from consumption
centers into more demanding environments. Longer transmission distances increase the need to
reduce losses, which in turn drives the adoption of higher operating voltages. High-voltage direct
current (HVDC) technology offers a cost-effective solution for long-distance power transfer, but it
also introduces new challenges, including the accumulation of space charge, which can
deteriorate electrical performance of the insulation. These issues have created a need to develop
new insulation materials and novel additives which can mitigate space charges while combining
enhanced electrical properties with environmental sustainability.

The aim of this thesis was to provide a thorough literature review of the properties of polymeric
insulations and to experimentally investigate the space charge behaviour of polypropylene (PP)
blends using thermally stimulated depolarisation current (TSDC) method. Polypropylene blends
are increasingly used as insulation materials in high-voltage direct current (HVDC) cables due to
their favourable electrical and mechanical properties. The literature review, presented in Chapters
2-5, covers the structure and electrical properties of polymers, their ageing, degradation and
breakdown mechanisms, as well as measurement techniques suitable for space charge
characterisation. The experimental work focused on analysing the behaviour of polypropylene
blends by varying TSDC measurement parameters, examining the influence of additives, and
evaluating the resolution capability of the TSDC method.

Experimental results revealed that deep-trap filling becomes more pronounced once the poling
time exceeds 50 minutes. Based on these findings, further studies on other polypropylene blends
were recommended to determine whether similar behaviour occurs. The resolution of the
measurement method was assessed using five identical parallel samples, complemented by a
comparison with an additive-containing sample of the same PP blend. All five parallel samples
followed a similar trend, and the additive was found to significantly reduce space charge
accumulation. These results demonstrate that the applied TSDC method provides sufficient
resolution for the objectives of the project.

Evaluating TSDC behaviour in samples of different thicknesses, it was found that the current
intensity at the glass transition temperature was essentially independent of thickness. However,
the current caused by space charges released from deep traps was weaker in thicker samples.
According to the literature, this can be explained by increased recombination in thicker
specimens. The addition of an additive, on the other hand, was observed to clearly reduce space
charge accumulation regardless of the polymer composition or measurement parameters. This
finding was further supported by net charge accumulation analysis and by PEA measurements
conducted by the project partner, both of which showed consistent results.

Keywords: HVDC, space charge, polymer insulation, polypropylene blend, TSDC, additive,
charge trapping, high-field conduction
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Sahkdénkulutuksen  ja  sdhkoistymisen  kasvu  sekd  hajautettujen  uusiutuvien
energiantuotantomuotojen yleistyminen siirtdvat sdhkon tuotantoa kauemmas kulutuskohteista,
usein vaativampiin olosuhteisiin. Pidemmat siirtoetaisyydet lisdavat tarvetta pienentda havidita,
mika ohjaa kohti korkeampia kayttéjannitteitd. Suurjannitetasasahkdyhteydet (HVDC) tarjoavat
taloudellisen ratkaisun sahkon siirtdmiseen pitkia etaisyyksia, mutta tuo mukanaan uusia
haasteita, muun muassa eristemateriaaleihin kertyvadn avaruusvarauksen. Naiden haasteiden
ratkaisemiseksi on syntynyt tarve kehittda uusia eristemateriaaleja ja lisaaineita, joissa yhdistyvat
parantuneet sdhkdiset ominaisuudet ja ymparistoystavallisyys.

Taman tydon tavoitteena oli laatia kattava kirjallisuuskatsaus polymeerieristeiden
ominaisuuksista seka tutkia kokeellisesti polypropeenisekoitusten avaruusvarauskayttaytymista
termisesti stimuloidun depolarisaatiovirta (TSDC) -menetelman avulla. Lukuihin 2-5 jaettu
kirjallisuuskatsaus kasittelee polymeerien rakennetta ja sahkdisid ominaisuuksia, niiden
ikdantymis- ja lapilydntimekanismeja sekd avaruusvarauksen mittaamiseen soveltuvia
menetelmid. Kokeellisessa osuudessa analysoitiin polypropeenisekoitusten kayttaytymista
vaihtelemalla TSDC-mittausparametreja, tutkimalla lisaaineiden vaikutusta seka arvioimalla
mittauksen erottelukyvyn toimivuutta.

Kokeellisissa mittauksissa havaittiin, ettd poolausajan pituus vaikuttaa syvien loukkujen
tayttymiseen. Lisaantynytta tayttymistd esiintyi, kun poolausaika ylitti 50 minuuttia. Naiden
tulosten perusteella ehdotettiin jatkotutkimuksia myds muille polymeerisekoituksille, jotta
voitaisiin varmistaa, onko loukkujen tayttymiskayttaytyminen samankaltaista eri materiaalien
valilld. Mittauksen erottelukykya arvioitiin viidelld identtiselld rinnakkaisnaytteelld, ja tuloksia
taydennettiin vertaamalla samaan polymeerisekoitukseen perustuvaa lisaaineellista naytetta.
Kaikki viisi rinnakkaisnaytettd noudattivat samankaltaista trendia, ja lisdaineen havaittiin selvasti
vahentavan avaruusvarauksen kertymista. Naiden tulosten perusteella kaytetty TSDC-
menetelma tarjoaa riittdvan erottelukyvyn projektin tavoitteiden kannalta.

Eri  paksuisten  naytteiden  TSDC-kayttaytymista  arvioitaessa  todettiin, etta
lasisiitymalampétilassa virran intensiteetti oli paksuudesta riippumaton. Sen sijaan syvista
loukuista vapautuvan avaruusvarauksen aiheuttama virta oli paksummissa naytteissa pienempi.
Kirjallisuusselvityksen perusteella tdma voidaan selittda silld, ettd paksummissa naytteissa
rekombinaatiota tapahtuu enemman. Lisdaineen lisddminen puolestaan pienensi selvasti
avaruusvarauksen kertymistad riippumatta naytteissa kaytetyistd polymeerikomponenteista tai
mittausparametreista. Havaintoa tukivat myds nettovarauskertyman vertailu ja projektikumppanin
tekeméat PEA-mittaukset, jotka osoittivat samankaltaisia tuloksia.

Avainsanat: HVDC, avaruusvaraus, polymeerieriste, polypropeenisekoitus, TSDC, lisaaine,
varausten loukkuuntuminen, korkean kentan johtavuus
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1 INTRODUCTION

As renewable and environmentally sustainable electricity generation, such as wind farms, large-
scale photovoltaic installations, and hydropower plants are increasingly located further from
population centers and areas of high electricity consumption, there is a growing need for long-
distance, high-capacity transmission infrastructure. These installations are often situated in more
challenging environments, for example offshore wind farms or remote solar power plants, which
further increases the technical demands on transmission systems. In this context, high voltage direct
current (HVDC) cable systems offer clear advantages due to their lower transmission losses, higher
power density, and suitability for extended subsea and underground transmission routes, where
alternating current systems would otherwise be constrained by charging current effects. Moreover,
HVDC links can help prevent cascading failures and enable interconnection of asynchronous

alternating current (AC) systems.[1], [2], [3]

Traditionally, HVDC cable insulation relied on mass-impregnated non-draining (MIND) paper and oil-
based technologies. However, environmental concerns, more complex manufacturing and
installation processes, and increasing voltage levels have encouraged a shift toward extruded
polymeric insulations such as cross-linked polyethylene (XLPE) and more recently thermoplastic
polypropylene (PP). [3], [4] Compared to oil-paper technologies, extruded insulations are simpler to
install, and eliminate the risk of oil leakage. PP-based materials offer additional advantages, such
as recyclability, higher operating temperature and transmission capacity compared to existing

materials, making them particularly promising for the next generation of HVDC cables. [3], [5]

Unlike AC insulation, where polarisation effects are periodic and dissipative, direct current (DC)
insulation systems are susceptible to space charge accumulation that leads to field distortion within
the dielectric. Charge injection, trapping, and detrapping processes can alter the internal field
distribution and contribute to premature breakdown, aging and degradation of the cable insulation,
especially in the presence of temperature gradients, voltage polarity reversals and transients. [3],
[3], [6]

PP has emerged as a viable alternative to XLPE for HVDC cable insulation, primarily due to its higher
thermal endurance as well as its recyclability and low dielectric losses. However, pure PP is relatively
stiff and brittle, especially at low temperatures. As a result, blending with elastomers or copolymers,
or the addition of plasticisers or nanoparticles, is often necessary to enhance mechanical flexibility
and impact resistance without compromising its electrical properties. Furthermore space charge

mitigating additives are under development. [4]



The purpose of this thesis is to investigate charge trapping and transport phenomena in PP-based
polymer insulation materials and additives using thermally stimulated polarisation current (TSDC)
measurement technique. The thesis focuses especially on analysing the nature of space charge
accumulation, its relaxation through depolarisation and analysing the results. This research is further
motivated by the growing demand for HVDC cable systems capable of transmitting higher power
levels, which places increasing stress on insulation materials. Consequently, space charge
accumulation has emerged as a critical challenge affecting the long-term reliability and electrical

performance of these systems.

Chapter 2 introduces the fundamental concepts of polymer materials, beginning with chemical
bonding and molecular structure, and progressing toward their macroscopic morphology. The
chapter highlights the complex, multi-scale nature of polymer structure, as each hierarchical level
from atomic-scale bonding to crystallinity and morphological features, plays a significant role in
determining the electrical properties of insulating polymers. Understanding these structural aspects
is essential for interpreting differences between materials and for explaining their behaviour under

electric stress.

The beginning of Chapter 3 discusses energy band theory, continues with different forms of
conductivity and the injection and movement of charges within insulators. These mechanisms are
examined in both low and high electric fields, as they determine how and under what conditions
charges can move to and within a material. Next, attention is turned to the formation of space charge
in dielectric materials, and finally, the key properties of dielectric materials, such as permittivity and
various polarisation and relaxation mechanisms, are examined. These phenomena are essential for
understanding how the electric field is distributed within the insulator and how charges interact with

the structure of the material.

The long-term reliability of polymeric insulating materials is determined not only by their initial
electrical and mechanical properties but also by the effects of various aging and degradation
processes. These processes have a decisive influence on the dielectric strength and ultimately on
the breakdown endurance of the insulation. Aging can be considered as a gradual change that may
be of physical, chemical, or electrical nature. Under certain conditions, however, these processes
can lead to rapid and localised damage that significantly compromises the performance of the
insulation. Chapter 4 provides a general overview of such phenomena and emphasises specific
features that are particularly relevant in DC applications, such as charge accumulation and its impact
on electric field distribution. Furthermore, more detailed mechanisms and principles are introduced
to describe how different failure phenomena evolve on different time scales, ranging from long-term

aging to fast breakdown events.



The experimental part of this thesis is presented in Chapters 5 and 6. Chapter 5 discusses
measurement methods suitable for studying space charge, including the TSDC method used in this
work and describes how material samples were prepared. In addition, Chapter 6 presents and
examines measurements made on PP compounds, additives added to them and introduces the
ratios and concentrations of components and additives in PP blends, as well as the results obtained

from measurements.



2 POLYMERS

2.1 Basic concepts of polymers

Polymers are long-chain molecules with high molecular weight. For this reason, polymers are
sometimes referred to as macromolecules. [7] By definition, a polymer is a compound that consists
of one or more species or groups of atoms, and this structure is repeated many times. As a result,
the compound exhibits a set of properties that are not significantly altered by the addition of one or

a few structural repeating units [8].

Polymers are composed of small and simple repeating units [9]. In the polymerisation process,
monomers are linked together in chemical reactions to form long chains of varying lengths called
polymers [10]. Monomers form a repeating structural unit, which can be made up of either identical
or nonidentical monomers. For example, the different polypropylene materials studied in this thesis
are formed in a polymerisation process from the monomer shown on the left in Figure 1. The n in
the Figure 1 indicates the number of repeating structural units in the polymer chain, i.e. in the
molecule. This is called the degree of polymerisation (DP). It determines the length of the polymer

molecule.[11]

nx CH,=CH + CH,—CH —+
| — I

CH, CH,

n

Figure 1. General pattern of polymerisation of propylene. Monomer on the left and polymer on
the right. [9]

Oligomers are short-chain polymers whose physical properties vary depending on whether repeating
units are added or removed. Polymers and oligomers are formed from monomers, but their
differences can be determined by their thermal and mechanical properties for practical applications.
Oligomers do not have sufficient strength to be useful in practice, whereas polymers are structurally

robust enough to be used for a variety of applications requiring mechanical strength. [8], [12]

The properties of polymers are primarily based on their large molecular size, i.e. their high degree
of polymerisation. According to [9], increasing the degree of polymerisation in polyethylene increases
the molecular weight and the softening temperature. The further the polymer is polymerised, less its
key mechanical properties change. Figure 2 a) gives an example of how the most important
mechanical properties, such as tensile strength, stretch, elastic modulus and impact strength,

change as the polymerisation progresses. When monomers are polymerised, a variety of polymer



molecules of different sizes are formed. [9] This is the case for at least all synthetic polymers, with
the exception of a few biological polymers, which have a very well-defined molecular weight [11]. In
practice each polymeric material consists of a distribution of chain lengths rather than a single

uniform size. This variability is typically described using molar mass averages [9].

The two most important molar mass averages are the average molar mass M,,, which indicates the

average chain length of the polymer and can be expressed as follows

—  YiNM;
M, = ) €))
TN

where N; is the number of molecules and M; their molecular mass. The other important average, the
weight-average molecular mass M,,, which indicates the weight of the polymer and can be expressed
according to the following formula

— XwM; X NM}

M = Twi  XiNM;’ @

where w; is the weight of the molecule. Figure 2 b) shows the principle diagram of the average

molecular weight of a polymer and the curve of molecular weight distributions. [7]

»
»

Amount of

Development
of properties
polymer

.
>

Degree of polymerization Molecular weight

\

a) b)

Figure 2.a) a principle diagram of how the most important properties develop as a function of
degree of polymerisation [9] and b) a diagram of typical number and weight average
molecular weights [11].

In addition to the average of the two main molecular weight values, the ratio of the two can be
compared to obtain a ratio that can explain how wide the variation in polymer chain length is. This

ratio is called the polydispersity or heterogeneity index and can be expressed in the following formula

=

polydispersity = —.[11] 3)

n

2.2 Chemical bonds

The elements tend to reach a state where their outer electron shell is filled. This occurs either by
donating, accepting or sharing electrons, resulting in the formation of various chemical bonds. Bonds

are divided into primary and secondary bonds, of which primary bonds are stronger, as the valence



electrons are involved in the formation of the bond. Secondary bonds, on the other hand, are weaker
because they do not rely on the sharing or transfer of valence electrons between atoms. Primary
bonds are divided into ionic, covalent and metallic bonds, with ionic and covalent bonds occurring in
polymers. Secondary bonds are classified as dipole-, induction-, van der Waals forces and hydrogen
bonds. [10]. Although secondary bonds are much weaker than primary bonds, they still have a

significant influence on the properties and physical behaviour of polymers [8].

2.2.1 Primary bonds

An ionic bond is formed when two atoms transfer electrons between each other. An electronegative
element accepts an electron, while an electropositive element donates one. A good example of ionic
bonding is sodium chloride (NaCl), where sodium donates one electron to chlorine. In this case,
sodium becomes a positive ion and chlorine a negative ion. The binding force is due to the
electrostatic force between the ions. lonic bonds are not common in polymers but are known to occur

in natural resins and ionomers. [11]

Organic polymers are composed of carbon, hydrogen and often oxygen, nitrogen, sulphur or
halogens, and their atoms can be bonded together by strong covalent bonds [8]. A stable electron
configuration can be achieved by sharing valence electrons. The bonds formed through electron
sharing are called covalent bonds. For example, in Figure 3, methane, where one carbon atom forms
a bond with four hydrogen atoms, both the carbon and hydrogen atoms have their outermost electron
shells filled. This is the predominant bond in polymers. Covalent bonds can be single, double or triple

depending on the number of electron pairs. [11]

2.2.2 Secondary bonds

Molecules form a permanent dipole if the centres of their positive and negative charges are not at
the same point. This occurs if the bonding electrons are unevenly distributed between the atoms due
to the different electronegativities of the atoms. [11] An atom with a higher electronegativity attracts
more electrons and becomes negatively charged, while an atom with a lower electronegativity
becomes positively charged. The resulting molecules may have a dipole moment depending on their

symmetry. [8]

The total dipole moment of a molecule is determined by the vector sum of the dipoles in its structure.
Figure 3 shows the molecules methane, water and polyethylene, all of which have dipole moments,
but their vector sum may be zero. In a methane molecule, the dipole moments are directed from the
carbon atom towards the hydrogen atoms. Since methane is symmetric, the sum of all dipoles is
zero, which means that it is a non-polar molecule. In a water molecule, the dipole moments point

from the oxygen atom towards the hydrogen atoms. The asymmetric structure of the molecule



prevents the dipoles from cancelling each other, which results in the water molecule having a dipole
moment in the direction shown in Figure 3 and is therefore polar. Polyethylene is an example of a
non-polar polymer. Each carbon hydrogen bond has dipole moments, but the dipole moments of

adjacent units cancel each other out. This is why polyethylene as a whole is non-polar. [8]

A

v

Methane Water Polyethylene

Figure 3. Dipole moments of methane, water and polyethylene. Methane has no dipole

moment when calculating the vector sum of the dipole moments of a molecule. The same is

true for polyethylene, but water has a dipole moment due to its asymmetric structure and is
also an example of poler molecule.

An electric field is formed around a polar molecule, which affects the nuclei and electrons of
surrounding molecules or atoms. As a result, the surrounding molecules become polarised, creating
induced dipoles. The interactions between stationary and induced dipoles are called induction forces.
[8], [11]

Non-polar molecules can also experience momentary dipoles, although their average positive and
negative charge centres are at the same point. This is because the electrons are constantly moving
around in the molecule, and an imbalance of charge centres, or dipole, momentarily forms in the
molecule. When two adjacent molecules are exposed to each other's momentary dipoles, attractive
forces are created between them. This interaction is called the van der Waals force. Van der Waals
forces are weak interactions and occur in all types of molecules, including non-polar ones. Although
these forces are weak, they have a significant effect on the physical properties and behaviour of

polymers. [11]

Hydrogen bonding is a special form of dipole interaction in which a positively charged hydrogen atom
bonds strongly to an electronegative atom, such as fluorine, oxygen or nitrogen. Hydrogen bonds

are relatively strong compared to other dipole bonds because the small size of hydrogen allows the



atoms to interact closely. In the structure of polymers, hydrogen bonds occur particularly between

functional groups and have a significant influence on the material properties and behaviour. [11]

2.3 Polymers structure

2.3.1 Classification and chemical variations of polymers

Polymers can be classified in many ways according to their origin, structure, formation method,
atomic bonding, thermal behaviour, intended use and polymerisation technique, including bulk
polymerisation, solution polymerisation, suspension polymerisation and emulsion polymerisation. In
addition, polymers are further classified into condensation polymers and addition polymers based

on the polymerisation reaction. [11]

Polymers can be either natural or synthetic. Natural polymers include proteins, which are biological
polymers, and natural rubber from plants. Synthetic polymers, on the other hand, cover a wide range
of materials that can be classified into different categories, such as fibres, elastomers and adhesives.
[11]

Polymers can be classified according to their structure into linear, branched and cross-linked
polymers. As stated at the beginning of this chapter, polymers are composed of a large number of
structural units, which are linked together by covalent bonds under suitable conditions. The formation
of these bonds is described by the concept of functionality, which expresses the ability of a molecule

to form bonds under specific polymerisation conditions. [11]

A molecule can be monofunctional, bifunctional or polyfunctional, depending on whether it has one,
two or more reactive units that allow it to attach to other molecules. For example, in the
polymerisation of propylene, as shown in Figure 1, the double bond between the carbons opens,
allowing the structural units to join through new bonds. In this case, the functionality of propylene is
2 because it can form two new bonds. However, depending on the circumstances, the functionality
can be different than two. The formation of a polymer requires at least bifunctionality. When
bifunctional monomers are used in a polymerisation reaction, the result is always linear polymers. In
contrast, polyfunctional reactions may result in non-linear structures, such as branched chains or
cross-linked structures. Branched structures are formed when the growth of a side branch of a
polymer stops before a new bond is formed. A cross-linked structure is formed when the growing

polymer chains are linked together. [11] The structures are illustrated in Figure 4.
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Figure 4. Principle of linear, branched and cross-linked polymers.

