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With the growing interest in high voltage direct current (HVDC) transmission systems, the impact
of space charge on insulation has attracted more attention recently and the traps in the materials
are considered to be one of the dominant factors that affects the electrical performance of the
insulation. Meanwhile, in past decades, significant effort has been made to establish the
relationship between ageing and the lifetime of electrical insulating materials so that the degree of
ageing of insulation can be used to predict its lifetime. Generally, the chemical structure of
dielectrics could be affected by ageing, and further electrical performance such as breakdown
strength, dielectric loss, and conductivity will change. However, we still cannot use a simple and
clear model with few characteristics to connect ageing with chemical and electrical changes to
predict insulation lifetime. So, in my research, space charge behaviour is used to explain the ageing
process in a HVDC system and the trapping parameters are the key to linking ageing with other
electrical properties. In this case, how to use space charge dynamics to estimate the trap
parameters, the impact of ageing on trapping, and the relation between trapping and electrical
performance are tough problems. The relationship between ageing and trapping parameters will
be explored. Hence, the initial trapping parameters and breakdown strength could be used to infer
breakdown behaviour after ageing, which means trapping parameters can be used to assess the

degree of ageing of the insulation in a HVDC system and predict dielectrics lifetime.

In this thesis, the structure, morphology, and impact on the properties of polyethylene (PE) will be

introduced and the thermal ageing mechanisms will be explored. In order to study the innate



character of space charge, the mechanism of charge injection and transport in dielectric materials
will be presented. Moreover, previous research on space charge behaviours in polymeric materials
is reviewed for clear research direction. The relative space charge and trapping parameters model

will also be introduced.

The experimental work focuses on the low-density PE (LDPE) films with different degrees of thermal
ageing, its impact on charge trap density, and changes in electrical breakdown strength. The
samples were aged in two environments, nitrogen and air, at various temperatures over different
lengths of time. The degree of ageing of the samples was characterised using Fourier-transform
infrared (FTIR), and differential scanning calorimetry (DSC) was used to investigate the impact of
thermal ageing on the internal structure and morphology of PE. Meanwhile, the Raman technique
was used to detect the degree of thermal ageing in different layers inside of the films. Space charge
dynamics for ageing LDPE were measured using the pulsed electroacoustic (PEA) technique. In
addition, the electrical breakdown strength of the aged samples was measured, and breakdown
data was processed using the Weibull distribution. DC electrical conductivity was measured to
verify the hypothesis about the substantial growth of conductivity in seriously aged LDPE and is the
reason a rapid charge decay rate was observed in these samples. The results of a chemical analysis
show that thermal ageing in the air leads to a gradual increase in the thermo-oxidative-degree of
LDPE. However, the crystallinity of aged films cannot be impacted by the degree of oxidation but
the ageing temperature. Nitrogen-aged LDPE, with a notably lower carbonyl index, shows similar
trends in DSC tests with air-aged specimens. As for space charge dynamics, traps are introduced
into the samples during thermal ageing in the fan oven and deep traps dominate the process. At
the early stage of the ageing process, a small number of deep traps in the vicinity of the electrodes
can suppress further charge injection, which results in the increase in breakdown strength and the
reduction of DC conductivity. During the sustained rise of the degree of ageing, more deep and
shallow traps are introduced into the sample, thus higher DC conductivity and lower breakdown
strength are detected due to the large amount of charge injection. The space charge behaviours of
nitrogen-aged LDPE suggest that deep traps are mainly introduced by oxidation and shallow traps

are generated by the thermal effect.

Trapping parameters (injection barrier, trap density, and trap energy level) are evaluated using an
improved model. The injection barrier is enhanced by thermal ageing due to surface oxidation.
Thermal ageing can introduce traps into LDPE, but the test method for deep ageing samples needs

to be modified. The traps introduced by thermal ageing have a higher trap energy level.
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Chapter 1 Introduction