Polymers can also be classified according to their secondary, weaker bonds. The structure of the
molecule affects how closely they can be arranged in proximity to each other. Molecules with a
regular structure can fit very close together, strengthening intermolecular bonds. Such polymers are
called fibres, typically linear and symmetrical polymers with strong intermolecular interactions often
arising from polar groups. On the other hand, asymmetric molecules form weaker intermolecular
bonds, leading to flexible polymer chains. Such polymers are called elastomers. Their chain
segments can move locally, but the movement of the entire polymer chains is limited by individual
cross-linkages that give the material its elasticity. Between fibres and elastomers, there are plastics.
It is sometimes difficult to distinguish between fibres and plastics, even if they are chemically
different. For example, the polypropylene discussed in this thesis can be classified as either a fibre

or a plastic, depending on the processing technology used. [11]

Polymers consist of repeating structural units, which in turn can be made up of either one or more
different monomers. If all structural units come from the same monomer, the polymer is called a
homopolymer. On the other hand, if the structural units are formed from two or more different
monomers, the polymer is a copolymer. Copolymers can be further divided into four subcategories,
random, alternating, block and graft copolymers. In a random copolymer, the structural units are
scattered in the chain in no particular order. In an alternating copolymer, the structural units alternate
regularly. In a block copolymer, the polymer chain consists of longer sequences of segments
alternately connected to each other. In a graft copolymer, on the other hand, the backbone chain of
one structural unit is joined by branch chains of another structural unit. Figure 5 shows four different

types of copolymers. [11]
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Figure 5. Basic concept of the different types of copolymers: random, alternating, block and
graft copolymer.

Based on thermoplasticity, polymers can be classified into thermoplastics and thermosets [9].
Thermoplastics soften when heated and harden when cooled. These processes are therefore
reversible and can be repeated. At the molecular level, secondary forces holding the chains together
weaken and allow more movement of the chains. When a thermoplastic polymer is overheated, it
loses its ability to be reshaped. Thermoplastic polymers are generally quite soft. Most linear polymers
or polymer chains with only a few branched flexible side chains are thermoplastic [13], while
thermosets form a network polymer skeleton that does not soften when heated [7]. The adjacent
molecular chains are cross-linked with covalent bonds. When heated, these bonds resist thermal
vibration and chain rotation and thus thermosets do not soften when heated. About 10-50 % of the
repeating structural units of thermosets are cross-linked. When the thermoset is heated to a high
enough temperature, these intermolecular bonds are broken, leading to degradation of the polymer.
[13]

2.3.2 Conformation and configuration

The structural regularity of a polymer chain is considered in terms of recurrence regularity and
stereoregularity. Recurrence regularity describes how uniformly the repeating units occur in the chain
and stereoregularity describes how the three-dimensional order of the repeating units in the chain is
arranged. By repeatability, for example, the polypropylene in Figure 1 could be arranged in three
different ways, from head-to-tail, head-to-head or tail-to-tail. Figure 6 shows how the structural units

of polypropylene could be arranged. In reality, in known polymers, only the first head-to-tail
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configuration is found in measurable quantities. [11] Although the molecular formula of the different
configurations may be the same, their structure is different and potentially affects the properties of

the molecule [14].

—CH,—CH —CH,—CH —  —CH,—CH —CH —CH,—
I | I |
CH, CH, CH, CH,
Head-to-tail Head-to-head

— CH —CH,— CH,—CH —
I |
CH, CH,

Tail-to-tail

Figure 6. Three different options for recurrence regularity of polypropylene. The last two forms
are not found in measurable quantities.

There can be geometric differences, which occur in molecules with a double bond. An example of
such geometric differences represented in Figure 7 is but-2-ene, whose cis and trans forms illustrate
how the structure of the molecule can also affect its polarity. [8] The cis structure often has a higher
dipole moment because the polar groups are closer together. The transformation, on the other hand,
is usually more symmetrical and less polar. In the case of polymers, this isomerism can significantly

affect the mechanical and elastic properties of the material. [13]

CH, CH, H CH,
AN / AN /
H/ \H CHS/ D

Cis Trans

H

Figure 7.As an example of cis and transforms illustrated with But-2-ene.

Tacticity describes how the spatial order of the basic units of a polymer chain is distributed in the
main chain. In an jsotactic polymer, the X-group is regularly arranged so that all units are either in d-
or I-form, i.e. either to the right or to the left of the spine of the chain as viewed from the end of the
chain. In a syndiotactic polymer, the configuration alternates regularly, with the X-group repeating in
the order d-I-d-I-d-I. In an atactic polymer, the X group is distributed irregularly with respect to the

carbon backbone, i.e. their structure is disordered. [10] Figure 8 shows the isotactic, syndiotactic
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and atactic forms of the molecules, which in the case of polypropylene show the regular or irregular

arrangement of the —CH3; — group.

CH, CH, CH, CH, CH, CH,
/\/\/\/I\ m
Isotactic Syndiotactic
CH, CH, CH,
W
Atactic

Figure 8. Iso-, syndio- and atactic forms of polypropylene.

In a polymer molecule the carbon-carbon single bond can be twisted, allowing the chain to take
different conformations. In an extremely ordered form, all the carbon atoms in the molecular chain
are aligned in the same plane, forming a zigzag pattern. Such a structure is typical of crystalline and
highly ordered polymers such as polyethylene. At the other extreme, the molecular chain is
completely randomly ordered, which is characteristic of amorphous polymers and polymers in melt

or solution [11].

2.4 Polymer morphology

2.4.1 Morphology and factors affecting it

The structure of a polymer and the interactions between molecules determine whether the material
is essentially crystalline or amorphous. In a crystalline polymer, the chains are regularly arranged,

whereas in an amorphous polymer the chains are randomly entangled and twirled. [11]

Polymer crystallisation is influenced by intermolecular forces, primarily van der Waals forces, which
are secondary bonds. Crystallisation requires regular and tight chain arrangement [15], and factors
such as chain mobility, strong interchain bonds, and structural regularity play a key role [11]. For
example, isotactic polypropylene crystallises, whereas atactic polypropylene does not due to
differences in molecular packing [8]. In general, iso- and syndiotactic polymers crystallise more easily
than atactic ones. Flexible molecular chains are more affected by thermal motion, making
crystallisation more difficult. Certain functional groups influence flexibility by either increasing or

decreasing chain mobility, while polar groups can also affect crystallinity. Hydrogen and dipole bonds
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strengthen intermolecular forces, promoting crystallisation, whereas bulky side groups may obstruct
it. [11]

Polymer crystallisation is influenced by surrounding conditions, particularly nucleation, the initial
stage where crystal structures begin to form. Nucleation can occur spontaneously, due to impurities,
or through nucleation-promoting additives. [15] Crystallisation begins via homogeneous or
heterogeneous nucleation. In homogeneous nucleation, crystals form randomly as molecules
organise themselves or align with existing crystals. In heterogeneous nucleation, crystals grow
around impurities, catalyst residues, pigments, or surface irregularities. [13] This process can be
controlled by nucleating agents, which influence nucleation density and rate. Polymer crystallisation
is influenced by cooling rate. Rapid cooling prevents polymer chains from organizing into a regular
structure, increasing the amorphous fraction and specific volume. Slow cooling allows greater
crystallinity as chains have more time to align. The effect of temperature on polymer structure is
reflected in specific volume changes. In crystalline polymers, specific volume drops sharply at the
melting point as molecules pack more tightly. In amorphous polymers, volume decreases linearly

with temperature until reaching the glass transition temperature T, without an abrupt change. [15]

During the manufacturing process, when producing thin films, the flow of the polymer during cooling
from the molten state into a sheet-like thin film may affect the orientation of polymer chains and thus
its morphology [11]. In particular, the chains may extend rather than adopt their typical helical

structure [15].

Polymer crystals grow from lamellae, which are thin sheet-like structures made up of folded
molecular chains. The lamellae are typically about 10-20 nm thick, 1 ym long and 0.1-1 ym wide
[15]. Since molecular chains in polymers are generally longer than lamellae, the formation of lamella
requires that the molecular chain is folded. The ends of the chains can either fold back from the
edges of the lamella, extend outside the lamella and fold back into the lamella, or end inside the
crystal, creating a defect in the crystal. [11] Figure 9 illustrates a simplified model of the lamellar
structure, demonstrating how molecular chain folding and termination can lead to various

imperfections within the crystalline regions of a polymer.
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Figure 9. Schematic representation of a crystalline polymer’s lamellar structure, highlighting
common irregularities and defects such as dangling chains, vacancies, impurities, and non-
crystalline regions.

During polymer crystallisation from the melt, crystalline and amorphous regions are formed. As
crystallisation progresses, spherulites develop, expanding at the expense of amorphous material,
which consists of uncrystallised residues [11]. The polymer melt contains molecules with varying
molecular weight, branching, and tacticity. Higher molecular weight, less branched molecules
crystallise first, pushing shorter, atactic, and highly branched molecules to the edges of growing
spherulites. [15] As spherulites expand, their growth fronts meet, binding them together. Though
primarily crystalline, spherulites contain chain ends, dislocations, and impurities, influencing their
size and perfection. Crystallisation rate significantly affects final crystallinity, fast crystallisation
increases amorphous content, while slow crystallisation promotes a more complete crystal structure.
As a result, polymer crystallinity can vary widely. [11] In Figure 10 spherulite growing from nucleation

centre is represented.
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Crystalline lamellae

Figure 10. Spherulite structure consisting of crystalline lamellae growing from a
nucleation point and separated by amorphous regions. The schematic enlargement
illustrates how alternating crystalline and amorphous phases organise within the spherulite.

[15]
Cross-linking a linear polymer before crystallisation can prevent the crystallisation of a normally
semi-crystalline polymer. Usually, crosslinking is done with a heat-activated catalyst, which often
requires a temperature higher than the melting point of the polymer. In this case, cross-linking can
start before crystals are formed, which prevents molecular rearrangement and crystallisation.
However, there are also cross-linking methods that do not require such high temperatures, allowing
the material to retain its crystalline structure. Examples of such methods are silane cross-linking and

cross-linking by radiation. [15]

Defects may occur in the polymer structure itself. Defects reduce the packing efficiency of polymer
chains within the crystalline lamellae, which increases the specific volume of the crystalline regions
and consequently lowers the melting point of the polymer. [11] Voids and hollow structures are also
always present in polymers, which can occur during the manufacturing process, for example as a
result of cross-linking, impurities and additives. The movement of molecules also means that space

is likely to be created and lost continuously, leading to fluctuations in thermal density. [15]

Polymers are rarely found as such, but often have various substances added to them to change their
structure and properties. These added substances can be classified as auxiliaries, additives and
compounding agents. Auxiliaries are compounds that are almost entirely consumed during the
manufacturing process, leaving only small residues. For example, catalysts used in cross-linking are
included in the category of auxiliaries, although they may remain in the insulating material after
manufacture. Additives do not significantly change the chemical structure of the polymer, but they
do affect its properties during use. They are typically added in concentrations of less than 10%.

Additives include lubricants and parting agents, stabilisers, flame retardants, pigments, plasticisers,
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antimicrobials and antistatic agents. Blending agents are used in higher concentrations of 10-70%

and alter the properties of the polymer both during the manufacturing process and after use. [15]

2.4.2 Thermal transition

Polymers are made up of molecular chains of different lengths, which means that their change of
state occurs over a range of temperatures, rather than at exactly one temperature. The polydispersity
of a polymer, i.e. the extent to which it contains molecular chains of different lengths, affects the
temperature range over which state changes occur. [13] Polymers can be divided into glassy,
rubbery and melt states, the presence of each depending on temperature. Thermal energy promotes
molecular motion, while intermolecular bonds resist it. Therefore, the state changes in polymers
depend on their structure. Polymers have two main state transition temperatures, the glass transition
temperature T, and the crystalline melting point T,,. [11] These transition temperatures are important
in determining the applications of the material [13]. Depending on the source, the glass transition
temperature of polypropylene which is studied in this thesis is reported to be around -15° to -10°C

and the melting temperature is around +165° to +175°C [11], [13].

With amorphous polymers, below the glass transition temperature, the material is hard, brittle and
glassy. When the glass transition temperature is reached, the polymer becomes more flexible and
enters a rubbery state. This change occurs over a relatively narrow temperature range called the
glass transition temperature. In semi-crystalline polymers, the same change only applies to the
amorphous regions, as the crystalline structures remain rigid and unchanged. Only at the melting

point, the crystals melt and the polymer becomes a viscous liquid. [11]

The different states of polymers can be studied by examining their specific volume as a function of
temperature as shown in Figure 11. In amorphous polymers, the volume increases steadily with
increasing temperature. When the temperature exceeds the glass transition temperature, the
coefficient of thermal expansion increases, resulting in a faster increase in volume. Below the glass
transition temperature, the amorphous polymer is in the glassy state, where it is hard and brittle,
while above it becomes softer and rubbery, i.e. it enters the rubbery state. As the temperature rises
further, the polymer reaches its melting point and turns into a liquid. Semicrystalline polymers behave
in the same way, but the changes in the glass transition temperature are less pronounced because
the crystalline regions remain rigid and solid. Only at the melting point the crystals melt, resulting in
the polymer becoming liquid, with a larger increase in intrinsic volume than with an amorphous

polymer. [13]
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Figure 11. Specific volume of amorphous and semicrystalline polymers as a function of
temperature.

At the molecular level, in an amorphous polymer below T, the molecular chains are solidified and
only atoms or small side chains can vibrate. As the temperature increases, the amplitude of the
vibrations increases, weakening the strength of the secondary bonds. As heating continues, the
molecules become more mobile and require more free space, resulting in an increase in intrinsic
volume. The glass transition temperature is affected by many structural and external factors, such
as chain flexibility and stiffness, polarity, chain interactions, the influence of geometric factors,
copolymerisation, molecular weight, cross-linking, crystallinity, pressure and plasticisers. [11] For
example, the polypropylene samples measured in this work have a higher melting temperature than
polyethylene because the methyl side group in polypropylene is larger than the hydrogen atom alone
in polyethylene. The larger side group is more effective it is in preventing molecular rotation, which

has the effect of raising the melting point. [13]
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3 ELECTRICAL PROPERTIES OF POLYMERS

3.1 Energy band theory

Electrical properties of materials are fundamentally determined by their atomic structure and the
interaction between atoms. To understand electrical conduction in dielectrics, it is useful to begin by
examining the energy levels of individual atoms and how they change as the atoms are brought
closer together. Energy band theory provides insight into how electrons occupy different energy
states and how these states influence electrical conductivity, charge injection, and trapping. This
theory can be adapted to understand how more complex and disordered materials like polymers

behave.

According to Bohr's atomic model, electrons in single, isolated atoms can only be located at certain
discrete energy levels [16], but in solids the situation can be imagined slightly differently. Atoms form
bonds with each other, so that the energy values of individual atoms start to diverge [10]. Pauli's
exclusion principle states that an atom can have two electrons in one energy level if they have
opposite spins [16]. When atoms arrange themselves into a crystalline structure or form molecules,
for example, the interaction of electrons with similar initial energies leads to a slight divergence in
energy levels. [15] When a large number of atoms form a molecule, the energy levels are densely
packed together, forming what are known as energy bands [10], [17]. In these bands, electrons can
move relatively freely to an adjacent energy level within the band, provided that the space is not

already occupied. [15]

In crystals bound by covalent bonds at absolute zero temperature, all electrons are located at the
lowest possible energy level on the valence band. As the temperature rises, some of the electrons
in the valence band may gain enough energy to cross the forbidden band gap between the bands to
move to the conduction band. The distribution of electrons at different energy levels is described by
the Fermi-Dirac distribution function. It gives the probability that a given energy level is occupied by

an electron. The distribution can be represented as follows:

1
P(E,T) =

Eni—E, 4)
1+ eka—T
b

where Ej,; is the energy level of interest, E; is the fermi energy, k is the Boltzmann constant and T
is the temperature. Figure 12 a) and b) shows the Fermi-Dirac distribution together with the valence
and conduction bands, illustrating how an electron can gain sufficient energy to transition from the
valence band to the conduction band leaving behind a hole. In the Figure 12 b) on the right-hand
side, it is shown how an increase in temperature increases the probability that a given energy level

is occupied. The higher the temperature, the more likely that higher energy levels are also occupied.
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This can be observed in the probability graph as a flattening of the slopes of the curves. If the energy
level is exactly at the Fermi energy level, the probability of occupation is exactly 50%. The Figure 12
a ) also reveals the so-called forbidden band gap between the valence and the conduction bands.
[15] At the molecular level, the corresponding concepts are the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) [18].
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Figure 12. Energy band diagram of a covalently bonded crystal on a) and on b) the graph
of Fermi-Dirac distribution showing the probability of occupying energy level E as a function
of temperature.

With minor modifications, the properties of polymers can be studied using energy band theory.
Traditional theory assumes that a material is a completely periodic crystal with a three-dimensionally
regular atomic order. However, polymers are composed of long molecular chains of approximately
103-10° monomers, in which the atoms are strongly bonded to each other by covalent bonds. [15]
As the length of the polymer chain increases, so does the number of atomic orbitals. The interaction
of these orbitals results in a rearrangement of the molecular orbitals, leading to a distribution of
energy levels in densely packed energy bands. [19] This distribution of energy levels is illustrated in
Figure 13. The larger the molecule, the more densely packed the energy levels are in close proximity
to each other, which allows them to be treated as continuous energy bands. However, such a
continuous band is an idealised representation and represents a large set of very close, but still

discrete, energy levels [20]
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Figure 13. Schematic representation of formation of energy bands for molecules. Discrete
individual states are so close together that they can be considered to form energy bands.

Polymers are subject to structural disorder. In most cases, polymer chains, whether in the
amorphous or crystalline state, contain irregularities. This disorder of periodicity prevents the
formation of the ideal bands that would be formed by periodic crystal structures. [15] Structural
disorder causes localised energy states that extend into the forbidden band gap. In addition to
physical disorder, such as conformation, configuration rotation and so on, molecules also contain
chemical disorder, such as antioxidants, impurities, cross-linking residues and oxidation products.
Chemical disorder also affects the physical structure, as impurity atoms bound to the backbone of
the polymer may differ in size and position from the original ones, adding new energy levels to the
forbidden band gap. Chemical disorder often dominates the space charge, and are usually thought

to be responsible of deep traps. [21]

Local energy states within the forbidden band gap are called fraps and can act as either hole or
electron trap. Traps for holes are typically located above the valence band, while electron traps are
located below the conduction band. When a charge carrier, such as a hole or electron, enters such
a trap, it can distort the local electric field around it, creating a potential well from which it is difficult
to escape. The time spent in the trap state depends on the depth of the trap, i.e. the energy required
to remove the charge carrier from the trap. The deeper the trap, the longer the charge carrier remains
in the trap. Charge carriers that become trapped due to the electric field distortion they themselves

create can be considered a form of space charge. [15]

Traps can be divided into shallow and deep traps. Shallow traps are often associated with structural
disorder, such as misalignment of molecular chains or deviations from equilibrium positions, which
affect the local polarisation energy. For example, dynamic disorder, i.e. time-varying disorder caused
by thermal motion, can lead to temporary localised energy states at the edges of the energy bands
and form shallow traps. It has been shown that such temporary disorder can form even within an

ideal crystal structure and specifically lead to shallow traps. [18]
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The density of local energy states between the valence and conduction bands can be quite high,
which can make it difficult to clearly separate individual energy bands within the forbidden band gap.
However, it is still possible to roughly determine where the mobility of charge carriers change
significantly [15]. Figure 14 shows the principle of how local states can be distributed in valence and
conduction bands and the band gap between them. The Figure 14 shows that the density of states
is highest within and in the immediate vicinity of the valence and conduction bands. The density of
states decreases towards the middle of the band gap. The closer the adjacent states are to each

other, the more likely it is that charge carriers can move to next state.
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Figure 14. Schematic representation of localised states on the left and the density of
states on the right.

3.2 Conductivity

When considering charge carriers, in this case electrons in a situation where no electric field is
applied to the material, the electrons move in the material, but their net motion is zero, i.e. the
charges move randomly in all directions, but over time they can be assumed to be at the same

positions as at the start. Charge carriers can also be holes or ions. [15], [22]

Under the influence of electric field electrons in the material experience a force F = gE and begin to
move against the direction of the electric field. The movement of the electrons is slowed down by
collisions in the crystal structure. Despite the collision resisting the motion, the electrons have a net
motion called the drift velocity v,;. This motion creates current I in the material. The electric current

per cross-sectional area is expressed as current density.

The current density is thus dependent on both the electric field strength E and the properties of the
material. With certain simplifications, it can be said that the current density is almost directly
proportional to the electric field strength. This relationship is called Ohm's law. Ohm's law, like many
other laws, holds under certain conditions. Current density /] can be expressed in terms of

conductivity ¢ and electric field E as follows
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J = oE. (5
Conductivity can be expressed in general terms in the presence of several charge carriers as
follows

g = ZIiV:C1|Qiniﬂi|' (6)
where N, is the amount charge carrier species, gq; is electric charge of i-th type charge carrier, n; is
volume density and y; is mobility. The above formulas are often derived for conductors and
semiconductors and are often valid with sufficient accuracy. However, as such, this does not apply
to insulating materials, as charge carriers are unlikely to be free to move, and those electrons with
sufficient energy to be in the conduction band in polymer molecules are likely to decay very quickly

and become trapped again. [15], [16], [22]

In addition, an increase in temperature should reduce the conductivity of the material. This is due to
the vibrations of the crystal lattice under the effect of temperature rise. Therefore, charge carriers
collide more frequently within the structure, resulting in shorter time between collisions and lower

charge carrier velocity. [15], [22]

3.3 Injection and movement of charge

Conduction mechanisms are often divided into low and high field phenomena. Low-field conduction
mechanisms include ohmic and ionic conduction. High field conduction is divided into electrode and

bulk-controlled mechanisms, each with its own sub-mechanisms. [15], [22], [23]

At high electric field strengths electrode-controlled conduction is determined by the electrical
properties of the electrode-insulator interface. One essential element is the height of the potential
barrier at the interface, which is influenced, for example, by the material of the electrode. This is
related to the electrode's work function, the amount of energy required to remove an electron from
the material. In bulk-controlled conduction, the electrical properties of the insulator itself are crucial.
Such properties include the energy, spacing and density of the trap states, the mobility of charge
carriers, the relaxation time of the dielectric material and the density of states in the conduction band
[24].

Electrons in dielectric materials are strongly bound, which makes their electrical conductivity very
low. At absolute zero, all energy states below the Fermi energy level are occupied, and the upper
states are unoccupied. In this case, the conduction band is empty and has no electrons for
conduction. As the temperature rises, some of the electrons gain enough energy to move to the
conduction band, allowing them to contribute to carrying the current. At the same time, holes are
also created which act as positive charge carriers and contribute to current generation. At normal
electric field strengths range, the current in dielectric materials remains very low, because their

conductivity is on the order of 102°-102 Q'cm™. [24]
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At low electric field strengths, the relationship between current and voltage obeys Ohm's law. In
Ohmic conduction, charge carriers, electrons and holes reach an average velocity that is directly
proportional to the field strength. This model describes conductivity reasonably well in conductors
and semiconductors, but for more detailed analysis, especially in non-ideal materials, more
sophisticated models are needed that take into account, for example, the effect of trap states. [15],
[22]

In ionic conduction ions move through a substance enabling electrical conductivity. In an ideal
crystalline structure, ions are regularly and tightly organised, which limits their mobility. In practice,
however, crystal structures contain defects that allow the ions to move. Two types of defects are
essential for ionic conduction, Schottky and Frenkel defects. In Schottky defects, a pair of ions,
positive and negative ions, leaves the crystal structure, leaving behind two vacancies. In a Frenkel
defect, a single ion moves away from its original position and settles in another, normally empty,
spot in the crystal structure. In both cases, empty spaces are created in the structure that can be

filled by other ions, allowing ions to move around and thus increase electrical conductivity. [16]

At high electric field strengths, conduction is governed by mechanisms beyond Ohmic behaviour. A
potential barrier forms at the electrode—insulator interface, which charge carriers must overcome to
enter the insulator. If the electric field provides sufficient energy for the charge carrier to surmount
this barrier, the process is referred to as Schottky injection. If the field is strong enough to narrow
the potential barrier so that charge carriers can tunnel through it, the phenomenon is known as
Fowler—Nordheim injection. In such cases, the current—voltage relationship becomes non-linear, and
the current may vary proportionally to the square of the applied voltage. High-field conduction is
typically classified into electrode-controlled and bulk-controlled mechanisms. [15], [22], [24] The
bulk-controlled mechanisms discussed in this thesis include space-charge-limited conduction
(SCLC), Poole—Frenkel emission, hopping conduction, and the field-limiting space charge model.

These conduction processes will be examined in more detail in the following sections.

3.3.1 Low-field conduction mechanisms

In ohmic conduction, the charge carriers are the electrons on the conduction band and the holes in
the valence band. The current density of the ohmic conduction mechanism has a linear relationship
with the electric field, and the current density due to this mechanism can be observed at low field
strengths. Although the energy gap between the conduction and valence bands in insulators is large

and the number of free charge carriers is very small, it is never exactly zero. [15]

To analyse conductivity in more detail in insulators, the concept of trap-free conduction presented in
the section, 3.2 Conductivity, needs to be further developed and the concept of trap-limited

conduction needs to be introduced. The local energy states that are potential states for charge
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carriers are located in the forbidden band gap between the conduction and valence bands. The
charge carriers can move between the states, sometimes becoming trapped, thus limiting the
effective mobility of the charge carriers. In Figure 15 a simplification that all forbidden trap states are
located at the same distance from both the bottom of the conduction band E; and the Fermi energy
level E; at energy level E; has been made. There are N, such states per unit volume. Let AE; denote

the difference between the bottom of the conduction band and the Fermi energy level.

Conduction band

E

Valence band v

Figure 15. Energy diagram of a dielectric. The energies of the trap states are presented in
one plane to easy mathematical analysis.

Using the Fermi-Dirac distribution and the assumption that E; — E; > k,, T, the number of electrons

per unit volume in the conduction band n,. and the number of occupied states per unit volume n; can

be presented

EC - Ef
Ne = Nepr €Xp | — ka (7)
n, ~ N, exp <— Ee - Ef) (8)
e k,T /'

where N,¢; is the density of states available in the conduction band. Dividing equation 7 with
equation 8 gives the ratio of free and trapped charge carriers

O = Z—i = Nli’—:fexp (— %) . )
The coefficient 6., considers the number of charge carriers available in the insulator, reducing the
number of charge carriers that can be conducting by né., instead of just number of charge carrier,
n. It can thus be concluded that traps limit the mobility of charge carriers by a factor 6, i.e., in the
presence of traps, the time spent by charge carriers on the same distance is increased due to traps,

without reducing the number of charge carriers per unit volume. [22], [23]

lonic conduction is the result of the movement of ions under the influence of an electric field.
Polymeric materials may contain small concentrations of ions, which are formed as a result of

chemical reactions or oxidation of the material. lons may also be formed by the decomposition of
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contaminants or absorbed water under the influence of an electric field. In addition, ionic species
can form on electrode surfaces and diffuse into the insulation. An ion with a charge q polarises its
environment. As a result of polarisation, atoms and molecules rearrange themselves to provide
protection for the ion. The polarisation of the environment reduces the electrostatic energy of the
ion, creating a potential barrier or potential well. The ion must gain energy to get out of this potential
well. [15], [21], [25]

In ionic crystals, conduction is mainly internal conduction, because temperature-induced vacancies
in the crystal structure allow ions to move. Two well-known such defects in the structure are the
Schottky and Frenkel defects. In a Frenkel defect, an ion moves from its original position to another
one in the crystal structure. This creates two imperfections in the crystal structure, an empty space
in the crystal structure and an ion misplaced within the structure. A Schottky defect occurs when
oppositely charged ions leave the crystal structure, leaving vacant sites behind. Schottky defects
always occur in pairs. Both defects create an empty spot in the crystal structure, which can be filled
by a nearby ion. This again creates a vacancy in the place of the ion that filled the previous vacancy.
The resulting chain reaction can cause ions to move through the solid and increase the conductivity
of the material. [16], [25] lonic conduction follows an Arrhenius-like relationship as follows

0(T) = 0, exp <— kG—a,‘r), (10)

b

where a,, is the reference value for conductivity at very high temperatures (T — o) and G, is the

activation energy of conductivity at very high temperatures [22], [23].

Vacancies in the crystal structure that are not occupied by host ions can act as charge carriers in
ionic conduction. This phenomenon occurs only in ionic crystal structures. In non-ionic materials,
conduction is primarily determined by the nature and concentration of impurities. Although insulating
materials such as polymers are not inherently ionic, they can still contain ions. [23] In insulating
polymers, it is reasonable to assume that ions originate from polymerisation catalysts, degradation
products, absorbed moisture, and other impurities introduced during the manufacturing process [22],
[25]. Figure 16 a) shows schematic representation of cubic crystal structure containing anions

marked as black and cations marked as white, b) Schottky and c) Frenkel defects.
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Figure 16. Schematic representation of a) a vacancy in the crystal lattice that allows ionic
conduction, positive cations in black and negative anions in white. b) Schottky and c)
Frenkel defects.

The behaviour of charge carriers at electrode interfaces depends on their type. lons have difficulty
in moving to an electrode as a mass, and as a result they often are blocked at one electrode and
remain near the insulator interface. This leads to the formation of a heterocharge, which in turn
changes the electric field distribution in the material. lons trapped at the interface can react with
opposite charge carriers, such as injected electrons, allowing them to be electrically neutralised.
Electronic charge carriers such as electrons and holes, on the other hand, can pass through the
insulator and exit through the opposite electrode. This exit may occur unhindered or it may require
additional energy if there is a potential difference at the interface that provides resistance to the exit
of the carriers. [15], [21], [22], [25]

3.3.2 High-field conduction mechanisms

This section provides a more detailed overview of high-field conduction mechanisms. Electrode-
controlled processes include Schottky and Fowler—Nordheim injection, as well as their combined
mechanisms. Bulk-controlled conduction mechanisms covered here are hopping conduction, space-
charge-limited conduction (SCLC), Poole—Frenkel emission, and the field-limiting space charge

model
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Often the Coulombic potential between the electrode and the insulator limits the transport of charge
carriers crossing the interface. Under the influence of a high electric field, this potential barrier can
be reduced in both height and width. Lowering the barrier increases the probability that charge
carriers have sufficient energy to cross it. In Schottky injection, also referred to as thermionic
emission in the literature, charge carriers gain the necessary energy from thermal excitation and the

applied electric field to overcome the potential barrier at the metal—insulator interface. [22], [24]

The charge carrier, which should not have sufficient energy to cross the potential barrier, may still
be located on the other side of it. This mechanism is referred to as Fowler-Nordheim injection and is
based on the fact that a high electric field reduces the potential barrier width and increasing the
probability of the charge carrier tunnelling through the barrier. This phenomenon cannot be explained
by classical physics, since a charge carrier with insufficient energy would be reflected back.
However, according to quantum mechanics, the charge carrier has a non-zero probability of being
on the other side of the barrier [17], [22], [24]

If the electric field is not strong enough to reduce the width of the potential barrier, the charge carrier
encounters the full height and width of the barrier, and if the charge carrier still tunnels its way through
the barrier the mechanism is then called direct tunnelling. A form of conduction that combines
Schottky injection and tunnelling is called thermionic field emission in which the charge carrier
receives part of its energy from thermal motion and then tunnels through the thinned potential barrier.
[24]

All the above conduction mechanisms can be represented by simplified energy band diagrams. The
theoretical basis of the diagrams is the injection of electrons from a metal rod into a vacuum. In this
way, the work function of the metal is equal to the potential barrier. The magnitude of the potential
barrier at the interface can vary depending on the conditions, it is influenced by impurities, structural
imperfections, materials used for example. [21], [22] The schematic diagrams presented in Figure
20 are simplifications, and more detailed and advanced descriptions are also available in the
literature, for example in [22] and [17]. However, the representation used is sufficient to provide a

basic conceptual understanding.

The conduction mechanisms within an insulator depend on its electrical properties [24]. Although the
number of charge carriers in an insulator is usually very small, in a thin film and with good electrode
contacts, charges can be injected into the insulator under the influence of a sufficiently large electric
field [22]. In this case, the current flow can be governed by several different mechanisms which are

categorised as bulk-controlled conduction mechanisms.

Space charge limited conduction (SCLC) can be explained by energy band theory, which takes into

account the traps in the material. The theory is presented in two parts, the first part consisting of an
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insulator free of traps and the second part consisting of an insulator containing traps. In the

theoretical treatment, electrons are assumed to be the charge carriers [15], [22]

In a trap free insulation, the charge density n can be considered to consist of two parts. The charges
already in the insulator n, and injected from the electrode n,. Hence, the current density can also

be thought of as consisting of two parts, the Ohmic and the space charge limited part

noquV  9eye, V2
=— S (1)

of which the first part after the equivalence sign is the Ohmic part and the second is the space charge

J

limited part. In the equation, d is the thickness of the insulator, g is the charge, u is the mobility of
the charge carriers, g, is the vacuum permittivity, and ¢, is the relative permittivity. From the equation,
it is useful to note the different dependence of the two mechanisms on voltage. By experimentally
plotting the current density as a function of voltage and both represented on a logarithmic scale, one
can determine from Figure 17 a threshold voltage point V;, where the space charge limited term

begins to dominate the current density equation. [22]

In an insulator with traps, all charges injected into the insulator affect the space charge distribution,
but only a small fraction affects the current. With the coefficient 6., that takes into account free and
trapped charge and especially the charge carriers available to conduction. This part affecting the
current has a large influence on the space charge limited part of equation 11. Therefore, the current

density can be expressed in terms of the traps as follows

9¢,¢,V?
%. (12)

The equation holds for shallow traps, i.e. when the difference between the trap and Fermi level

J =08

energies is significantly larger than the charge carrier thermal energy E; — Ef > k,T. [22]

In the Figure 17 ] —V curve follows Ohm's law at voltages lower than threshold voltage V < V,,,
which means that the density of thermally generated free charges n, inside the insulator is higher
than the density of injected charges n;. It follows that the injected charge carriers tend to redistribute

in the insulator such that the electric charge in the insulator remains neutral. [24]

When the threshold voltage V;, is reached, more charges are injected into the insulator and their
transit time 1, becomes equal to the relaxation time t; of the insulator material. The density of
injected charge carriers n; increases to equal the density of thermally generated free charges n, in
the insulator. At higher voltages, the current density follows the equation 12. This implies a transition
from ohmic conduction to space charge-limited conduction, in the mechanism the charge carriers
start to become trapped, and the conduction no longer follows Ohm's law, but becomes space

charge-limited. When operating in a region where the voltage is V;,, <V < Vg, the traps begin to fill,
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and a space charge is generated. Injected excess carriers dominate thermally generated carriers

because the transit time of injected carriers is too short. [24]

An increase in voltage can increase the density of injected free charge carriers so much that the
Fermi energy level E; rises above the electron trap level E;. Trap-Filled Limit, Vg, , determines the
transition from trap-limited j — V behavior to trap-free ] — VV behavior. When all traps are filled, excess
injected charges are free to move in the insulation material. This means that at V;z,, the electric
current increases abruptly from a low trap-limited value to a high trap-free space charge-limited
current. V-, is defined as the voltage required to fill the traps. In other words, the voltage at which
the Fermi energy level exceeds the trap level. [15] Figure 17 shows how the current density in the
SCLC changes with increasing voltage on a logarithmic scale. Figure 17 shows four different

conduction regions, which can be divided as follows:

1. Ohmicregion0 <V <V, JxV

2. Space charge limited conduction V.. <V < Vygp, J & V2
3. Trap filled region V = Vyp;, slope = o

4. Trap free SCLCV > Vypy, J x V?

J A

JocV/?
Trap free SCLC
Trap Filled Limit
Jocv®
Trap limited SCLC
Jo L. e
: i Ohmic
[ [ >
Vir Vel \
Figure 17. Schematic current density-voltage relationship in SCLC. Current density and

voltage plotted on a logarithmic scale. In ohmic conduction region current density follows
linear relationship to voltage. In trap limited SCLC and trap free SCLC regions relationship
follows square ratio.

In reality, the energy levels of the traps are not at the same level, as assumed to facilitate theoretical
analysis, but are more widely distributed. Due to this the transitions between regions 2 and 3, as well
as between regions 3 and 4 in Figure 17, are more gradual rather than abrupt. This occurs because
as the voltage is increased the Fermi energy level rises, and more trap levels are filled. To conclude,
it can be noted that often the breakdown occurs before reaching the last region and that space-

charge limited conduction holds for thin insulating films. [15], [22]
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Figure 18 presents a process of how the distribution of charge carriers in the SCLC is shaped under
different voltage conditions. At first state a), the voltage V is below the threshold voltage V;,, where
charge injection into the insulator is negligible and the charge carriers within the insulator dominate
conductivity. At state b) dielectric relaxation is observed, allowing charges to be distributed uniformly
in the insulator and maintaining a relatively uniform field distribution. At state c), the voltage reaches
the limiting value V,,., allowing as much charge to be injected as is generated within the insulator by
the field strength. At state d) the voltage IV has exceeded the threshold voltage V;,- and more injected
charges are present than are generated in the insulator, but there are still many free traps in the
insulator. At state e) the voltage is in between threshold voltage and trap filled limit Vi, <V < Vppy,
at which point the injected charges begin to fill the traps and a space charge is generated in the
insulator. In state f), the voltage V has already exceeded the trap filled limit voltage V;r, and the
traps are filled, at which point the current density in the trap free region starts to follow the quadratic
relationship with the voltage again. However, in practice breakdown has already occurred at this

point, as pointed out in [22].
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Figure 18. Carrier distribution in dielectric film under weak carrier injection from electrode

in a), b) and c). In d), e) and f) carrier distribution in dielectric thin film under strong carrier
injection from electrode.

Charges can be transferred from one state to another in an insulator by crossing the potential barrier
with energy from heat, by direct tunnelling or by heat-assisted tunnelling [15]. Hopping conduction
corresponds to the situation where a trapped electron by thermal activation has gained energy to be
at the same level as the adjacent empty state, without crossing the potential wall, after which it can
move from state to state by tunnelling [21]. In comparison to Poole-Frenkel conduction, where the
potential barrier is crossed by thermal activation in hopping the potential barrier is never surpassed

but the charge carrier tunnels from one state to another [24]. Often in literature the term hopping is
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used, which is somewhat misleading, since this conduction mechanism is more precisely a thermally

assisted tunnelling [15].

Mathematically, the probability of the charge carrier transferring from one state to another can be
represented as the product of the tunnelling and thermal activation probabilities. As the distance
between spaces increases, the probability of thermal activation increases, but the probability of
tunnelling decreases exponentially. Because of these opposing effects, the transition is most likely
to occur at a given optimal distance. In [15], this distance and the associated maximum probability
are derived. Here, we will settle for the result that conductivity in hopping conduction can be written

as

B
a=A*exp(—F>, (13)
where A and B are constants found in the literature and n is between 0.25 and 0.5, depending on

the source. Detailed formulas and related quantities for the determination of constants A and B are

given in more detail in references. [15], [26]

The theory suggests that at high electric fields, the potential barrier of a trapped charge carrier,
thereby increasing the likelihood that thermal energy is sufficient to overcome the barrier and release
the carrier. This phenomenon is known as the Poole—Frenkel mechanism, which is considered to be
the internal material counterpart of Schottky injection at the electrode-insulator interface. [27] In the
Poole-Frenkel mechanism, the electric field reduces the potential barrier at trap states within the
insulator, while in Schottky injection, a similar lowering of the barrier occurs at the electrode-insulator
interface. In both cases, the energy needed to overcome the potential barrier is provided by thermal
energy. [22], [24]

For the Poole-Frenkel mechanism to occur, the insulator must have a wide band gap and the material
must contain charge carriers, either holes or electrons [27]. The mechanism is sensitive to the
concentration of defects and donor centres, as defects such as traps can reduce the amount of free
charge carriers and thus reduce conductivity [15], [24]. The Poole-Frenkel effect typically occurs at
high electric field strengths and temperatures [24]. Figure 19 presents how the electric field lowers
the height of the potential barrier in the field direction and thus reduces the energy required for
thermal activation to overcome the potential barrier. V,,,,. is the difference between the potentials at
the highest point of the potential barrier without and with the electric field, r,,,, is the distance of the

potential barrier from the bottom of the trap after adding the field.
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Figure 19. A schematic illustration of how electric field reduces the height of the potential
barrier in field direction in the Poole Frenkel mechanism.