Chapter1  Introduction

Polymers are a category of material with large long-chain macromolecules, composed of many
repeated monomer units and branching that are connected by a strong covalent bond. The Nobel
laureate, Hermann Staudinger, first proposed this idea in 1920 and laid the foundation for a
polymer system[1] after which the application of polymers underwent an explosive development.
From the first fully synthetic polymer, Bakelite, in 1909 to the design polymers of today, the
research and application of polymers have spanned the fields of biology, physics, chemistry,
electrical engineering and others. In many areas, polymers have many different behaviours
compared with other solid materials and even provide many irreplaceable technological solutions,
especially in electrical insulating applications [2]. Polymers have demonstrated outstanding
performance in electrical engineering as polymers used for electrical insulation typically have high
dielectric strength and low dielectric loss. LDPE has been widely used as the base material in power
cable insulation because of its good electrical performance and stable chemical characteristics.
However, in recent years, with the rise of large-capacity and long-distance HVDC transmission
systems, the effect of space charge has had a significant impact on insulation selection and design.
Space charge has been considered to be both a cause and consequence of ageing in polymeric
materials. During high voltage application, particularly for DC conditions, space charge formation in
insulation systems can cause an amplification of the electric field in certain locations. As a result, it

will accelerate degradation and even lead to an early failure of insulation materials[3].
1.1 Polyethylene

1.1.1 Molecular Structure

Polyethylene (abbreviated PE) is a category of common polymers composed of a monomer unit,
ethylene, a gaseous hydrocarbon with the formula C2H2. The molecule consists of a long chain of
a number of covalently linked carbon atoms with a pair of hydrogen atoms attached to each carbon
[2] that can be viewed as a pair of methylene groups (=CH2) where the chain ends with methyl
groups, as shown in Figure 1.1. Thus, the formula of ideal pure PE composed with alkanes is
C2nH4n+2, where n is the degree of polymerisation and describes the number of ethylene units
polymerised to form the backbone. The typical degree of polymerisation n exceeds 100 and can
reach up to 280,000 or even more. The H-C-H bond angle in PE is 112° instead of 90° in ethylene,
the C-C angle is 108°, the C-C bond length is 0.18nm, and the C-H bond is 0.11nm [4].
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H H
AN
c—=cC
/
H H
HAC 22 22 H2 H2
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Figure 1.1: Chemical structure of ethylene unit and pure polyethylene[5].

PE is a semicrystalline polymer, which indicates that its molecular chains are arranged in a regular
and periodic manner in some regions (i.e. the crystalline region), while the chains in other regions

are formed randomly (i.e. the amorphous region). If v, is the volume of crystalline material and v,
is the volume of amorphous region with a sample, then the volume crystallinity xy =v, /(v, +v.) [4].

The volume ratio between the crystalline region and amorphous region will determine the property
of the polymer materials, thus the degree of volume crystallinity is established to estimate the
crystalline proportion, which is given as xy :

Vo= Vnp

Xv=" (1.1)

where v,, is the specific volume of certain semicrystalline materials, v/, is the specific volume of
pure amorphous fraction, and v, is the crystalline fraction of that material [6]. The PE with few

chains defects have a higher degree of crystallinity than those that have many defects. Generally,
the polymer with a higher concentration of branches has a lower density, that is, the overall density
of the material rises with the increment of crystallinity [2]. Therefore, PE is classified into several
different categories based on its density and branching. Different types of PE have different
mechanical properties that is strongly dependent on the molecular weight and the extent and
degree of branching and crystallinity. There are four typical categories of PE: high-density PE (HDPE),
LDPE, linear low-density PE (LLDPE), and crosslinked PE (XLPE).

HDPE is chemically closest to ideal pure PE, as shown in Figure 1.2(a). With an extremely low level
of defects to hinder chain arrangement, a high degree of crystallinity can be achieved resulting in a
high density that is generally between 0.93 to 0.98g/cm?, and hence, stronger tensile strength and
better resistance to chemical attack but less transparency. LDPE is a type of PE that contains
substantial concentrations of branches that hinder crystallisation resulting in relatively lower

densities that fall between 0.91 to 0.93g/cm?, as shown in Figure 1.2(b). Principally, the branches
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are composed of ethyl and butyl groups and some long-chain branches. LLDPE resins consist of
molecules with linear PE chains to which short alkyl groups are attached at random intervals, as
shown in Figure 1.2(c). The branches, in this case, are mainly ethyl, butyl, or hexyl groups that will
hinder crystallisation to some extent resulting in a density range from 0.90 to 0.94g/cm?3. XLPE is a
type of special PE that has been chemically modified to covalently link adjacent chains, as shown in
Figure 1.2(d). Crosslinks are comprised of either direct C-C bonds or bridging species such as
siloxanes, resulting in the creation of a gel-like network, which is essentially insoluble and thus
makes XLPE a thermosetting material. Because of its unique mechanical properties, XLPE has been

widely used in high voltage insulation, especially in high voltage cables [2].
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Figure 1.2: Schematic representation of different types of polyethylene. (a) High density
polyethylene; (b) Low density polyethylene; (c) Linear low density polyethylene; (d) Cross-linked

polyethylene [2].