It has been understood for a long time that if charge is injected from the electrode into the insulator,
a space charge may form in the vicinity of the electrodes, causing a local reduction in field strength.
At a certain critical field strength E,,,., the mobility of charge carriers in polymers increases strongly,
several times that of normal. This has been suggested to be due to the electrons gaining so much
kinetic energy that they stay in the conduction band. For this reason, the field-limiting space charge

model assumes that charge carrier mobility is

u=0, when E < E,, (14)
and

U= U, when E > E,,.. (15)
The mobility u,, refers to the charge carrier mobility when the electric field exceeds the critical field
strength. This increase in mobility is analogous to space charge-limited conduction at the trap-filled
limit, where the current rises sharply as the voltage increases. [15] When the field strength surpasses
the critical value E,,., charges are injected from the electrode into the insulator, forming homocharge.
These charges migrate to regions within the insulator where the field remains below the critical level.
The accumulated homocharge then reduces the field strength near the electrodes. Consequently,
charge injection from the electrode ceases once the electric field throughout the insulator falls below
the critical threshold, provided that the localised charges remain stationary. [24] However, in
polymeric materials, the situation is further complicated by structural heterogeneity. Electrical
conductivity differs between the amorphous and crystalline regions, and the material may exhibit
anisotropic behaviour, meaning that conductivity can vary with direction. Furthermore, the critical
field strength may in some cases exceed the dielectric breakdown strength of the material, causing

electrical breakdown before the critical field is even reached. [22]
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Figure 20 provides a simplified illustration of high-field conduction mechanisms at the metal—insulator

interface, a) - d), as well as some those occurring within the insulator, €) and f), summarising the

principles of conduction mechanism.

Metal Polymer

N

e) f)

Figure 20. Schematic representation of coulombic potential barrier at metal-polymer
interface and mechanisms how charge carrier overcomes the barrier in electrode-controlled
conduction. a) Schottky injection, b) Fowler-Nordheim injection, c) thermionic field emission
and d) direct tunnelling. In e) Poole-Frenkel mechanism and in f) hopping conduction which

are bulk controlled mechanisms.

3.4 Space charge accumulation

This section discusses the formation of space charge and the trapping of charges in insulation and
presents a few mechanisms by which charge accumulates and becomes trapped in insulation, such

as electronic charge injection, field assisted thermal ionisation of impurities, spatially
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inhomogeneous electric polarisation, steady DC current coupled with spatially varying ratio of
permittivity to conductivity and physical- and chemical defects. The term space charge was originally
used to describe the accumulation of electric charge between electrodes as a result of electron
injection in a vacuum diode. Space charge can also accumulate in a solid insulator, distorting the
electric field distribution within the insulator. If the density of space charge is relatively high, it can

cause failure and breakdown of the insulation structure. [28]

The formation of space charge in insulating materials under a DC electric field has been
demonstrated in numerous studies. This phenomenon arises from changes in the material's
conductivity, which depends on both temperature and electric field strength. In polymers, conductivity
has been extensively investigated using various research methods, and it has been established that
space charge formation is closely linked to conduction mechanisms, charge transport, and the
trapping and release of charges within the material. Space charge can originate either from charges
injected at the electrode—insulator interface or from charge carriers inherently present in the

material's structure. [29]

In general, homocharge is caused by the injection of charges into the insulator and heterocharge is
caused by processes in the insulating material or by the movement of charge carriers being blocked
at the opposite electrode. The difference between homo- and heterocharge is illustrated in Figure
21. The formation of an accumulated space charge in a material can be a complex process that
depends on many factors, such as the experimental conditions, the geometry of the sample, the type
and material of the electrode, the nature and properties of the electrode-polymer interface, and the
polymer material itself, its chemical composition, degree of crystallinity, morphology, manufacturing

history and the content of impurities or additives. [29]
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Figure 21. lllustration of space charge formation, a) homocharge, where charges of the

same polarity accumulate near the electrode, and b) heterocharge, where charges of
opposite polarity accumulate near the electrode.

3.4.1 Charge generation

As discussed in section 3.3.2 High-field conduction mechanisms, charge injection from the metal—
insulator interface can occur under certain conditions. However, it is worth emphasizing that charge
carrier injection from the electrode—insulator interface almost always occurs to some extent,
especially at high electric field strengths. This mechanism leads to the formation of homocharge near
the electrodes, which means that the charge accumulated in the vicinity of the electrode has the
same polarity. As a result, the electric field strength is reduced in the immediate proximity of the
interface but enhanced in the central region. In contrast to the above, if charge transport within the
bulk of the insulator dominates over interfacial charge injection, the accumulation of heterocharge
may occur. In this case, the charge of opposite polarity to the electrode accumulates near the
interface, thus reinforcing the local electric field near the electrodes but reduces it in the central
region. The space charge density has been found to depend on temperature, with charge
accumulation tending to be stronger at lower temperatures. This behaviour is attributed to the
reduced mobility of charge carriers at low temperatures, which hinders their transport and favours

trapping within the insulating material. [22], [28]

Field assisted thermal ionisation of impurities in the insulator can result in the separation of an
electron and a positive ion. Often the electrons recombine very quickly after this, but those electrons
that do not and are unable to leave the other electrode form a space charge in the insulator.
Assuming that no more charge carriers are injected from the electrodes into the insulator. The
electrons create a current that disappears over time. The remaining positive ions are assumed to be
weakly mobile and form a net charge that is fairly evenly distributed in the insulator. When a field
strength of opposite polarity is applied to the sample, similar charge accumulation has been

observed as a mirror image, assuming identical electrodes and a homogeneous sample. [28]
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lonisation of impurities is likely to be observed in almost all polymers, but it is unlikely to be the
dominant or only mechanism that accumulates space charge. It is worth noting that even at very low
moisture concentrations, the ionisation of impurities and cross-linking by-products increases. [28] As
an example of this, an article [30] studied low density (LD), cross-linked (XL) and high density
polyethylene (HDPE) and found that in low density polyethylene (LDPE), moisture promotes
ionisation of contaminants, in XLPE, by-products are more strongly and easily ionised, and in HDPE,

contaminants act as traps due to moisture.

Molecules with a permanent dipole moment can be distributed unevenly within the insulation
material, or their dipole orientation may only partially align with the external electric field. Due to this
non-uniform distribution, a spatially inhomogeneous electric polarisation can develop inside the
material. Such dipolar molecules can form during the manufacturing of the insulation, for example
during crosslinking. If these molecules are mobile under the influence of an electric field, they tend
to drift toward the edges of the material near the electrodes. At the electrodes, surface charges
neutralise the field generated by these dipoles, but they may still influence the local electric field
distribution. [4] When the direction of the external electric field is reversed, the dipolar molecules
attempt to reorient along the new field direction. In this process, the direction of their polarisation
vector changes, while its magnitude remains constant. This phenomenon is believed to be at least
partially responsible for the mirror image effect. The mirror image effect refers to the phenomenon
where the reversal of the electric field direction causes the internal charge distribution in the sample

to also change in a mirror-symmetric manner. [22]

Electrons injected from electrodes into the insulator affect the behaviour of molecules with a
permanent dipole moment by changing the electric field distribution and thus the orientation of the
molecules. The injected electrons form a homocharge in the vicinity of the electrodes, which
weakens the field strength in the vicinity of the electrode and thus affects the orientation of the
dipoles. If the external electric field is not strong enough, the dipoles will not be perfectly aligned in
the direction of the field and may remain partially oriented. As the field strength increases, the
orientation of the dipoles intensifies until it reaches a saturation point where the dipoles are fully

aligned with the field. This occurs at a sufficiently high field. [28]

According to the electromagnetic theory, space charge accumulates in a bulk sample under the

influence of direct current as follows

P =17 (%), (16)

In polymer insulators, the conductivity ¢ is a function of both temperature T and field strength E. [29]
In a sample with DC current flowing through it, where the ratio of permittivity € and conductivity o
varies locally, a space charge may be generated. In polymer insulators, the temperature dependence

of permittivity is usually negligible, but the variation of conductivity as a function of temperature can
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be significant, leading to the formation of a space charge. This phenomenon arises from the spatial
variation in the ratio of permittivity to conductivity under steady DC current conditions. Since
conductivity is dependent on both temperature and electric field strength, it can be expressed as a
function of these parameters as follows

kG;‘% sinh(cE)

o(T,E) = g, exp —bf , 17)

where o, is the material constant, G, is the thermal activation energy and sinh(cE)/E is the
dependence of conductivity on field strength. [28] Depending on the temperature conditions of the
insulation, the field strength may be higher at the inner edge of the insulation or at the outer edge of

the insulation [31].

From Figure 22, it can be observed that in a DC cable, as the temperature gradient across the
insulation increases, the electric field distribution becomes increasingly distorted. Curve B
represents a cable with a small temperature gradient, where the electric field is still relatively uniform.
As the thermal gradient increases (C), the field starts to redistribute, and in the case of a high
temperature gradient (D), the electric field near the outer radius of the insulation becomes
significantly stronger than near the conductor. The thermal gradient results from Joule heating of the
conductor, the cooling effect of the environment and the thermal resistivity of the insulation material,
i.e. how good the thermal conductivity of the insulation is [29], [32]. This phenomenon, where the
electric field strength increases toward the outer edge of the insulation, is known as stress inversion.
In contrast, the electric field distribution in an AC cable (curve A) follows the typical inverse radial
dependence, with the highest field at the inner conductor. The temperature gradients associated with
the DC cable curves in Figure 22 follow the relation where AT(B) < AT(C) < AT(D).
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Figure 22. Schematic illustration of stress inversion due to temperature gradient. Curve A

shows a typical electric field distribution in an AC cable. Curves B-D illustrates the electric
field distribution in a DC cable with different temperature gradients. The temperature
gradients are in the following order AT(B) < AT(C) < AT(D).

In switching conditions or other transient conditions, it takes time to reach a state of steady state of
the electric field distribution in the DC cable. For example, as soon as the DC voltage is switched
on, the electric field is distributed capacitively in the insulator, i.e. in the same way as in an AC cable,
as shown in Figure 22, curve A. Over time, the field evolves towards a resistive distribution, starting
to resemble the curves B-D in Figure 22, depending on the magnitude of the temperature gradient.
The rate of settling of the field distribution is determined by the dielectric time constant defined by
the equation 7. = ¢/0, where ¢ is the permittivity and o the conductivity. Since conductivity is
strongly temperature dependent, the time constant and hence the evolution of the field distribution
is also temperature dependent. [22]

3.4.2 Charge trapping

Energy band structures derived from semiconductor physics are a good starting point for
understanding the properties of polymer insulators. The theory does not fully explain the conductivity
or trapping properties of insulators due to their complex nature [22], but it helps to better understand
the concept as a whole. Many studies and publications have focused on polyethylene because many
insulation materials are similar to PE and have a relatively simple chemical structure according to
[21].

Many insulating materials possess a wide band gap, where charge carriers should not be located.
Calculated and experimental measurements have shown this to be around 8.8 eV for polyethylene,

which would result in very low conductivity in the material. Such conductivity values, in theory 1045
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S/m, have not been encountered in real measurements because the energy band structure is much

more complex than the idealised model often presented in the literature. [15], [22]

Molecular simulations can be used to study the properties and behaviour of individual atoms and
molecules. The aim of these simulations is to understand how the macroscopic properties of matter
arise when atoms and molecules interact with each other. In the case of polymers, the properties of
a single chain can be studied by looking at its repeating structural units. In contrast, understanding
the properties of crystalline or amorphous regions requires consideration of the interactions between
multiple chains. Such an approach has been used, for example, to investigate how microscopic
structural defects affect the formation of spatial charge in polymer materials. Accurate modelling of
polymeric materials requires considering not only individual chains but also various structural
defects. These include physical anomalies, such as molecular weight variations and free volume,

and chemical irregularities, such as chain branching and additives. [21]

Molecules can have different conformations, meaning that parts of the chain can twist around bonds.
The simplest and lowest energy conformation is the all-trans structure, where the carbon chain is
perfectly straight. Deviations from this conformation cause a structural disorder of the molecular
chains, which can be called physical disorder. This disorder affects the band structure of the
molecule, creating localised energy states between the valence and conduction bands, in the
forbidden band. These states are called traps and charge carriers can become trapped in them for
different lengths of time. [21] Earlier in Figure 14 schematic illustration of these localised states were
presented. Localised states can enhance the transfer of charge carriers within the insulation material

in the ways already described in sections 3.3.1 and 3.3.2.

In addition to structural defects in materials, chemical defects can also occur. Chemical defects can
be divided into two groups, the first consisting of defects in the polymer chain and the second group
consisting of cross-linking by-products and antioxidant by-products used in cable insulation. [33]
Such chemical disorder often also causes physical disorder, because the size and position of the
foreign atoms and molecules differ from those of the polymer itself. In addition, foreign atoms and
molecules may have different electrical properties, resulting in the creation of energy states in the
forbidden band. These energy states are typically located at a deeper energy level and form so-
called deep traps. Deep traps are thought to have a particular impact on the formation of space
charge [21]. Studies on polyethylene [33] and [34] analysed the depths of physical and chemical
traps, and the results suggest that shallow traps are more often associated with physical
imperfections, while deeper traps are typically the result of chemical defects. However, it is important
to note that there is an overlap in the depths of physical and chemical defects, and they cannot be

explicitly classified as shallow or deep traps based on their mechanism of origin.
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What physical and chemical defects have in common is that both cause structural disorder, which
affects the energy band structure of the material and creates localised energy states between the
conduction and valence bands, forming traps. Physical defects are primarily related to
conformational variations in molecular chains, such as chain rotation, while chemical defects are
caused by contaminants such as impurities, additives or reaction products. Physical defects often
result in shallow traps that facilitate charge transport, while chemical defects typically result in deep
traps that trap charge carriers for longer periods of time, particularly affecting space charge

formation.

3.5 Fundamentals of dielectrics

The aim of this chapter is to examine how macroscopic properties of a material, such as relative
permittivity €, or external field strength E, relate to microscopic properties such as polarisability a or
local field strength E; and introduce the mechanisms of polarisation. For example, polarisation and
permittivity affect the local electric field distribution, charge trapping and charge mobility in the
material, all of which are relevant to understanding the measurements and results considered in this
thesis. In addition to this, the chapter presents the complex permittivity, its frequency dependence

and relationship to losses, and the relationship of permittivity to various relaxation mechanisms.

Polarisation mechanisms and dielectric properties play a central role in how electric field is
distributed within the dielectric material. Inhomogeneities such as interfaces, defects or structural
discontinuities can lead to local charge accumulation, altering the internal field distribution and
creating potential trapping sites. The different polarisation mechanisms ranging from rapid electronic
and atomic responses to slower dipolar and interfacial processes contribute differently to the
material's overall polarisation and electric behaviour. These phenomena influence how charges

move through or become immobilised within the dielectric.

3.5.1 Polarisation

Many literature references have shown how a material can respond to an applied electric field using
a plate capacitor arrangement as an example and the fundamental formulas for this phenomenon
can be found in references such as [10], [16], [25], [26], [35]. When a dielectric material is placed
between the plates of a plane capacitor, the system shown in Figure 23 is subjected to an external
electric field which induces charges on the material, which are distributed on its surface in the same
way as on the plates of the capacitor. The charge formed on the dielectric surface is opposite to the

charge on the adjacent capacitor plate. This phenomenon is called polarisation. [10]
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Figure 23. Parallel plate capacitor without dielectric a) and dielectric b) in between the
plates.

The electric field causes positive and negative charges in a dielectric material to move in slightly

different directions, resulting in a dipole moment Ap for a given volume Av. In this case, polarisation

can be defined as the dipole moment per unit volume
Ap

P= e

Since each volume element contains several molecules, the total polarisation P is obtained by

(18)

calculating the sum of all individual dipole moments p,,

1
P=2D b (19)
m

The total polarisation is shown as an additional charge on the electrodes of the capacitor. These
bound charges are the result of the polarisation of the material under the influence of an external
electric field. [5] Figure 24 shows a polarised piece of material and its associated polarisation vector
P. Each volume element Av is represented as a dipole with charges +qg and —q. This illustrates how

polarisation is formed as the sum of the individual dipoles in the whole material.
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Figure 24. Polarisation vector P represented in a sheet of dielectric material.

The polarisation of the material in the electric field causes the accumulation of bound charges on the
electrodes, which increases the capacitance compared to a vacuum. This is described by the relative
permittivity &, which is a material-specific quantity and normally independent of the electric field
strength. The permittivity indicates how efficiently the material stores electrical energy by

polarisation. The polarisation P due to the electric field is related to the permittivity as follows

= (& — DgoE = x5, (20)

where g, is the permittivity of the vacuum and y is the electrical susceptibility. [10]

At the molecular level, polarisation arises from the dipole moments of individual molecules, which
are proportional to the local field E; and the polarisability a. The total polarisation is the sum of these

moments

P = NyaE,, (21

where Ny, is the number of molecules per unit volume [10], [36].

Polarisation can be broken down into different mechanisms, with total polarisation being the sum of
all of them. According to [37], the polarisation mechanisms can be divided into the following

categories..

1. Electronic polarisation

2. Atomic or ionic polarisation

3. Dipole polarisation

4. Space charge polarisation
Electronic polarisation can be modelled by considering an atom with a positive nucleus in the centre
surrounded by a spherical electron cloud. When an external electric field acts on the atom, the
electron cloud moves slightly away from its equilibrium position with respect to the nucleus, creating
an internal dipole moment in the atom. The small mass of electrons allows a very fast response to

changes in the electric field, which is why electron polarisation can occur at very high frequencies. It
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is the fastest of the polarisation mechanisms and does not depend on temperature, but is directly

proportional to the electric field strength. [37]

In atomic polarisation, positively or negatively charged atoms and ions move slightly relative to each
other under the influence of an external electric field. This polarisation mechanism is slower than
electron polarisation because the mass of the atoms or ions is much greater than that of the
electrons, so their movement under the influence of the field is slower. Atomic polarisation occurs in
all molecules, whether they are polar or non-polar. However, the phenomenon is more intense in
molecules where the bonds between atoms are weak. Bond displacement involves structural
changes, such as changes in bond lengths and angles, and rotation and bending of polar groups
with respect to each other. [10] The effect of atomic polarisation on the overall polarisation is often
relatively small compared to electron polarisation, but exceptions do occur. Particularly in ionic
compounds, atomic polarisation can be a significant or even dominant mechanism. Like electron
polarisation, atomic polarisation is temperature independent. However, its magnitude is influenced
in particular by the bond energies of the molecule and crystal structure, which determine how easily

atoms can move under the influence of the field. [36]

Dipole polarisation, or orientation polarisation occurs in materials whose molecules have a
permanent dipole moment. When such a material is subjected to an external electric field, the
permanent dipoles tend to orient themselves in the direction of the field. In this way they contribute
to the overall polarisation of material. However, the orientation of the dipoles is not instantaneous,
but slower than the motion of, for example, electrons or atomic nuclei, making orientation polarisation
a much slower mechanism than electron or atomic polarisation. [36] Furthermore, orientation
polarisation is temperature dependent. As the temperature increases, the thermal motion of the
molecules intensifies, which tends to randomise the orientation of the dipoles and weaken the field-
induced order. Thus, high temperature reduces the effect of orientation polarisation on the total

polarisation. [37]

Space charge polarisation, also known in the literature as interfacial polarisation, occurs when
charges accumulate locally within material or at interfaces because of charge movement under the
influence of an electric field. This mechanism differs from those discussed earlier, i.e. the
displacement of electrons or ions bound to atoms and molecules by an electric field, whereas in
space charge polarisation the field is distorted on a larger scale. Such charge accumulation often
occurs in the bulk of the material or at surfaces, especially in regions where conductivity changes
occur, such as at crystal-amorphous interfaces, material defects and cracks. Moisture also increases
conductivity and cause charge build-up. Space charge or interfacial polarisation is the slowest of all
polarisation mechanisms. [26] In Figure 25, all the aforementioned mechanisms are described and

illustrated in principle.
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Figure 25. Polarisation mechanisms in dielectrics. a), ¢), e) and g) before applying an

electric field and b), d), f) and h) after applying an electric field. b) electronic d) ionic, f),
dipolar or orientational polarisation, and h) space charge polarisation.

The concept of local electric field E; is central to understanding the behaviour of dielectric materials
at the molecular level. Although the external electric field appears uniform at the macroscopic scale,
inside the material the field is distorted by local charges and dipoles. To determine the local electric
field, the Lorenz model takes into account three factors, external field E, electric field Ep, due to the
polarisation of the surrounding material, and the field E,, due to dipoles inside the region of interest.
[25]

&+ 2

3

From this, further deriving and combining the knowledge that the electric field induces a dipole

EL=EC+EP+EM=

E. (22)

moment in the molecules, Clausius-Mosotti equation can be derived, which combines the relative

permittivity e, at the macroscopic level and the polarisability @ at the molecular level as follows
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The Clausius-Mosotti equation does not take into account, for example, the existence of permanent
dipoles, the relative orientation between molecules and the temperature dependence. These
shortcomings have been corrected in later theories to include the effect of permanent dipole
moments, the refractive index n,. and Kirkwood's correlation coefficient g, which describes the mutual
orientation of molecules. As a result, Frohlich arrived at a more accurate equation describing molar
polarisation

(sr B nz)(zsr + nZ) Mw _ NAgpg
gr(n? + 2)2 Py  9eok,T’

(24)

where M,, is the molar mass of the material, p,, the permanent dipole moment and N, the Avogadro
constant. This equation takes into account the behaviour of polar molecules and temperature

dependence. [10]

3.5.2 Complex permittivity

Dielectric materials are never completely ideal but always have some electrical conductivity. For this
reason, some electrical energy is converted into thermal energy, i.e. losses. At DC, losses are mainly
due to conductivity, whereas at AC, losses are also due to molecular friction. The combined effect
of these results in dielectric losses, which in real materials are unavoidable. A lossy dielectric
medium can be modelled by the parallel coupling of resistance R, and capacitance C, as shown in

Figure 26.
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Figure 26. Equivalent circuit used to model lossy dielectric structure represented in a) and

complex permittivity in b).
The permittivity of a dielectric material is complex as shown in Figure 26 and can be expressed as
follows
=g —je" =g -6, (25)
Where ¢’ is the real part of the complex permittivity, which is related to the energy stored in the
medium and corresponds to the capacitance C, in the equivalent circuit. The imaginary part &"

describes energy consumption, i.e. the losses in the medium, and is also called the dielectric loss
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factor. This component is related to the resistor R, in the equivalent circuit. The loss angle § of a
dielectric material is used to describe how much the material deviates from the ideal. The loss angle
can also be expressed as

" n

&
tand = — =~ —. (26)
& &
Since the conductivity of many dielectric materials used as insulators is very small, tan § also called

the dissipation factor can be approximated by the latter part of equation 29. [37]

3.5.3 Relaxation

Dielectric relaxation describes the delay with which the polarisation and hence the permittivity of a
material follows a changing electric field. For example, the polarisation of molecules does not have
time to follow a fast enough changing field but instead lags it. As a result of the delay, some of the
energy is converted into heat. [37] Since polarisation mechanisms are activated in different
frequency bands and relaxation times vary, permittivity and dielectric losses are also frequency
dependent [10]. Debye's dispersion equations can be used to describe frequency dependent

complex permittivity using the following equations

, & — &€xn
& ((4)) = Ezo +W (27)
Es — &€xn
n - 2
&"(w) 1122 %" (28)

where ¢, is the static permittivity when frequency w — 0, &, is the high-frequency limit when
frequency w — o, and t is the relaxation time. [36] Figure 27 shows the dielectric dispersion curves
of Debye, where the maximum losses can be observed at w,,,,. At the same point, experimental
results can also be used to determine the time constant t to express the relaxation time. Also, it can
be noticed that with low frequencies ¢’ — ¢ and &' becomes small. On the other hand, when

operating at high frequencies ¢’ — ¢,, and " becomes small again.
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Figure 27. Debye dispersion curves for dielectric.

Debye's theory is based on a single relaxation time but has been extended by models that take into
account the effect of multiple relaxation times. These, of which more can be found in [10], [38], [39]
[3], [8], [9], provide more accurate dispersion curves and more accurate information on the dielectric
behaviour of the material. Debye's assumption of spherical, independent dipoles does not hold, for
example, in long-chain polymers where molecules interact with each other. This leads to variable

relaxation times and a wider dispersion frequency range. [10]

In polymers, relaxation processes can be roughly divided into relaxation of amorphous and
crystalline regions. In crystalline polymers, relaxation can take place either inside the crystal or at its
edges. In amorphous regions, relaxation occurs before reaching the glass transition temperature as
local movements associated with the main or side branches of the molecular chain, or near the glass

transition temperature as a cooperative movement of the whole main chain.
The temperature dependence of the relaxation time is exponential and can be described by
Arrhenius' law as follows

Int = Ea + tant (29)
nt= ka constant,

where E, is the energy required to move from one molecular state to another. When plotted, the
graph Int — 1/t should be a linear straight line, but when considering dielectric relaxation of
polymers, it is often found that the dependence between the time constant t of relaxation and the
temperature inverse 1/T does not follow a linear Arrhenius law, but the graph is curved, especially
in the vicinity of the glass transition temperature T;. This suggests that the amount of energy E,
required for the transition from one molecular state to another in polymers is not constant, but that
the transition from one state to another becomes easier as the temperature increases. This

phenomenon is related to the so-called cooperative relaxation, where several polymer chain
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segments must move simultaneously to allow structural rearrangement or dipole relaxation.
Therefore, the Arrhenius model does not quite apply as such to the description of the relaxation

behaviour of polymers near the glass transition temperature. [10]

The glass transition temperature is associated with a significant change in the mobility of the polymer
chains. Above T, the segments are sufficiently mobile to be affected by the change in temperature
of the polymer chain rearrangement. Below T,, the segments are frozen in place and there is little
movement. [10] Molecular motion requires empty spaces, the so-called free volume [38]. Figure 11
in Chapter 2.4.2 showed how the volume of a polymer increases as a function of temperature. From
Figure 11, it can be concluded that above a certain critical free volume, molecular segments have

sufficient space to orientate. [10]

In solid polymers, there are usually several different relaxation processes. This diversity is most
easily seen in a scan of dielectric loss at constant frequency as a function of temperature. Figure 28
shows a basic plot of the dielectric loss curve. In the graph, relaxation peaks occur, named starting
at the highest temperature «a, 8, v..., of which the «a relaxation peak is called the primary relaxation

and other peaks visible in the graph are called secondary relaxations. [10]

The significant increase in molecular segment mobility occurring at the glass transition temperature
T, gives rise to the a-relaxation, which is the primary and most prominent relaxation peak. Below T,
large-scale chain motion is restricted, so any observed relaxation peaks originate from other, more
localised motions. In amorphous polymers, the development of B-relaxation is mainly attributed to
the rotation of side groups around C—-C bonds, conformational flips of cyclic units, and localised
motions of main chain segments. [10] In semi-crystalline polymers, relaxation behaviour is generally
more complex due to the presence of both amorphous and crystalline phases. Molecular motion can
occur in either phase, which may cause the g-relaxation to split into two distinct components.
Furthermore, additional relaxation modes are often observed above Ty, typically associated with
molecular motions constrained by the crystalline regions. [38] In non-polar polymers, relaxation
peaks can be very weak, even though the same underlying mechanisms as in amorphous materials

are still present [10].
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Figure 28. Schematic illustration of a dielectric loss curve, showing the different relaxation
processes.

In crystalline polymers, molecular chains are arranged in a regular zigzag pattern. If a chain contains
a polar group and an electric field is applied to it, a torque is generated which tends to rotate the
chain around its axis. However, this motion is limited by the interaction of the surrounding chains in
the crystalline structure. If the chain does not fold back into the crystal immediately at the edge of
the crystal, but only afterwards, the twisting or folding of the chain beyond the crystal region is no
longer limited by the crystal structure. Furthermore, in the case of long chains, it should be noted
that they no longer behave as rigid bars but may also twist. Another relevant aspect of the dielectric
relaxation process is the presence of chain strands outside the main chain and cross-linking bonds

that prevent certain molecular movements. [10]

The electrical behaviour of dielectric materials can be significantly affected by various structural
discontinuities and impurities in the material. The resulting variations in properties can be referred to
as the Maxwell-Wagner effect. [10], [40] The phenomenon occurs when a material has regions of
different permittivity ¢ and conductivity o, i.e. ¢, 0, # £,0;, when two materials are stacked on top of
each other in a planar capacitor, as already discussed. In this case, charges accumulate at the
interfaces of the materials under the influence of the electric field, leading to an uneven distribution
of the electric field and local polarisation. [37], [40] Typical discontinuities include cracks, gaseous
cavities or different material phases such as the boundaries of amorphous and crystalline regions.
Electrically conducting impurities, such as metal particles or moisture, can also cause local

conductivity differences and contribute to charge accumulation at interfaces. [10]

In these cases, the electric field is unevenly distributed, which increases charge accumulation and
affects the dielectric response of the material. For such systems, Wagner derived a mathematical
model of complex permittivity where its real and imaginary parts, ¢’ and ¢'’, and constant k are

represented as follows

k
e =e(1+50m) (30)

(3D
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The significance of the equations is that they show how differences in permittivity and conductivity
in a dielectric material caused by impurities can give rise to a phenomenon similar to relaxation due
to dipole orientation. In such cases, the relaxation time changes and the maximum of the loss tangent
shifts to a different frequency range in the dispersion plots. This makes the phenomenon easily
mistaken for other relaxation mechanisms, although it is due to charge accumulation at interfaces
rather than dipole relaxation related to the molecular structure. [10]



52

4 POLYMER AGING, DEGRADATION AND
BREAKDOWN

The most important properties of solid insulators are sufficient electrical and mechanical strength.
Electrical strength is not usually a problem if there is enough space available for the insulator, but
mechanical strength is equally important in many applications. Insulation often must function at high
temperatures, which is why heat resistance is often the most important selection criterion. Over time
and with use, insulation materials age and degrade, and their properties deteriorate due to various

mechanical, thermal, and electrical stresses. [37]

Breakdown occurs when a thermally or electrically activated mechanism causes the number of
charge carriers to increase to such an extent that the material loses its insulating capacity. Aging,
degradation, and breakdown describe three different phenomena that damage insulation on different
time scales, although some of the mechanisms that promote them may belong to more than one of
these groups. The following Figure 29 shows aging, degradation, and breakdown, as well as some
mechanisms that cause them, on a theoretical timeline which can be used to observe their
development over time and their differences. Aging and degradation can be seen as slow processes

that, over time, may lead to insulation failure as a result of breakdown. [37], [41]
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Figure 29. Failure mechanisms of dielectric materials as a function of electric field

strength and time to failure, illustrating the transition from rapid breakdown at high fields
to long-term processes at lower fields.
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4.1 Physical aging

Physical aging is essentially a process in which the movement of polymer chain segments in
amorphous regions decreases. The closer the polymer is cooled to its glass transition temperature,
the slower its recovery from mechanical or electrical stresses become. When a polymer is cooled
from the melt below its glass transition temperature, its macromolecular chains remain in a
metastable state. This means that the polymer has higher enthalpy, entropy, and specific volume
than a material in equilibrium represented in Figure 30. Most amorphous and semi-crystalline
polymers that have undergone such heat treatment remain in a state of thermal imbalance. Since
the polymer has not yet reached thermodynamic equilibrium, it continues to undergo slow
conformational changes, known as physical aging or structural relaxation. These spontaneous
relaxations reduce the enthalpy of the polymer as the chain segments rearrange themselves toward
a lower energy level. [42], [43]
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Figure 30. Schematic representation of specific volume or enthalpy as a function of

temperature, illustrating the glassy and rubbery states, the glass transition temperature
and the effect of physical aging.

Physical aging leads to changes in the properties of the polymer, for example, the glass transition
temperature is observed to be higher than its apparent glass transition temperature would be
expected to be, and gas permeability, tensile modulus, and brittleness increase [42]. Aging is also
associated with a decrease in free volume. As the free space decreases, segment motion slows
down, reaching a new equilibrium state after stress changes becomes increasingly slower. Physical
aging is a self-slowing process, as the segment motion required for chain rearrangement slows down
as the free volume decreases. [15]

Physical aging occurs significantly only below the glass transition temperature T, as the segmental
movement of the chains is sufficiently slow there. A few degrees below T, the metastable state can

persist for months or even years, depending on the material. Further below Ty, the movement of the
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chains is practically stopped, and no significant aging occurs. [15] However, in semi-crystalline
polymers, the chains in amorphous regions near crystals may have limited mobility, in which case
the local T, of these regions may be higher than the bulk T, of the polymer. For this reason, physical
aging can occur in semi-crystalline polymers above the bulk T, especially at the interfaces between

amorphous regions and crystalline lamellae. [44] A similar phenomenon can also occur in materials

reinforced with fillers, where the filler particles restrict local chain movement [15].

However, the physical aging of semi-crystalline polymers is not limited to a reduction in free volume
and a slowing down of segmental movements. During aging, significant changes occur in the phase
composition, crystallinity increases as a result of secondary crystallisation, and an intermediate,
amorphous-like phase increases. This intermediate phase increases mechanical properties such as

elastic modulus and yield strength. [45]

Both mechanical and electrical stress can affect the segmental movements of polymer chains. In
semi-crystalline polymers, mechanical stress can increase the size and number of small cavities.
Mechanical stress also causes slow crystallisation in amorphous areas, leading to an increase in
density in these areas. Since the total volume of polymers is constant at a given temperature, the
increase in density in one area is compensated by the formation of micro voids and discontinuities
in another area. In addition, the number of interfaces between amorphous and crystalline areas may
increase, which increases the density of defects and trap sites and local space charges. Such
physical aging increases the vulnerability of dielectric materials to other electrical breakdown

phenomena, such as partial discharges, electric trees, and water trees. [15]

At high operating temperatures, the small and imperfect lamellae of semi-crystalline polymers might
melt and recrystallise into thicker lamellae when they cool down. Similarly, the formation of micro
voids intensifies at high temperatures due to mechanical stress, which further weakens the insulating
properties. [5] Physical aging leads to time-dependent performance characteristics because it has a

modifying effect on the properties of the material. [45]

4.2 Chemical aging

Free radicals and ions are the most common causes of chemical aging in polymers. They are highly
reactive and can initiate chain reactions that lead to either the breakage or cross-linking of molecular
chains. Chain scission can occur randomly at different points, resulting in large molecular fragments,
or as an unzipping like reaction, in which volatile monomers and side groups are released. Chain
reactions can be triggered, for example, by heat, oxygen, UV or ionizing radiation, mechanical stress,
or chemical impurities. Oxidation can also be accelerated by by-products left from the manufacturing

process, especially if they contain metal ions that catalyse the reaction. [15]
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lonizing radiation and high-energy electrons can accelerate degradation by creating small fragments
that easily break down through unzipping mechanism. In polymers with high polymerisation
temperatures, the same process can also be used to achieve cross-linking, which can improve

mechanical and thermal properties. [15]

At high temperatures, aging is mainly caused by chemical reactions accelerated by the temperature.
For example, the combination of oxygen and heat can accelerate chain scission, promote oxygen
diffusion into the polymer, and produce by-products or free radicals. Moisture, on the other hand,
weakens the structure and aging resistance of most polymers, often through hydrogen bonding and

hydrolysis, and its effect can be enhanced in combination with high temperatures. [46]

Cross-linking, especially when triggered by radiation, can continue slowly for years. This increases
the crystallinity of the polymer and causes microstresses that cause the material to become more
brittle. In addition, antioxidants added to dielectrics do not always remain permanently in the polymer,
they can migrate out of the material or accumulate into large clusters. This not only reduces the
effectiveness of antioxidant protection and exposes the material to oxidation but can also cause
stress cracks and thus accelerate electrical breakdown. In the long term, the combined effects of
oxidation, moisture, and radiation can form a complex, continuously propagating chain reaction in

which free radicals are generated and consume the material at an accelerating rate. [15]

4.3 Electrical aging

The aforementioned chemical and physical polymer aging processes can occur without the influence
of an electric field and are often slow processes that alter the properties of the polymer from its
original state [9]. However, an electric field can accelerate or interact with these mechanisms and
thus further age the insulation. Electrical aging can be said to occur when the strength of the electric
field effects the aging of the dielectric material. Electric field, especially DC field, can cause the
decomposition and movement of ionised and ionisable by-products. This leads to a deterioration in
insulation capacity due to increased losses and local stress peaks, even though no visible damage
is yet apparent. Electrical aging and degradation processes include, for example, water and electrical

trees and partial discharges (PD). [15]

4.3.1 Water tree

Water trees are microscopic, tree-like, and often branched structures that form in electrical insulation
materials due to the combined effects of an electric field and moisture. They develop from structural
imperfections in the insulation, such as scratches, impurities, pores, or water-filled micro voids. The
internal structure of water trees consists mainly of small, spherical micro voids, rather than

continuous channels or cracks. Water trees are generally classified into two categories, bow-tie
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trees, which grow from water-filled voids, and vented trees, which grow from the semiconductive

layer. [2]

The growth of vented trees can typically be divided into three main stages, an inception stage, rapid
but gradually decelerating propagation stage, and a stage in which growth slows down significantly
or almost completely stops. In contrast, the growth of bow-tie trees usually saturates. [15] Water tree
propagation is driven by the intensification of the electric field at the tree tip, which directs the access
of water and ions into the polymer and promotes the formation of water-filled microcavities. The
growth rate and extent of propagation are essentially influenced by the tree type, the magnitude and
duration of the electric field, and the characteristics of the growth site, such as local defects,
interfaces, and the dielectric permittivity of the material. The higher and longer the electric field is
applied, and the more favourable the environment is for water transport, the further and faster a
water tree can develop over time. [47] Water treeing is primarily a long-term aging or degradation
mechanism, typically progressing over months or even years [15]. Although water trees are more
common under AC fields, they can also occur under DC. In particular, harmonic components

superimposed on a DC voltage can accelerate water tree growth. [44]

The space charge present in the surroundings of a water tree can either enhance or reduce the local
electric field. Charge density, type of space charge and polarity of the voltage applied to the cable
also have an effect on electric field changes and impact on water tree propagation. These factors
can either promote or inhibit the ionisation processes that drive tree growth. [48] Water tree
development is also affected by several other factors, such as temperature, the nature of the
electrolyte, and the morphology of the insulation material. While modern cable insulation can
withstand water treeing for long periods without sudden failures, water trees can still significantly

shorten service life and pose a long-term reliability risk. [15], [49]

According to [15] water trees can eventually develop into electrical trees, but this requires certain
additional conditions to be met. Electrical tree propagation along a water-tree-degraded path occurs
when the water content of the tree channel decreases significantly, the ion concentration increases,
and the local electric field becomes intensified. Vented water trees are particularly prone to this
transition, as they can grow across the entire insulation thickness and provide a direct pathway for
electrical treeing. In contrast, bow-tie water trees often have a more limited impact, as the amount

of electrolyte and the possibility for gas release are low, which restricts electrical tree development.