1.1.2 Morphology

In polymer materials, the morphology is used to describe the arrangement of polymer molecules in
a solid or molten state. PE is a semicrystalline polymer that is composed of both crystalline and
amorphous parts. In fact, most crystalline polymers are semicrystalline polymers consisting of two
or more solid phases, in at least one of which molecular chains are arranged with a regular three-
dimensional array and in one or more other phases the chains are disordered. The physical
properties of PE products are dominated by the crystalline or noncrystalline phase and their size,

shape, orientation, connectivity, etc., with respect to one another [2].
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The change in volume with the temperature for amorphous and semicrystalline polymers is
represented in Figure 1.3. When semicrystalline polymers are cooled down from a liquid state at
the melting point, the specific volume drops very abruptly resulting in the formation of crystalline
structures with regularly arranged molecules. As for amorphous polymers, the specific volume
declines continuously and linearly as the temperature cools from the melting point to the glass
transition point. Yet, both of these categories of polymers are mechanically rubbery at
temperatures between the melting and glass transition points, and the specific volume drops at a
much slower rate during the glassy state after the glass transition point. For LDPE, the melting

temperature is 378K to 388K and the glass transition temperature is about 165K [7].

Specific
volume

Amorphous
polymer

Semicrystalline
polymer

GLASS RUBBER

LIQUID

Glass transition melting Temperature

Figure 1.3: A schematic diagram representing the decease of specific volume with temperature for

amorphous and semi-crystalline polymers [1].

The most general morphology of PE is that a crystallite’s a and b dimensions are much greater than
its c dimension, that is, two-dimension crystals grow much bigger than the third dimension, which
is termed ‘lamellae’, as illustrated in Figure 1.4 [2]. The lateral dimensions can vary over several
orders of magnitude for crystals grown from a solution to form a crystalline region. Moreover,
lamellae will grow outward rapidly from nucleation sites and form ‘spherulites’, which is the most
common large-scale structure of polymers composed of crystalline and noncrystalline regions, as
shown in Figure 1.5 [1]. The size of spherulites is restricted by the crystallisation time and the
concentration of nucleation sites. The size will also influence the physical properties, such as density

and hardness.
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a dimension

\ ¢ dimension
; }Q—’ -

’b dimension

Figure 1.5: Schematic representation of a spherulite [1].

1.13 Polyethylene as High Voltage Insulator

The strong bond between electrons and nuclei within the polymer molecule, in which the electrons

reside in o - orbitals and are localised to their bonds, results in a substantial band gap for some
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polymers, especially PE as an insulator. Meanwhile, PE has good physical qualities in cracking and
moisture resistance. As the XLPE has a unique chain structure, the XLPE-insulated cable is able to
operate at up to 90°C, which is higher than the oil impregnated paper (OIP) insulated cable [8]. In
fact, compared with a traditional oil-paper insulation system, PE, as a non-polar material, has many
advantages as an insulator such as lowering the manufacturing cost, easy installation and handling,
high dielectric strength, high electrical resistivity, and low dielectric loss factor. The electrical

properties of the three PE types are shown in Table 1.1 [7].

Table 1.1: Electrical properties of typical polyethylene

Parameters LDPE HDPE XLPE
Relative Permittivity &£, (Test

2.28-2.38 2.3-2.38 2.4
frequency: 1KHZ)
Dissipation factor T'an (§) (1MHZ) 1-10 x 10* 103 103
Breakdown strength (kVmm-1) 20-180 20-180 80
Volume resistivity (Q-cm) >1018 >1018 ~1018
Arc resistance (sec) 138-180 200-280 -

From the first installation of 228kV cables manufactured with LDPE in France, tonnes of high voltage
cables with PE have been put into operation and this electrical transmission solution has undergone
rapid development in the past few decades [9]. The improvements in PE manufacture and relative
technology allows us to design materials capable of operating at higher voltages of up to 500kV,
further distances, and in more complex environments such as the seabed. As the HVDC technique
has recognised advantages in large-capacity, long-distance transmission systems, and connection
between power grids with different frequencies, HVDC cables with polymeric insulation have been
considered to be used for a long time. Furthermore, renewable clean energy, such as wind power,
has an indispensable role in energy structure that encourages the development of HVDC cables [10].
However, during HVDC application, charges may be injected and trapped inside of the material.
Space charge formation in insulation systems can cause an amplification of the electric field in
certain locations, which may lead to an early dielectric failure [3]. Thus, space charge research in

polymeric insulation is an urgent task for HVDC insulation selection and design.