4.3.2 Electrical tree

Electrical treeing is a tree-like or branching damage channel within dielectric, formed because of
long-term electrical stress. It represents one of the most significant pre-breakdown degradation

mechanisms in polymeric insulation and is a critical phenomenon, particularly for high-voltage
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equipment and maintenance considerations. The presence of an electrical tree reduces the dielectric
strength of the insulation material and increases the likelihood of breakdown over time. [50], [51]
Electrical trees typically form in regions where the local electric field is elevated. Such regions arise,
for example, at structural discontinuities in the material, in gas voids, or at electrode interfaces. The
initiation of an electrical tree is often linked to charge injection from the electrode—insulation interface,
with the accumulation of charges causing distortions in the electric field distribution. This, in turn, can
lead to bond scission in polymer chains, the formation of microcracks, and eventually the initiation

of electrical treeing. [51], [52]

Under DC stress, charge injection and subsequent transport through the insulation are key
processes. Charges can become trapped in localised states within the material, forming space
charges that distort the field distribution and lower the threshold field required for tree initiation. [50],
[53] Since the growth rate of electrical trees is roughly proportional to frequency, one might expect
treeing to be difficult under pure DC conditions. However, studies have shown that electrical trees
can develop particularly under combined voltage stresses, such as DC—pulse or DC-AC composite
voltages. [2], [50] The combined effects of pulse-induced charge injection and mechanical stress can
accelerate polymer chain scission and microdamage formation [51]. According to [54], even when
the AC component is much smaller than the DC bias, it can significantly influence tree growth by
periodically injecting and extracting charges, thereby weakening the stabilizing effect of space
charges. The effect of the AC ripple becomes more pronounced as its proportion increases
compared to DC bias. At low relative shares of AC composed to DC, tree growth is restrained, while
higher amplitudes accelerate propagation and produce electrical tree morphologies closer to those
under pure AC conditions. Morphological differences in electrical trees also emerge under positive
DC bias with superimposed AC, trees tend to form along a few main channels accompanied by
stronger PD activity, while under negative DC bias the growth rate is slower and trees with many

micro-branches dominate, associated with more dispersed PD activity. [54]

Polarity reversals or rapid changes in the applied voltage in HVYDC systems increase the likelihood
of electrical tree formation. These transients interact with accumulated space charges, enhancing
the local electric field and initiating partial discharges that promote tree inception. The breakdown
initiation voltage for treeing is lower during polarity reversal compared to unidirectional DC operation,
whereas slower polarity changes reduce the probability of tree formation. Polarity reversals are
further associated with more intense burst-like PD activity than steady DC, a behaviour closely

correlated with accelerated tree growth and branching. [6], [55]

Temperature also plays a significant role in electrical tree formation. Elevated operating
temperatures increase molecular chain mobility and free volume, allowing charges to migrate more
easily through the material. As a result, charges can gain higher energies and break molecular

bonds, further increasing the likelihood of tree initiation and propagation. [56]
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Electrical treeing is generally considered a long-term degradation mechanism, although under
certain extreme conditions, such as high pulse voltages, it can develop rapidly [50]. The growth
process often proceeds through three stages, initiation, propagation, and a runaway phase, during
which the tree can rapidly extend to full breakdown. While electrical treeing is not, in itself, a
breakdown event, its presence is a clear indication of electrical aging of the insulation and a potential

precursor to failure. [56]

4.3.3 Partial discharge

Partial discharge (PD) is a localised electrical discharge that occurs within gas-filled voids inside
insulating material, at its interfaces, or in manufacturing defects where the electric field is locally
intensified sufficiently to initiate the discharge [15], [55]. In voids, the field is concentrated due to the
lower permittivity, and discharge occurs there before it does in the surrounding material. The
inception voltage V; required to initiate partial discharge depends on the size and shape of the void,
the properties of the gas, pressure, and temperature. [57] Partial discharges cause chemical and
physical changes in insulation structures. In addition, they result in erosion, heat generation, and the
production of various gases. Typically, partial discharges affect the long-term service life of the

insulation. [37]

The distribution of the total voltage applied to the insulation between the void, and the surrounding
material can be illustrated by the equivalent DC circuit in Figure 31 a). The void is represented by
capacitance C, parallel with a spark gap and void resistance R,.. The void must be charged through
the insulation in series with it, which is represented by parallel capacitor C; and resistor R;. The

remainder of the insulation is represented by C,, in parallel with R,,. [53]
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Figure 31. Equivalent circuit of a void a) and the corresponding voltage (DC) behaviour

across the void during partial discharge activity b).

The initiation of a partial discharge requires two conditions to be satisfied, the voltage across the
cavity must exceed the minimum voltage V,,,;,, to start PD, and a free electron must be present at a
suitable position to trigger the ionisation process. The appearance of such an initiating electron is a
stochastic event, and as a result, a time delay t; occurs between the moment the voltage surpasses
Vmin @nd the actual onset of the discharge. During this statistical delay, the cavity voltage continues
to rise above the minimum voltage, a surplus described as 4V. PD ignites at inception voltage that
is V; = Vyin + 4V, as lllustrated in Figure 31 b). During a partial discharge, charge is transferred
across the void and accumulates on its internal surfaces. These accumulated charges create a field
in the opposite direction to the external field applied to the void. As a result of the discharge, the
voltage across the void decreases and the PD is extinguished. The discharge process is influenced
by the overvoltage AV, which depends on the rate at which the applied voltage increases. Over time,
the charges deposited by the discharge gradually diffuse into the surrounding insulation, allowing
the voltage in the void to rise again. Once the voltage across the void exceeds the inception level, a
new PD can occur. If, however, the discharge does not extinguish but instead develops into a self-

sustaining ionisation process, this may lead to complete breakdown of the insulation. [15], [55]

Paschen’s law can be used to describe how the breakdown voltage of a gas depends on the product
of the gas pressure p and the electrode gap distance d. Figure 32 presents a schematic illustration
of Paschen’s law, with both axes shown on a logarithmic scale, showing that the breakdown voltage
reaches its minimum at a specific p * d value. This is referred to as the Paschen minimum. When
p * d decreases below the minimum, the breakdown voltage increases. This is because there are
insufficient ionising electron collisions in the gas before an electron reaches the opposite electrode.
In other words, the electric field is too weak to initiate an electron avalanche, as the gap is short and

there are few gas molecules. Conversely, when p * d increases above the minimum, the breakdown



60

voltage also rises. In this case, the gas density is so high that electrons collide with gas molecules

too frequently and lose energy, thus failing to reach the kinetic energy required for ionisation. [58]
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Figure 32. Representation of Paschen curve showing the relation between the

multiplication of pressure (p) and gap length (d) versus breakdown voltage (V) in
logarithmic scale.

As partial discharge progresses, the leading edge of the discharge avalanche accumulates negative
charge from higher mobility electrons. Behind this front, lower mobility positive ions remain. This
asymmetric distribution of charges distorts the local electric field and effectively shortens the distance
over which the voltage across the void is distributed. This effect shifts the operating point of the
discharge on the Paschen curve. If the original operating point lies on the left-hand side of the
Paschen minimum, the shortening of the voltage distribution gap can lead to an even higher
breakdown voltage, which may weaken the discharge. Conversely, if the operating point lies on the
right-hand side of the minimum, a shorter gap may bring the operating point closer to the minimum,
increasing the likelihood of discharge. In other words, depending on which side of the Paschen curve
the operating point is located, the effect of a non-uniform field can either hinder or promote discharge

development. [15]

As previously noted, the damage mechanisms of discharges are mainly physical and chemical. lon
bombardment can cause localised damage to the structure of the insulation, particularly when
accompanied by a rise in temperature or pre-existing defects. The kinetic energy of individual ions
is often insufficient to break bonds, but a high charge density in a small area can lead to material
degradation, especially in insulation that has aged mechanically or chemically. [55], [59] In terms of
chemical damage, partial discharges produce reactive oxygen species which react with and degrade
polymer chains. Unlike ion bombardment, which causes localised damage, these species diffuse

rapidly and damage larger areas, particularly the internal surfaces of voids. [15]
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Partial discharges occur less frequently under DC than under AC. Nevertheless, transient events
such as switching operations or voltage changes can temporarily increase their occurrence rate even
under DC conditions [55]. Under DC loading, the electric field distribution within the insulation shifts
over time, causing the highest field stress to migrate towards the outer edge. As a result, the
likelihood and onset of partial discharges depend not only on the applied voltage but also on the

location of void within the insulation. [60], [61]

4.4 Breakdown mechanisms

Breakdown in electrical insulation can be initiated by several different physical and electrical
mechanisms, which depend both on the structure of the material and on operating conditions such
as electric field strength, temperature, humidity, and the nature of the electrical load. In polymeric
insulations, the degradation process is often complex and may result from the combined action of
multiple mechanisms, where, for example, heat, mechanical stress, and electric-field-induced
phenomena reinforce one another. Space charge can influence the changes occurring as a result of
all these mechanisms. The following subsections examine the most important breakdown
mechanisms individually. In the case of solid insulation, breakdown always results in the loss of

insulating capability.

4.4.1 Thermal breakdown

All insulating materials possess a small electrical conductivity, which under voltage contributes to
heat generation through leakage current and associated power losses. Conductivity is therefore one
of the mechanisms by which temperature can rise within the insulation. Thermal breakdown occurs
when this temperature increase becomes sufficient to degrade the insulation properties and reduce
its dielectric strength below the applied voltage. If the heat generated and dissipation are in balance,
the insulation remains intact. However, if conductivity increases with rising temperature, the rate of
heat generation accelerates uncontrollably, leading to thermal runaway and ultimately the failure of

the insulation. [15]

Thermal breakdowns can be described by two distinct phenomena, destructive breakdown and
thermal instability. From a thermal perspective, three states described in Figure 33 can be
distinguished for an insulating material, stable, metastable, and unstable. In the stable state, when
the voltage is below a certain threshold voltage, the insulation warms up and eventually reaches a
stable equilibrium state in which the heat generated by the insulation equals the heat dissipated to
its surroundings. In this state, the temperature remains constant. In the metastable state, the voltage
is increased above the first threshold, and although the temperature still stabilises, at higher
temperatures equilibrium can no longer be achieved. In such conditions, even a small increase in

voltage causes heat generation to exceed the material’s ability to dissipate heat, leading to an
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uncontrolled temperature rise and thermal runaway. This critical voltage level is often defined as the
maximum value below which thermal breakdown does not occur, but above which the temperature
will eventually rise to the point of failure. In the unstable state, the voltage is so high that the

temperature never reaches equilibrium, and heating continues until breakdown occurs. [15]

\4 \2
A
Cooling
Vi
)
2
o
o
Temperature -
Figure 33. Relationship between generated power and temperature for different applied
voltages V, < V, < Vs, illustrating thermal stability between heating and cooling of the
insulation.

Unlike in steady-state thermal breakdowns, in impulse breakdowns the thermal capacity of the
material or insulation cannot be neglected. In steady-state conditions, temperature changes are slow
enough that only the balance of thermal power needs to be considered. In impulse breakdown, the
temperature rise is so rapid that heat conduction can be neglected. Consequently, localised heating
or hot spots may occur at material defects or inhomogeneities, where enhanced current density and
electric field further accelerate the temperature increase. When comparing steady-state breakdown

to impulse breakdown, breakdown under impulses occurs at higher temperatures. [15], [62]

Space charge influences the impulse breakdown behaviour of dielectric materials. Experiments on
polyethylene have shown that during DC pre-stressing, homocharge accumulate near the electrode
tip, which reduces the field in that region. This effect can increase the impulse breakdown field if the
impulse polarity is the same as in pre-stressing and correspondingly decrease it, if the polarity is
opposite. The effect also depends on the voltage rise time, as this determines the time available for

charge accumulation. [63]

In general, breakdown occurs at weak points in the insulation, where local conductivity may be
higher, thermal conductivity lower, or the electric field greater than in the surrounding material [15].
In thin polymer films, an increase in current has been observed before breakdown, indicating

filamentary breakdown, a phenomenon in which the current flows through a narrow, rapidly heating
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channel. In such a case, the local temperature rises sharply, forming a conductive path through the

insulation. [64]

4.4.2 Electromechanical breakdown

Electromechanical breakdown occurs when the mechanical stress induced by the electric field
exceeds the tolerance of the dielectric material. This phenomenon has been observed in several
thermoplastics, where softening due to increased temperature reduces the material’s ability to resist
mechanical stress. The force arises from electrostatic interactions and can result in a reduction in
the thickness of the insulation. As the insulation becomes thinner, the electric field strength
increases, which may trigger another breakdown mechanism before actual electromechanical failure
occurs. [15], [65]

Crack propagation in dielectric materials can be classified into electrofracture and filamentary
electromechanical breakdown. In electrofracture, electrostatic forces cause the growth of a narrow,
tubular crack within the insulation. This is a gradual degradation process, an ageing mechanism,
where the crack grows progressively over time. In filamentary electromechanical breakdown, the
phenomenon occurs at higher local electric fields and is regarded as a true breakdown mechanism,
meaning a rapid and sudden failure of the insulation, rather than mere ageing. In both cases, the
electric field strength at the crack tip is intensified, promoting further crack propagation within the

material. [15]

In some materials, hot spots caused by Joule heating may not trigger thermal runaway, but the
resulting reduction in Young’s modulus can still lead to electromechanical failure. A combination of
insulation thinning increased electric field at the crack tip, and elevated temperature together
contribute to the weakening of the Young’s modulus. This mechanism is more common in thin films,
as in these the electric field is more strongly affected by even a small crack than in materials with
actual insulation thicknesses. [15] The presence of space charge further increases the mechanical
deformation of the material, as the field alteration caused by the charge amplifies the
electromechanical stress acting on it [66]. Electromechanical stress may also act with other
breakdown mechanisms, such as electrical breakdown, thereby not only accelerating the

progression of damage but also reducing the overall dielectric strength [65].

4.4.3 Electrical breakdown

Electrical breakdown in solid insulating materials has been attributed to either the energy or the
number of electrons increasing to such an extent that the material enters an unstable state, resulting
in at least localised damage to the crystal lattice, or to breakdown through impact ionisation or

avalanche breakdown processes. [37] Free electrons moving in an electric field can transfer energy
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to the crystal lattice via electron—phonon scattering. However, there is an upper limit to the rate at
which energy can be transferred to the lattice. When this limit is exceeded, an imbalance arises that
can lead to breakdown. If the electric field continues to increase, electrons gain energy faster than
they can transfer it to the lattice, causing their energy to rise uncontrollably. This inevitably leads to

the electrical failure of the material which can be considered as true internal breakdown. [15]

Although electron—lattice interaction is an important mechanism for energy transfer, it is not the only
one. Electrons can also collide with other electrons or with defect sites in the material, transferring
energy through these interactions. When electrons collide with other free or trapped electrons,
impact ionisation and avalanche breakdown can occur. Furthermore, as the temperature rises, the
crystal lattice’s ability to absorb energy decreases, making energy transfer to the lattice less efficient.

This accelerates the rise in electron energy and reduces the breakdown field strength. [15]

In impact ionisation or avalanche breakdown, electrons with sufficient energy collide with bound or
trapped electrons, releasing them. After the collision, both the original and the freed electron continue
to move freely and gain further energy from the electric field, allowing the process to repeat. This
initiates a chain reaction in which the number of free electrons increases rapidly and leads to
breakdown. The growth in number of free electrons can be limited by factors such as recombination
with positive ions, diffusion, or capture by electronegative atoms. [37] In polymers, the release of a
trapped electron through collision may, in some cases, leave the trap positively charged. This results
in the formation of a positive space charge behind the avalanche front edge, which weakens the
local electric field and can therefore extinguish the avalanche. On the other hand, if the trap was

initially neutral, its emptying does not produce this field-suppressing effect. [15]

Electrical breakdown is a complex process influenced by numerous factors, including ionisation, the
accumulation of space charges within the discharge channel, changes in the molecular and
crystalline structure of the insulation, and heating. Water trees, electrical trees, and partial
discharges can significantly promote the occurrence of breakdown by reducing the dielectric strength
of the insulation. When the local electric field strength exceeds a critical threshold, electrical
discharges occur, damaging the insulation through physical and chemical processes. Eventually, a
conductive channel is formed within the insulation, in which electrical conductivity increases, and full

breakdown occurs. [37]

4.4.4 Free volume breakdown

As the temperature increases, the free volume in polymers grows, which explains the reduction in
breakdown strength above the glass transition temperature. Conversely, it has been observed that
increasing pressure improves breakdown strength because the free volume decreases. The internal

free volume of a polymer provides electrons with a pathway along which they can accelerate under
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the influence of the electric field. If the electrons gain sufficient kinetic energy, they can cause

structural damage, such as the breaking of molecular chains. [15], [67]

The cohesive energy of the polymer also plays an important role in determining breakdown strength.
Cohesive energy describes the intermolecular binding interactions, such as dispersion forces or
dipole—dipole interactions and indicates how strongly the structural units of the material are bound
together. The greater the cohesive energy, the more difficult it is to cause mechanical or electrical
damage to the structure, and the higher the breakdown strength. This is evident in polymers whose

chains are held together by both dipole—dipole interactions and van der Waals forces. [15]

The effect of free volume on breakdown behaviour appears to depend not only on the amount of free
volume itself but also on field polarity and the voltage rise rate. Under negative polarity with a slow
voltage rise, injected charges can accumulate and form a space-charge region near the electrode.
This charge cloud partially shields the electrode, weakening the local electric field at the initiation
site. As a consequence, a higher external voltage is required to re-establish the critical local field
strength for breakdown, resulting in an increased breakdown voltage. In contrast, under positive
polarity or with a rapid voltage rise, such a stabilizing charge distribution does not have time to form,
and the breakdown voltage remains lower. In addition, reducing the free volume, for instance by
adding nanoparticles, shortens the acceleration paths of electrons and further improves breakdown
strength. [15], [67]
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5 MEASUREMENT METHODS FOR SPACE CHARGE

5.1 Pulsed Electro Acoustic (PEA) method

The pulsed electro acoustic method is a one of the simplest and most effective techniques for
measuring the dynamic spatial distribution of space charge in dielectric materials [68], [69]. It is a
non-destructive method and is also suitable for remeasurement of samples. PEA measurement
circuit mainly consists of a DC voltage source V. to generate a high electric field in the sample, a
pulse generator e(t) to generate a shock wave response from the charges, a piezoelectric
transducer to convert the acoustic signal into a voltage signal and an amplifier to generate a final
output signal for reading. [70] Figure 34 shows a schematic diagram of the PEA measurement circuit

and its components.
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Figure 34. Representation of the PEA measuring circuit and its main components.

The idea of the measurements is that the sample, of thickness d, located between the electrodes,
contains a spatial charge p(z). An external electric field pulse e,(t) of duration At with a fast rise
and fall time is applied to the sample. The pulse induces a perturbation force AF(z,t) on the spatial
charges p(z) in the sample. This instantaneous electric field causes a small dislocation of the
charges in the material from their proper position, which generates an acoustic shock wave Ap(z,t)
that propagates from the sample through the ground electrode to the piezoelectric transducer. The
sum of the acoustic waves generated by the charges is the total wave p(t). This total acoustic wave
arrives at the transducer, which converts it into an electrical signal v,(t), which is passed to the
amplifier and through it to the measuring device. Since the charges in the material are located at
different locations in the material, they arrive at different times at the transducer detecting the

pressure. This delay due to the location of the charge indicates the location of the charge in the
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dielectric material and the amplitude of the signal indicates the density and sign of the charge. [68],
[71], [72]

The accumulation of space charge as a function of time can be studied by connecting a DC voltage
Vpe across the sample before pulsing. Compared to the previous description, this causes additional
surface charges g; and g,, which also experience a perturbation force and generate a shock wave,
as do the charges in the sample. Both bulk and surface charge components can then be observed
in the PEA signal. [68], [71]

Figure 35 shows the evolution of the spatial charge distribution measured by PEA as a function of
time for a material studied in this thesis (Blend-4). The measurements were performed at University
of Bologna (partner in NEWGEN project). The measurement was performed by exposing the sample
to DC voltage for three hours, after which the voltage was removed. The voltage was then switched
off for one hour. The PEA measurement has been performed throughout the four-hour measurement
protocol. The measured sample is approximately 200 ym thick which is shown between 0.05-0.25
mm in y-axis in Figure 35, the first and last 0.05 mm representing the electrodes between which the
sample is located. The measurement shows how the charge in the sample evolves from left to right
over time. The measurement clearly shows a positive homo charge throughout the measurement,
but also a hetero charge that starts to develop at around 3000 seconds and increases up to three
hours. In addition, at the beginning of the measurement, a decreasing positive homocharge is

observed near the positive electrode as the measurement progresses.
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Figure 35. PEA measurement result for 200 um thick Blend-4 measured by NEWGEN
project partner University of Bologna. Poling temperature t,, was 70 °C, and a poling field
E, of 30 V/um was applied Voltage was kept on for three hours and voltage off for one hour.
Negative space charge shown in blue and positive in red as time progresses from left to
right.

5.2 Thermally stimulated current (TSC)

Electret charge in a material can originate from several mechanisms, such as the orientation of
permanent dipoles, charge trapping due to structural defects or impurities, and the presence of
heterogeneous regions, such as interfaces between amorphous and crystalline phases in polymers
[73]. Unlike metals and semiconductors, dielectric materials can retain charge for extended periods.
This is particularly true for semicrystalline and amorphous polymers, which tend to accumulate space

charge due to their high DC resistivity. [74]

When a solid dielectric material is exposed to an external electric field, charge movement occurs
both on its surface and within the bulk. Free charges can move and may leave the dielectric, whereas
bound charges are part of the material's structure and cannot move freely. Charges located on the
surface are referred to as surface charges, while those within the material are known as space
charges. [74] If the surface charge has the same polarity as the polarising electrode, it is called a
homocharge. If it has the opposite polarity, it is termed a heterocharge. [22] In the presence of ion
pairs in the material, an electric field may separate the ions. If the ion mobility is low, their effect is
primarily limited to the material’s polarisation. However, if the ions are mobile, they will drift toward
the oppositely charged electrode. The behaviour of these ions depends on the properties of the
electrode. If no charge exchange occurs at the interface, surface charge accumulates. Conversely,
if the electrode can neutralise the ion, excess charge may be injected into the material. External
factors such as corona discharge and ionising radiation may also introduce surface charges onto the
dielectric. [74]
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In dielectrics, the primary source of excess charge is the injection of electrons and holes from the
electrode—insulator interface. Typically, this charge accumulation remains limited due to the
moderate voltages applied. However, when the electric stress on the insulation persists over long

periods, a significant amount of space charge may gradually build up within the material. [74]

Trapped charges are generally released by thermal activation [74]. At room temperature, this release
is slow, which would make the measurement time consuming because dipoles and charges remain
nearly immobile at low temperatures Elevated temperatures are also used during poling, since they
accelerate the filling of traps. When the material is heated, dipoles and charges regain their mobility,
leading to shorter measurement times [73]. which ensures the trapped charges within the material
form space charge, which may significantly alter the internal electric field distribution. Thermally
Stimulated Current (TSC) measurements aim to investigate the charge state of a dielectric material

under the influence of an electric field [28].