1.2 Thermal ageing in polymer insulation

In past decades, significant efforts have been made to establish the relationship between ageing
and the lifetime of electrical insulating materials. Generally, the chemical and physical structure of
dielectrics can be affected by ageing resulting in the deterioration of their electrical performance
(such as breakdown strength, dielectric loss, and conductivity). In this research, thermal ageing is

the key factor considered to explore the relationship between ageing and space charge
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performance in PE. Therefore, previous research about the chemical impact and morphology

changes from high temperatures in polymeric insulation materials are reviewed in this chapter.

1.2.1 Thermal Ageing Impact on chemical properties

PE has been widely used not only in insulation systems but many other areas since the 20" century.
Generally, polymer degradation is caused by physical and chemical factors. Physical factors include
heat, light, ionising radiation, mechanical processing and others. and chemical factors such as
oxygen, ozone, chemicals and polymerisation catalysts. A lot of studies have been conducted on PE
degradation in different situations such as radiation, atmospheric oxygen, humidity, rain, sand,

wind, and extreme temperatures [11], [12].
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Figure 1.6: Degradation mechanism of polymeric materials [13].

Generally, thermal ageing is a kind of basic degradation process in different fields. In most polymers,
the generic oxidation mechanism that controls thermal ageing is the ‘Boland mechanism’, which
acts in three stages: initiation, propagation, and termination [15], [16]. In the first stage, the thermal
energy leads to the abstraction of a hydrogen atom from a polymeric chain, and the peroxide (ROQ°)
is formed from a macroradical (R°) with oxygen. In a further propagation stage, the peroxide
abstracts another hydrogen atom to create a hydroperoxide (ROOH). Finally, in the last stage, the
different radicals combine and form a variety of groups such as ketones (R=0), hydroperoxides

(ROOH), alkyl chains (R-R), and esters (RC(O)-OR) that are illustrated in Figure 1.6.

In [11], commercial LDPE films were aged at 70°C for up to 21 months to analyse their mechanical
properties and molecular microstructure. First, according to the Fourier-Transform Infrared
Measurement (FTIR) results, it was found that the Carbon-oxygen groups were introduced during

ageing; the carbonyl structure in thermally aged PE is shown in Figure 1.7.
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o

Figure 1.7. Carbonyl structure in thermally aged polyethylene.

Meanwhile, the C13 NMR (nuclear magnetic resonance spectroscopy) result shows that the
crosslinks play a secondary role in thermal ageing (shown in Figure 1.8). In the Figure 1.8, it is shown
that the Carbon-carbon double bond is broken due to the ageing, and the new Carbon-carbon single

bond is formed.

CH, CH,

He | H He | H
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H, | Ha bz | iz
CH, §H2

Figure 1.8. Formation of a crosslink between two polymeric chains during thermal ageing [11].

1.2.2 Thermal Ageing Impact on electrical properties

Direct evidence from AC-endurance tests carried out on peelings from XLPE cable insulation at a
standard temperature of 383K and field of 80kV/mm has shown that high temperatures during
cable stressing ages the insulation [14]. Previous studies of space charge behaviour in cable peeling
have shown that ageing results in changes to the density and depth of charge traps [15]. The density
indicates the space charge density inside of the insulation, and the charge traps means the energy
level or the charge trap. Furthermore, in [16], space charge measurements were applied to
insulation peeling taken from a single 90kV AC transmission cable whose segments had been
stressed for between 8,000 and 10,000 hours at different temperatures (293K and 383K). The
results show that both AC electrical or thermal stressing contributes to the modification of charge
trap distribution in XLPE insulation. The two types of cable stress result in a reduced generation of
shallow positive charge traps and increases the number density of deep positive charge traps.
Meanwhile, the endurance lifetime is reduced in thermally stressed cable segments and it has been
associated with the decrease of the amount of shallow-trapped charges and the rise of deep-
trapped charges. In crystal, dislocations and intrinsic cationic and anionic vacancy do not contribute
so much to trapping, but the substituted defect is one of the most efficient trapping processes. The

later defect can be split into two categories, one is called passive trapping centres, associated with
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anion vacancies, which can be identified optically by the means of absorption and emission spectra
and can be permanently trapped below 200°C. The other category is called active trapping centres
and they are associated with substituted cations that are very difficult to identify optically because
the electron binding energy must be small. These centres are probably the main source of stress
regarding ageing [17]-[19]. Previous research has shown that the injection of electrons from the
cathode and the extraction of electrons to the anode (i.e. injection from the anode) are the main

mechanisms for the emission of charge in most polymers.

In [20], the XLPE sheet samples were aged at 80°C and 140°C during 5,000 hours, and X-ray
diffraction was applied to explore the effect of thermal ageing on the crystallinity of XLPE insulation
cables. However, their result shows that thermal ageing does not have any effect on the crystalline
phase of XLPE. In [21], LDPE films with different thicknesses, from 30um to 90um, were aged in an
air oven at 90°C. Following wide-angle X-ray scattering (WAXS) and small angle X-ray scattering
(SAXS), this shows that thermal ageing of LDPE in air induces oxidation and scission of molecular
chains. Its crystallinity increases and long period decreases, as shown in Figure 1.9. Meanwhile, in
the higher temperature ageing sample, the current density becomes larger and the breakdown
strength decreases. This is explained by the carbonyl groups in amorphous parts that act as hopping
sites for electrons, and the impulse thermal breakdown is considered to dominate due to oxidation

after long term thermal ageing.

In [22], the LDPE samples with a thickness of 150um were thermally aged at 100°C in air, and 180°C,
160°C, 145°C, and 140°C both in air and vacuum conditions. It was found that thermal oxidation has
a strong impact on the electrical performance of the LDPE. When the ageing temperature is below
the melting point (114°C), the changes in electrical breakdown strength are related to carbonyl
groups. At high temperatures, the decrease in breakdown strength is closely associated with
oxidation, chain scission, crosslinking, and a reduction in crystallinity. As for the sample aged above

150°C, different degradation mechanisms may be involved.
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Figure 1.9. Ageing time dependence of crystallinity (left) and long period (right) in PE aged at 90°C
in the air[21].

13 Research Motivation and Objectives

As discussed above, PE has been widely used as power cable insulation because of its good electrical
performance and stable chemical characteristics. However, in recent years, with the increased use
of HVDC transmission systems, space charge has become a problem that cannot be ignored, and it
has been considered to be both a cause and consequence of ageing in polymeric materials that can
lead to local distortions in electric field distribution. Therefore, the first step of this research is to
get a better understanding of charge characteristics in dielectrics including charge generation and
transportation. Traps, as charge capturing sites inside materials, play an important role in space
charge behaviours as they are related to physical and chemical defects [23]. In order to comprehend
the space charge state of polymers, research about this trapping and detrapping behaviour is

necessary.

It has been reported that ageing leads to an increase in charge trap density. The increase of trap
density in polymeric material makes the transport of charge carriers between traps easier.
Meanwhile, the deep traps from ageing in the vicinity of the electrodes leads to electric field
distortion [24]. In recent years, several space charge ageing models have been proposed to describe
the relationship between the charge trap and insulation life, which will hopefully improve insulation
design. In previous research [25], the ageing of LDPE film and XLPE film taken from high voltage AC
serviced cables, which were in operation for up to 12 years, were used to test a model for using
trapping parameters to reflect the degree of ageing quantitatively. Nevertheless, the data collected
from the retired cables was affected by several factors such as electrical, thermal, or radiation
influence. To modify and simplify the model, a control experiment on the insulation material with
fewer influential factors is necessary. Thus, we attempt to design an solution to use the change in
charge trap density to characterise the electrical performance of the material, moreover, the ageing
status of the material. The solution includes more mature experiments and more accurate

simulation calculation.

1.4 Outline of the thesis

This report has been organised into the following chapters.
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Chapter 2 Charge transport and space charge studies in polymeric materials: A literature review
of charge injection, transport mechanisms, and previous space charge studies is conducted in this

chapter. Meanwhile, space charge and trapping parameter models are introduced.