5.3 TSDC and TSPC measurement techniques

Measurements carried out in this thesis were performed using the Thermally Stimulated
Depolarisation Current (TSDC) method. In a conventional TSDC measurement, the sample is first
heated to the desired poling temperature. Once this temperature is reached, an electric field is
applied to the sample for a selected period, during which charges redistribute, and dipoles align with
the direction of the field. The sample is then cooled rapidly under the applied electric field, so that a
significant fraction of the charges and dipole orientation is frozen in place. After removing the electric
field, the sample is short-circuited at low temperature to allow any residual surface charges to
dissipate. Finally, the sample is reheated at a constant rate, and the resulting depolarisation current
is measured. [74], [75]

Although the TSDC process itself is relatively simple, a moderate number of parameters can be
adjusted. These include the poling voltage, temperature, time, as well as the cooling temperature
and rate, all of which influence the outcome of the measurements. [26] As noted, the TSC method
can be performed under various voltage and temperature conditions, which enables distinguishing
between two techniques: TSDC and Thermally Stimulated Polarisation Current (TSPC). To obtain a
comprehensive understanding of the dielectric properties of materials, multiple complementary tests,
such as represented here, should be used in combination, with systematic variation of their

parameters. [74]

The following Figure 36 illustrates the principle of the TSDC measurement, showing the progress of

temperature and electric field over time during the measurement.
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Figure 36. Principle of the TSDC method, illustrating its phases, heating the sample,
poling, rapid cooling, short-circuiting, and linear heating with depolarisation current
measurement.

The TSDC method enables the analysis of phenomena related to charge accumulation and transport
in dielectric materials [76]. From the measurement results, such as peak temperature T,, and peak
current density J,,, various charge-related mechanisms can be distinguished, including dipole
relaxation, trapped charge release, and space charge relaxation. In addition, other parameters can

be calculated from the measurement, such as activation energy E, and defect concentration. [77]

The TSDC measurement system used in this thesis consisted of a liquid N> based temperature
control system with an accuracy of +0.1 °C (Novocontrol Novocool), a high voltage DC source
(Keithley 2290E-5) and an electrometer (Keithley 6517B). A shielded sample cell equipped with a
PT100 temperature sensor (Novocontrol BDS1200 HV sample cell) and shielded cables were used.
A diode-based overload protection circuit and a 100 kQ series resistor were utilised to protect the
electrometer in case of a sample breakdown during high voltage application. All TSDC
measurements reported in this thesis were performed under short-circuit (SC) conditions. The TSDC

measurement procedure was as follows:

1. Sample is heated to polarisation temperature T, (70-90°C) and held under isothermal
conditions for 5 minutes.

DC poling field E, (15-30 V/um) is applied for time t,, (30-120 min).

Temperature is rapidly decreased to T, (-50°C) and maintained for 5 min (voltage on).

Voltage is removed; sample is short-circuited and held under isothermal conditions for 3 min.

o ~ w0 BN

Sample is heated at a linear rate of 8 (3.0°C/min) up to T,,,, (145 °C) while recording the
depolarisation current.

Measurement circuit during different phases of the measurement in Figure 37 a) and b) and sample
configuration utilised for the TSDC measurements is shown schematically in Figure 37 c). A

conductive Ag-filled fluorosilicone rubber electrode, Au bulk electrode and a metal spring ring was
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used on the upper side of the metallised sample film to soften the contact and to distribute the
pressure applied to the sample uniformly. The bottom metallised surface of the sample was also

contacted with an Au bulk electrode.

The samples used in the measurements were prepared in a cleanroom using a metallizing device
(Metallointi Mattila) by evaporating 100 nm of gold on both sides of the sample. The samples were
then placed short-circuited into a vacuum oven at 50 °C for at least 24 hours before testing to ensure
that the initial charge level in the sample would be as low as possible. Before the actual TSDC
measurement, the complex permittivity and loss factor of the sample were measured using a
Novocontrol Alpha-A High Performance Frequency Analyser to verify proper alignment and reliable
contact in the measurement holder. After confirmation, the actual TSDC measurement was carried

out according to the protocol described above.
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Figure 37. Schematic diagrams of the TSDC measurement setup a) when sample is
poled, b) when sample is short circuited and c) sample configuration in sample cell.

As previously described, thermally stimulated depolarisation current (TSDC) measurements can be
performed not only in the conventional short-circuit (SC) configuration but also in the open-circuit
(OC) mode. In the open-circuit method, the sample is typically metallised only on one side, which is
connected to the electrode, while the opposite side remains unmetallised and is separated from the
counter-electrode by an air gap as represented in Figure 38 a). Alternative implementations include

the use of a thin insulating spacer between the sample and one electrode, or a setup identical to
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short-circuit measurements but with an additional series capacitor in the circuit as represented in
Figure 38 b). Regardless of the configuration, the underlying principle remains the same, trapped
charges in the dielectric are released during linear heating, resulting in a current—temperature

spectrum that reflects the trapping and release processes. [78], [79]

The difference between SC and OC measurements arises from the way released charges interact
with the electrodes. In the SC configuration, both surfaces of the dielectric are in direct contact with
electrodes, which allows charges of opposite polarity to flow in the circuit simultaneously. These
bidirectional charge flows can partially cancel each other, thereby obscuring part of the information
carried by the discharge current. [80] Moreover, charges accumulated at the dielectric surface may
recombine directly with the image charges on the adjacent electrode, and thus their contribution may
be lost in SC method [78]. In contrast, in the OC method the unmetallised surface and air gap act as
a blocking layer. The charges released in the dielectric cannot recombine immediately with electrode
charges but instead induce image charges across the gap, which appear as a measurable current
in the external circuit. In this way, both bulk space charges and surface charges can be detected,

giving the OC method a broader sensitivity than the SC method. [80]

The main advantage of the OC method is its ability to reveal information that may be suppressed in
SC measurements. OC thermograms often show a clearer coexistence of homocharge and
heterocharge. These effects are easier to interpret in OC mode, since recombination losses present
in SC measurements are avoided. [78], [79] The OC method, however, also has drawbacks. Bulk
and surface contributions are superimposed in the external circuit and thus cannot be easily
distinguished [80]. Several modifications have been proposed to improve the performance of the OC
method compared air gap configuration. The use of spacers between unmetallised and electrode,
series capacitor [81] and glass assisted TSDC technique [80]. These enhancements have been

proposed to create more reliable blocking than just an air gap.
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Figure 38. Representation of air gap (open-circuit) TSDC measurement circuit a) where
spacers could be also used in air gap and alternative option where capacitor is used as an

airgap in b).

In the TSPC measurement, both preheating and poling of the sample are omitted compared to
TSDC. The measurement begins by cooling the sample to a low temperature, applying a DC voltage,
and then heating the sample at a constant linear rate while recording the resulting current. The
measured current consists of conduction current, and a polarisation current arising from the
progressive alignment of dipoles as their thermal relaxation times decrease with increasing
temperature. If the material contains permanent or induced dipoles that can reorient within the
temperature range of the measurement, their alignment with the applied field produces peaks in the
TSPC spectrum. The temperature at which each peak occurs is related to the activation energy of
the corresponding relaxation process, and the peak magnitude typically increases with the applied
field strength. [82], [83]

At higher temperatures, the measured current often exhibits a monotonic increase that no longer
originates from dipolar polarisation but from thermally activated electrical conduction. As the
temperature rises, an ohmic conduction current starts to dominate the TSPC spectrum. [84] The
onset temperature of this conduction driven rise depends on the material’s structure, chemical

composition, and potential additives. [79], [80]



74

6 RESULTS AND DISCUSSION

The objective of this thesis was to investigate charge transport and trapping phenomena in polymeric
insulations under high electric field strengths using TSDC method. A total of six different materials
were studied, and by varying measurement parameters, the aim was to identify characteristics of the
samples, to compare and analyse how the ratios of polymer components and the presence of
additives and its amount affect the measurement results. The measurements were designed to
address three main objectives.

First, the repeatability of TSDC measurements was examined by testing five identical samples under
the same measurement conditions. Second, the effect of poling time on space charge behaviour was
investigated by using six samples of same material with different poling durations. Third, the
influence of sample thickness on the measurement results was analysed by comparing three
different sample pairs. In addition to these primary objectives, the study also provided insights into
the influence of additives on space charge formation, comparison of PEA and TSDC measurement

results on net charge accumulation and factors effecting glass transition behaviour.

6.1 Studied materials, their composition and components

The polypropylene blends investigated in this thesis consisted primarily of three base components
mixed in different proportions. The three components were: homophasic PP random copolymer
(RACO), heterophasic PP copolymer (HECO), and propylene-based elastomer (PBE). All blends
contained total of 0.30 wt-% antioxidants (AO1) in a 1:1 ratio (a hindered phenolic antioxidant,
Irganox® 1010, and a phosphite processing antioxidant, Irgafos® 168), and some blends also
included the additive polypropylene grafted maleic anhydride (PP-g-MAH or Add) at either 1.0 or 2.5
wt-%. The compositions of the samples used in this thesis, including polypropylene ratios and
additives, are presented in Table 1. Blends consisting of RACO/HECO/PBE are referred to as ternary

blends, whereas blends composed of RACO/HECO are referred to as binary blends.

Table 1. Measured samples, their polymer component ratios and additive contents.
Polymer component ratio PP-R composition
Material
RACO HECO PBE Polymer | Ao [wt-%] | Add [wt-%]
[wt-%]

Blend-1 0.55 0.20 0.25 99.70 0.30

Blend-2 0.55 0.20 0.25 98.70 0.30 1.00
Blend-3 0.55 0.20 0.25 97.20 0.30 2.50
Blend-4 0.70 0.30 99.70 0.30

Blend-5 0.70 0.30 98.70 0.30 1.00

PP cast film* 100

* Commercial capacitor grade
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As reported in [85], the TSDC currents of the individual PP components RACO, HECO, and PBE
were measured and are represented in Figure 39 with Blend-1 studied in this thesis. RACO exhibits
very low TSDC current, HECO shows peaks at +60 °C and +95 °C whereas PBE displays a broad
peak ranging from +30 to +85 °C and a smaller peak at +135 °C. According to [85] relaxation peaks
of the individual components are observed in the blends, and that variations in peak intensities are
assumed to result from the proportions of the components in the final blend. In the spectrum of
Blend-1 in Figure 39, the characteristic peaks of both HECO and PBE can be identified. Since Blend-
1 is consisting of 55 % RACO, 20 % HECO, and 25 % PBE of the total polypropylene blend fraction.
As expected, the current profile of Blend-1 lies in between of the individual components, reflecting
the contribution of each polymer fraction to the measured TSDC current.

Blend-1 and individual PP-components
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Figure 39. Individual PP components (RACO, HECO, PBE) and their TSDC
measurement results [85] and as a comparison Blend-1 shown to illustrate how the
constituents contribute to the overall TSDC response. Measurements parameters used
T, =90°C, t, = 40min, Tp = —50°C, V, = 15V/um and T4, = 145°C.

6.2 General observation in the TSDC measurements

Figure 40 a) and b) presents the TSDC measurement results of all blends investigated in this thesis,
and it can be observed that they exhibit an a-relaxation peak in the temperature range of
approximately -30 to 5 °C, as well as a varying number of p-relaxation peaks caused by deep traps,
starting from around +35 °C depending on the blend and extending up to the maximum measurement
temperature of +145°C. As previously discussed in section 3.5.3, a-relaxation is caused by the
increase in molecular segment mobility at the glass transition temperature T, [10], [86]. Since
polypropylene is non-polar and does not contain a significant number of permanent dipoles, the p-
peaks observed at higher temperatures are primarily attributed to thermally activated release of

trapped charges [87]. In [88], these deep traps are proposed to result from additives such as
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antioxidants and chemical impurities introduced into the insulation material. Space charge can also
accumulate at the interfaces between crystalline and amorphous regions in semi-crystalline

polymers [73]. Not all peaks can be observed due to the melting temperature of the matenal.
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Figure 40. Different blends measured in this thesis and the representation of a- and p-

relaxation peaks observed in the measurements. Blend-1 and -4 separated from -2, -3 and
-5 because of their different current intensity scales.

6.3 Repeatability

Due to the long duration of each TSDC measurement, typically only one measurement per sample
is performed in the NEWGEN project to ensure the feasibility of completing the measurements within
a reasonable timeframe. Therefore, it is important to assess the reliability of the measurements and
how potential differences between the samples would appear in the results. To evaluate
repeatability, five parallel TSDC measurements were performed using Blend-1. The measurement
protocol applied to each sample was as follows: (i) sample was poled in DC-field EB = 15 V/um for
40 minutes in isothermic conditions TE = 90 °C. (ii) Sample was cooled rapidly to Ty, = —50°C and
held there for five minutes. (iii) The poling voltage was removed, and the sample was short-circuited
through the electrometer used for measuring current, maintaining isothermal conditions for 3
minutes. (iv) Finally, the sample was heated at a linear rate of § = 3.0 °C/min up to a maximum

temperature of TEy, = 140 °C while continuously recording the depolarisation current.

The measurement results in Figure 41 demonstrate that the e-relaxation, associated with the glass
transition, occurs at the same temperature and with comparable intensity in all five samples. In
contrast, the p-peaks related to space charge effects show greater variability. Three samples (1, 3,
and 4) exhibit nearly identical behaviour. In sample 2, the current between the p-peaks does not
decrease as in the others but instead forms a broader peak spanning a wider temperature range. In

sample 5, the p-peaks occur within the same temperature range as in the other samples, but their
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peak intensity is in the higher temperature range. In addition, all samples display negative current

towards the end of the measurement, before the end of the measurement is reached.

Repeatability of TSDC measurement
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Figure 41. Repeatability measurement for five identical samples with measurement
parameters T, = 90°C, t, = 40min, To = —50°C, V, = 15V /um and Tpq, = 145°C.

The measurements revealed that the intensity and temperature of charge release from shallow traps
in the amorphous regions at the glass transition temperature were similar across all samples. This
was expected, as the proportion of PP-components was the same in each sample. However, the p-
relaxation peaks of sample 5 showed slightly different behaviour compared to other samples. In
Figure 42 that shows charging currents, sample 5 also stood out due to its higher charging current,
which may indicate a higher accumulation of space charge, as also observed in the TSDC
measurements. Nevertheless, charging current alone cannot directly predict the behaviour of the
depolarisation current in TSDC measurements, as part of the current is not recorded during the
short-circuit phase. Overall, although sample 5 deviates slightly from the other samples, its p-peaks
still occur within the same temperature range, and the anomalous current observed towards the end
of the measurement also shows values similar to the other samples. Thus, the general trends remain

consistent across all five samples.

All samples exhibited a negative current towards the end of the measurement. In [89], such
anomalous TSDC currents are explained by the partial return of injected charges to the electrode
during heating. Since dipolar processes cannot reverse the current direction, the phenomenon must
be related to injected charges [90]. If the returning charge current exceeds the electrode's ability to
absorb the charges, a charge barrier may form at the interface. In this case, opposite-polarity
charges can still move, causing a net current away from the injecting electrode and resulting in the
observed anomalous TSDC signal. [89]
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Figure 42. Charging current measured in T5DC measurement from the moment the

voltage is switched on until the temperature is changed from 90 °C to -50 °C.

Figure 43 shows measurement results for temary Blend-1, -2, and -3 under a DC electric field of
EB = 30V /um at temperature of TE = 70 °C, using the same measurement protocol as described
earlier in this chapter. In these blends, the ratio of the PP-components is the same, while the only
variable is the concentration of the additive. Blend-1 contained 0 wt-% of PP-g-MAH, Blend-2
contained 1.0 wt-%, and Blend-3 contained 2.5 wt-%.
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Figure 43. TSDC measurements for Blend-1, -2 and -3. Measurement parameters T, =

90 °C,t, = 40 min, Ty = — 50°C, V, = 15V /um and T, = 145 °C.

Figure 43 shows that the addition of the additive (FP-g-MAH) in Blend-2 and -3 leads to a clear
reduction in total accumulated charge, while higher additive concentrations also increase the current

at the glass transition temperature. Similar behaviour is observed for Blend-4 and -5, where the only



79

difference is the additive content. These findings indicate that the variations seen in repeatability
measurements shown in Figure 41 are minor and do not affect the overall conclusion. TSDC method
provides sufficient resolution to identify the influence of additives and to support the NEWGEN

project in screening suitable insulation material candidates.

6.4 Effects of poling time variation

The effect of poling time on the TSDC measurement was investigated using six identical ternary
Blend-2 (RACO/HECO/PBE) 1.0 wt-% of PP-g-MAH samples, each subjected to a different poling
duration: 30, 40, 50, 60, 90 and 120 minutes. The measurement results are shown in Figure 44. At
the glass transition temperature, a current peak appears at approximately —28 °C, with nearly
identical intensity across all samples irrespective of the poling time. Additionally, all samples exhibit
a second peak in the temperature range of +33 to +36 °C. At this peak, the 30-, 40-, and 60-minute
samples exhibit similar intensities, whereas the 50-, 90-, and 120-minute samples show slightly
higher values, with the 120-minute sample being the highest. At higher temperatures, around +80 °C,
+115 to +120 °C and at the end of the measurement there are additional peaks. The last peak cannot
be observed completely before the measurement ends. In the temperature range of +115 to +120
°C, three samples, 30, 40, and 50 min, exhibit similar behaviour. However, with longer poling times
of 60, 90, and 120 minutes, the samples display an increasing trend in current intensity in ascending
order. Based on these results, it can be concluded that at around 60 minutes of poling, and for longer

durations, the deeper traps are revealed more effectively than at shorter times.
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Figure 44. The effect of variable poling time on TSDC measurement. Poling times t,, =
30,40,50,60 90 and 120 minutes.

Tzimas et al. [91] investigated the effect of DC poling time on the space charge behaviour of XLPE

samples by comparing poling durations of 2 and 26 hours. The results showed that a longer poling
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time led to the formation of heterocharge, while samples poled for a shorter duration of 2 hours
exhibited mainly homocharge. With increased poling time, charges had more time not only to migrate
deeper into the material but also to become trapped in deeper energy levels. No significant difference
in total charge was observed, rather the charges had shifted into deeper traps. Similarly, Mudarra et
al. [86] studied the effect of poling parameters on TSDC measurement results and found, in line with
[91], that longer poling times increased the trap depth in PMMA samples. They also observed that
the total accumulated charge in the sample increased as a function of poling time until it reached a
saturation point. This saturation of charge accumulation was explained by the fact that the shifted

charges reduce the potential barrier of traps, which facilitates the release of charges from the traps.

By examining Figure 44, it shows that in the present measurements the current also increases in the
shallow trap region at around +35 °C. However, this observation is not fully conclusive, since the
trend does not follow the exact order of poling times. The 30-, 40-, and 60-minute samples exhibit
similar current intensities, whereas the 50-, 90-, and 120-minute samples show higher values,
although not in that order. Among these, the 120-minute sample displays the highest current

intensity, followed by the 50-minute and 90-minute samples.

Figure 45 presents the charge accumulated per unit volume during the TSDC measurement. Up to
approximately +80 °C, the samples show very similar charge accumulation. Beyond this
temperature, differences start to appear, becoming pronounced in the samples poled for 60 minutes
or longer. Among these, the samples poled for 60 to 120 minutes exhibit the highest net charge, as
summarised in Table 2, while the samples poled for 30-, 40-, and 50-minutes show nearly identical

net charge values.
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Figure 45. Total charge accumulation of the test samples poled for 30-, 40- and 50

minutes.

The effects of poling time observed in the measurements are largely consistent with the results
presented by Tzimas et al. [91] and Mudarra et al. [86]. A longer poling time of 60 to 120 minutes
was found to increase the amount of charge stored in deep traps compared to shorter poling times.
The differences in net charge accumulation between the 30-, 40-, and 50-minute samples were
basically non-existing. Increased net charge accumulation observed from 60-minute and above
samples differ from the findings of Mudarra et al. [86], in which the total charge appeared to reach a
saturation point. This discrepancy may be explained by the longer poling durations used in their
study, where saturation had already occurred, whereas the shorter poling times used in this thesis
and results indicates saturation threshold is not yet reached. It is worth noting from the net charge
accumulation shown in Table 2 that the net charge only begins to increase once the poling time

reaches 60 minutes.

Table 2. Table 1 Influence of poling time on net charge accumulation in Blend-2
Material Poling time [min] Net charge [C/m?]
30 0.20
Blend-2 40 0.20
end-
RACO/HECO/PBE 28 8;2
Add [wt-%] = 1.0 -
90 0.32
120 0.55

The results obtained in these measurements demonstrate that poling time has an influence on the
trapping of charges. From the perspective of the NEWGEN project, this finding is relevant because

it shows that the experimental conditions affect the interpretation of charge storage and transport
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mechanisms. Shorter poling times provide limited additional information, as the net charge
accumulation remains essentially unchanged. In contrast, longer poling times enable the activation
of deeper traps and therefore give access to information that reveals a trap distribution that more

realistically represents the effects arising from long-term operation.

TSDC provides valuable insight into trapping phenomena and their dependence on poling time, but
it represents only one aspect of the overall dielectric characterisation. In the selection of materials
for further investigation within the NEWGEN project, the decision is not made based solely on TSDC
results. Other critical properties are also considered, such as breakdown strength, mechanical
performance, accelerated aging tests, and charge dynamics obtained from PEA measurements. To
confirm whether the observed influence of poling time is specific to Blend-2 or a more general
phenomenon, similar tests should be conducted on other candidate materials. In practice,
characteristic TSDC peaks of a given material can already be observed with shorter poling times.
However, extending the poling time provides a more detailed picture of the filling of deeper traps and

offers insight that is more representative of real service conditions.

6.5 Effect of variable sample thickness

One of the main objectives of the measurements was to analyse the effect of sample thickness on
the results obtained from TSDC measurements. This was achieved by comparing 100 um and
200 um ternary Blend-1 samples (RACO/HECO/PBE) to each other, as well as binary Blend-4 and -
5 (RACO/HECO), the latter which contains additive, with the same thickness levels. An exception to
the measurement protocol described in the repeatability section was the applied poling field strength,
which was set to E, = 20V /um. At the glass transition temperature, shown in Figure 46 a), both
samples exhibit similar behaviour in terms of peak temperature. However, in the 100 um thick
sample, the current peaks observed in the temperature range of +45 to +110 °C are more intense
than those in the thicker 200 um sample. At the end of the measurement, a noticeable rise in current

is observed in the thicker sample, whereas no such effect is seen in the thinner one.

In Figures 46 b) and c), for binary Blend-4 and -5, the current intensity at the glass transition
temperature is at the same level, but the peak temperature shifts slightly higher. For both blends,
the p-peaks caused by space charges behave similarly, their intensities are lower, and they appear

at slightly higher temperatures in the thicker samples.
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Figure 46. TSDC measurement for ternary Blend-1 (656 % RACO, 20 % HECO, and 25 %
PBE) and binary Blend-4 and -5 (70 wt-% RACO and 30 wt-% HECO of the total
polypropylene blend fraction) with sample thicknesses of 100 and 200 um compared to
each other.

The results show that for Blend-1, the sample thickness does not appear to significantly affect the
depth of the traps, although the trap intensity is clearly lower in the thicker sample. The
measurements for Blend-4 and -5 behave very similarly, which is expected given that the PP
component ratios are the same in both, with only Blend-5 containing an additional 1.0 wt-% of the
additive PP-g-MAH. In Figure 46 a), compared to b) and c), the notable difference is that no delay in

the p-peaks is observed in a), whereas in b) and c), a delay in charge release and lower intensity
are evident.

The delay in space charge release seen in Figure 46 b) and c) can potentially be explained by the
transit time dependence on thickness, given by 1. = d?/ uV where d is the sample thickness, u the
mobility, and V the applied voltage. Furthermore, the observed delay in the relaxation peaks for
thicker samples may be related to their slower temperature rise compared to thinner ones. As a
result, the release of trapped charges occurs slightly later. Interestingly, no such delay is observed
between the different thicknesses of the Blend-1 samples, which consist of 55 % RACO, 20 %
HECO, and 25 % PBE in contrasts with Blend-4 and -5, which are composed of 70 % RACO and 30
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% HECO. The most significant difference between the blends is the absence of the PBE component

in Blend-4 and -5, which may contribute to the observed behaviour.

The thickness dependence of space charge accumulation can also be interpreted in terms of
recombination distance. The thicker the sample, the more likely that mobile charges will be trapped
or recombine with oppositely charged carriers before reaching the opposite electrode. Deep traps
influence charge accumulation in two ways; they slow down charge transport and act as efficient
recombination centres. If there are only a few deep traps or the sample is thin enough, injected
charges can traverse the sample and form significant heterocharge. In contrast, in thicker samples
or materials with a high density of deep traps, a large portion of the charges will recombine, reducing
the heterocharge or even inverting it into homocharge. [92], [93] The results obtained from the
measurements support this behaviour, where recombination is more effective in thicker samples

compared to thinner ones.

6.6 Effect of additive content on charge accumulation

One of the objectives of the NEWGEN project is to develop additives that improve the space charge
behaviour of PP and XLPE based HVDC cable insulation materials [4]. The following section
examines the effects of the additive observed in the measurements, with particular emphasis on how

it influences space charge accumulation in the insulation material.

Figure 47 a), b), ¢) and d) compare how the added additive affects charge accumulation during the
TSDC measurements. In Figure 47 a), Blend-4 and -5 are compared, both have the same PP
component ratio, but Blend-5 contains an additional 1.0 wt-% of the additive PP-g-MAH. Both
samples have a thickness of 100 um. These samples were poled at a field strength of 20 V /um for
40 minutes. Figure 47 b) shows the same Blend-4 and -5 with a sample thickness of 200 um and a
poling field of 15V /um. In Figure 47 c), Blend-1 and -2 are compared, with Blend-2 containing an
additional 1.0 wt-% of the additive PP-g-MAH compared to Blend-1. Samples were also poled at
15V /um. Figure 47 d) compares the ternary Blend-2 and -3, which differ only in additive content, 1.0
wt-% in Blend-2 and 2.5 wt-% in Blend-3.
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Figure 47. Impact of additive on the TSDC currents. In a) and b) Blend-4 and -5 with
thicknesses of 100 and 200 um, c) Blend-1 and -2 and d) Blend-2 and -3 are compared.

Two consistent trends were observed. First, as the additive content increased, the current peak at
the glass transition temperature increased. Secondly, the total accumulated charge decreased
markedly when 1.0 wt-% additive was introduced compared to the case without additive, regardless
of the PP blend composition. Whether the blend consisted of RACO/HECO/PBE or RACO/HECO
additive decreased the space charge accumulation. The reduction in space charge accumulation
was also consistent across different material thicknesses and independent of the measurement
parameters used. For Blend-2 and -3, the TSDC current behaviour followed the same overall trend.
The most noticeable difference between Blend-2 and -3 appears toward the end of the
measurement. When the net charges are compared later in Table 3, no significant differences are
observed between the two samples.

6.7 Net charge comparison between TSDC and PEA measurements

The results of the TSDC measurements conducted in this thesis can be compared with the PEA
measurements performed by the project partner University of Bologna in Italy. Some of the samples

were measured with same poling parameters as in Bologna Ep =30 kV/um and T, = 70°C,
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enabling comparison of the observed trends. In addition, the field enhancement factor (FEF %),
calculated for the Bologna samples, shows correlation with the net charge accumulation. The main
difference in this specific comparison lies in the specimen thickness. The Bologna PEA
measurements were conducted on 200 um thick samples, whereas the TSDC measurements in this
thesis were performed on 100 uym thick samples. Earlier results in this thesis already showed that
thinner samples in TSDC measurements tend to exhibit higher current intensities compared to

thicker samples under otherwise identical conditions.

A comparison of the net charge densities in Table 3 shows that the values obtained by TSDC are
generally consistent with those measured by PEA. When comparing the binary (RACO/HECO) and
ternary (RACO/HECO/PBE) blends without additive (PP-g-MAH), Blend-1 exhibits a higher net
charge accumulation than Blend-4 in both measurements, although the difference is relatively small
in the PEA results. Figure 48 a) — e) shows PEA measurement for Blend-1 to -5 and Figure 48 f)

TSDC measurements for the same blends.
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Figure 48. Compatrison of space charge distribution measured by PEA a) — e) for Blend-1

to -5 and corresponding TSDC current curves f).

Both PEA and TSDC measurements demonstrate that the introduction of the additive PP-g-MAH

reduces the net charge accumulation. In the PEA measurements, this trend is also visible between
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Blend-2 and -3, which share the same PP components (RACO, HECO, PBE) but differ in additive
content. The higher charge accumulation of Blend-1 and -4 is also visually observable from the
results of the PEA measurements, when compared to their counterparts containing the same PP
components and ratios but with the addition of the additive. Blend-2 contains 1.0 wt-% additive, while
Blend-3 contains 2.5 wt-%. This kind of net charge decrease is not observed in TSDC measurements
between Blend-2 and -3. Although the absolute values of net charges cannot be directly compared
due to the differences between the two measurement techniques, both methods reveal similar

trends.

Table 3.  Net charge accumulation of Blend-1 to -5 measured by PEA and TSDC.

Material PP-components [vetd f/lo ] FEF % ;l;;e{l'lca/:gse] T’:;g ?g;?n%]
Blend-1 RACO/HECO/PBE 0 15.80 1.62 4.03
Blend-2 RACO/HECO/PBE 1.0 6.67 0.86 0.35
Blend-3 RACO/HECO/PBE 25 3.00 0.46 0.32
Blend-4 RACO/HECO 0 12.67 1.58 0.79
Blend-5 RACO/HECO 1.0 5.30 0.85 0.12

TSDC measurements yielded lower net charge accumulations for Blend-2 to -5 compared to their
PEA counterparts, apart from Blend-1, which showed a higher value in TSDC. Moreover, whereas
the PEA results indicated a higher net charge in Blend-2 compared to Blend-3, the TSDC results
suggested nearly identical net charge levels for Blend-2 and -3. Another important distinction is the
difference in poling protocols, in PEA, the samples were subjected to a longer poling time (3 hours),
and the charge accumulation was evaluated at that time, whereas in TSDC the samples were poled
for only 40 minutes, and the depolarisation current was monitored during heating. In addition, in
TSDC the current during the initial direct short-circuit phase is not captured, which further deviates
the results from the methods. This deviation highlights differences in the two methods, but overall,
the measurements support the same general conclusion, the incorporation of additive systematically
reduces space charge accumulation in PP blends measured compared to ones that doesn’t have
the additive.

6.8 Glass transition temperature

The glass transition temperatures of Blend-1 to -5, as well as PP cast films, shown in Figure 49,
differ from each other. The a-relaxation peak of PP cast films appears at approximately +5 °C, while
for binary Blend-4 and -5 the corresponding peak is around -9 °C, and for ternary Blend-1, -2 and -
3 it is nearly =30 °C. The essential distinction is that Blend-1, -2 and -3 are ternary blend, whereas
Blend-4 and -5 are binary blend, without PBE. Additionally, the only difference between Blend-4 and

-5 is the concentration of PP-g-MAH, Blend-4 contains none, while Blend-5 includes 1.0 wt-%. The
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highest current peak values are observed for Blend-3, and the lowest for Blend-4 and the PP cast

film.

Comparison of glass transition temperature
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Figure 49. Comparison of current—temperature curves spectrums for different

polypropylene blends and a reference PP cast film, illustrating the glass transition region.

When comparing the current peak intensities, a consistent trend emerges, blends with the same
additive concentration but different PP component ratios show lower current peaks when the relative
RACO content is higher and PBE is absent. For example, Blend-4 and -5, which are binary blends
(RACO/HECO), exhibit smaller peaks compared to ternary blends with the same additive level,
Blend-1 and -2. The highest peak is observed for Blend-3, where additive concentration is highest,
while the lowest peaks are found in Blend-4 and the PP cast film. According to [4], adding the PBE
component increases the amorphous phase of the material, while the RACO component has a high
degree of crystallinity. Based on this, it is consistent that Blend-4 and -5 exhibit lower current intensity
peaks compared to Blend-1 and -2. This can be attributed to the cooperative segmental molecular

motion occurring in the amorphous region at the glass transition temperature. [10], [13]

When examining the glass transition temperatures of the PP based blends, it is observed that ternary
blends exhibit the lowest T,. This can be explained by the presence of the PBE component, which
increases the amorphous content of the material. The observation aligns with [13], which states that
the glass transition temperature depends on the structure of the polymer chain, affecting the rigidity

of the molecular chains.

When comparing PP cast films with other tested materials, it is found to have the highest glass
transition temperature. This observation is in agreement with the flexural modulus values reported
in [94], as well as with the previously mentioned influence of chain stiffness. The study showed that
blending PBE and HECO components with isotactic PP homopolymer decreased the flexural

modulus values compared to pure isotactic PP, confirming the impact of increased flexibility.
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6.9 Future work

The present measurements indicate that deeper traps begin to fill when the poling duration exceeds
approximately 50 minutes in measurements where poling time was investigated. A natural
continuation would be to examine whether similar behaviour is observed in other polypropylene
blends, or whether the onset of deeper trap filling occurs at shorter or longer poling times depending
on the material. This question is particularly important since the currently employed poling duration
is 40 minutes, which may not be sufficient to activate deeper traps. Such comparisons would provide
valuable insight into material-specific differences and help to identify blends that offer a more

favourable or unfavourable trap distribution for long-term insulation performance.

Practical limitations of the measurement setup also need to be taken into account. If the filling of
deep traps consistently requires significantly longer poling times than the 40 minutes currently used
as an internal standard, measurement feasibility becomes restricted by the available working day. In
such cases, alternative approaches such as optimised poling conditions could be explored to obtain

reliable information on deep trap behaviour without excessively long test durations.

In addition to the planned investigations on poling time, it would also be valuable to complement the
existing PEA measurements on the blends with open-circuit TSDC experiments. A particular focus
could be placed on assessing whether the OC configuration is capable of providing comparable
information on the coexistence of homocharge and heterocharge, which PEA measurements have
already revealed. Since the high voltages required in these experiments prevent the use of an air
gap due to the risk of breakdown, the series capacitor configuration presents a feasible alternative.
By adopting such an approach, the reliability of the OC measurements could be improved, while at

the same time enabling a more direct comparison with the results obtained from PEA.
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7 CONCLUSIONS

The aim of this thesis was to study charge transport and trapping phenomena in polymer insulations
using thermally stimulated depolarisation current measurements. Primary objectives of the
measurements were to assess the repeatability of the TSDC method, to examine the influence of
varying poling times, and to analyse the impact of sample thickness on the results. In addition, the
measurements provided insights into the role of the additives and polypropylene blends and its effect
on the glass transition temperature. These aspects were investigated by systematically varying the
measurement parameters, including poling field, poling temperature, poling time, and sample

thickness.

Parallel tests were carried out on five samples of a ternary blend (Blend-1) to confirm the applicability
of the TSDC method. No differences were observed between the samples in the temperature at
which the TSDC current appeared, nor in the current intensity within the glass transition region.
Similarly, all samples exhibited deep traps at the same temperature ranges and an anomalous
current towards the end of the measurement. One of the five samples displayed a slightly deviating
TSDC spectrum and also showed a somewhat higher charging current. However, the variation
between these measurements was small compared to the differences observed when comparing
blends with and without additives. From the perspective of measurement repeatability, the results
show that the resolution of the TSDC method is sufficient for the NEWGEN-project purposes of
screening suitable materials for further investigation, even though the protocol still involves some

manually performed steps.

In the poling time variation tests, measurements were performed on six identical samples of a Blend-
2 with poling times of 30, 40, 50, 60, 90, and 120 minutes. At the glass transition temperature, all
samples behaved similarly in terms of TSDC current intensity and the temperature of the a-relaxation
peak. At approximately +35 °C, a B-relaxation peak was observed, where a slight increase in current
intensity occurred for samples poled 50, 90 and 120 minutes. However, this increase did not follow
the order of poling times. 120-minute sample had the highest current intensity, followed by the 50-
minute and 90-minute samples. In the deeper traps at higher temperature around +80 °C the current
intensity increased consistently with longer poling times, the 120-minute sample exhibited the
highest value, the 90-minute the second highest, and the 60-minute the third highest. In the other
samples, current intensities were equal. Poling time did not influence temperatures where relaxation

peaks occurred.

In net charge accumulation comparison, no differences were observed among the 30-, 40-, and 50-

minute samples, which all showed similar values. Net charge began to increase in the 60-, 90-, and
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120-minute samples, in chronological order, with the 120-minute sample showing the highest
accumulation. Based on both the TSDC spectra and the net charge results, it can be concluded that
poling time has a significant effect on how much charge is trapped and at what depth within the
material. To verify these findings and ensure that the chosen poling times are appropriate, it would

be valuable to conduct similar tests on other blends.

When examining the effect of sample thickness, it was observed that thickness had no significant
impact on the current intensity at the glass transition temperature. However, the current released
from deeper traps was consistently lower in thicker samples. For the ternary blend (Blend-1), no
delay in the relaxation peaks was observed between 100 um and 200 um samples, whereas the
binary blends (Blend-4 and -5) showed a delay in both the glass transition region and the deeper
trap-related peaks when the thickness increased. The lower current intensities of deeper traps in
thicker samples can be explained by more effective charge recombination and differences in
relaxation peak delays between binary and ternary blends are attributed to the absence of the PBE

component in the binary blends.

Regardless of the measurement parameters or sample thickness, compared to samples without
additive (PP-g-MAH), the ones with additive were found to exhibit higher current intensity at the glass
transition temperature, though with no effect on the temperature at which the a-relaxation peak
occurred. Nevertheless, all observed current intensities were relatively low. When comparing
samples without additive to those containing 1.0 wt-%, the additive significantly reduced the amount
of charge released from deeper traps. This trend was consistent regardless of the PP component
ratios, as the a- and S-relaxation peaks followed the same behavior. Comparisons of net charge
accumulation obtained from both PEA and TSDC measurements support these findings and confirm
the observed influence of the additive in reducing charge accumulation. While a clear reduction was
observed when 1.0 wt-% additive was introduced, increasing the concentration further to 2.5 wt-%
did not result in additional reduction in the TSDC measurements. In contrast, the PEA measurements
revealed a further reduction in charge accumulation when the additive concentration was increased
from 1.0 wt-% to 2.5 wt-%. Determining the optimal additive concentration to maximise the benefits

requires further investigation.

The intensity and occurrence of the current peak at the glass transition temperature were influenced
by both the additive concentration and the composition of the PP blend. Among all tested materials,
the ternary blends exhibited the lowest glass transition temperature, followed by the binary blends,
while the PP cast film showed the highest. Additive concentration did not affect the glass transition
temperature itself but increased the current intensity in proportion to its content. The PBE component
increases the amorphous fraction of the ternary blends and reduces chain stiffness, which explains
the lower glass transition temperatures and higher current intensities observed in ternary blends. In

comparison, PP cast films, with their inherently rigid chain structure, show the highest glass transition
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temperature, whereas blending with other PP components, as in the binary blends, lowers T, by

increasing flexibility and usability of the material.

Based on the observed results, it would be worthwhile to study the effect of varying poling time in
other polypropylene blends in order to verify whether the behaviour of deep trap filling is consistent
across materials. Such work would help determine whether material-specific differences exist in the
onset of deep trap activation. In addition, future studies could focus on modifying the current
measurement circuit (short-circuit) into the open-circuit configuration with a series capacitor. This
approach could provide complementary insights into the coexistence of homocharge and
heterocharge. Establishing whether open-circuit measurements can vyield results consistent with
PEA would strengthen the overall understanding of charge trapping and transport phenomena in

polypropylene-based insulation systems.
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