Chapter 3 Sample preparation, thermal ageing, and chemical analysis: The ageing sample
preparation process and relative chemical analysis results, that is, the FTIR, DSC, and Raman are

introduced.

Chapter 4 Space charge performance in thermal ageing LDPE: The space charge phenomena of
different kinds of thermal ageing LDPE were measured by the PEA technique, and the results are

shown and analysed in this chapter.

Chapter 5 DC breakdown strength and DC conductivity: In this chapter, the DC breakdown strength

and DC conductivity are measured and the results are discussed.

Chapter 6 Thermal ageing and its impact on charge trapping parameters: In this chapter, the
trapping parameters of ageing samples estimated by an improved model will be described, and a
comparative analysis based on experimental data and simulation results is made. The limitation of

this model is also discussed.

Chapter 7 Conclusion and future work: There is a brief conclusion based on current research in this

chapter and future work is also discussed.

11
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Chapter 2  Charge transport and space charge

research in polymeric materials

Space charge is a concept involving charges such as electrons, ions, and charged particles. It is
generally described as trapped charge and occurs when charge is captured and accumulates in the
bulk of dielectric materials. It typically happens around the interfaces of impurity, physical defects,
chemical clusters, crystal-amorphous areas, or between the chains of polymer molecules. In
addition, charges can accumulate at the interfaces between conductors and insulators or at the
interfaces between different dielectric materials, such as oil and paper pressboard. The process of
enhanced thermal electronic injection from electrodes is considered to be the primary reason for
the formation of space charges. Meanwhile, charges can also be generated from dissociation of
impurities or additives within insulation materials when applying external electric fields. They can
be trapped in capture centres, which are named “traps”; relevant traps may be produced because
of contamination during material manufacturing, machining, and usage, etc. Charges with
heteropolarity can recombine and then effectively disappear in a process that often results in

photonic emission.

2.1 Charge Injection Mechanisms

In an ideal electrode-insulator system, carriers will flow from the conductor to the insulator or from
the insulator to conductor until the Fermi levels of electrode and insulator establish the equilibrium,
when an insulator contacts with a conductor. Fermi level is defined as the top of the collection of
electron energy levers at absolute zero temperature. This process depends on the work function of
these two materials and the surface condition of the contact. The nature of the contact surface is
complex and can involve the presence of physical and chemical defects such as surface roughness,
imperfect contact, chemical impurities including oxidation and moisture, dangling bonds, local
polarisation resulting in band bending, donor-acceptor states, and trap states [1]. The potential
barrier heights and electrical performance of the contact are heavily impacted by the surface
conditions. Generally, three types of electrical contacts occur between electrodes and insulators:
neutral contact, blocking contact, and ohmic contact [17]. The two electron-injection mechanisms
that are based on the electron energy-band diagram, Richardson-Schottky injection and Fowler-

Nordheim injection, are reviewed in the following sections.
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2.1.1 Schottky Injection

The potential barrier at the interface between the metal and insulator, which prevents the easy
injection of electrons from the metal into the insulator, is assumed to be abrupt (see Fig. 2.1). In
this figure, Ermeans the original potential barrier height of metal, and the barrier height (eV) comes
from the barrier which is formed between two different materials with different conductivity. The
primary form of carrier injection, which is Schottky injection, can be customized in many ways and
can produce a variety of Schottky-type behaviours, depending on the desired modifications [1][26].

The injection at the metal-polymer interface with the electrode is referred to as a neutral contact.

Metal Insulator

Barrier height

Figure 2.1: The potential barrier at the interface between the metal and insulator.

The original potential barrier height ¢ at the interface without external field is determined by the
work function of the metal ¢,, and the electron affinity x of the insulator, and¢z = ¢,, — x . This

barrier height could be reduced by an applied field and the image charge effect, which would
enhance the electron injection. This injection model is refined by assuming that the barrier is due
to the electrostatic attraction between the electron and the metal. To calculate the attraction
between the point charge and the plane, an assumption is made that the plane is replaced by an
equal and opposite charge, from symmetry, and the opposite point charge is an equal distance
behind the surface of the plane. This is known as the image charge theorem. If x is the distance
from the interface, the potential energy of the electron V(x) can be defined as the energy required
to take the electron from position x to infinity and is given by Coulomb’s law. Furthermore, the

potential energy must approach the metal work function, ¢,, and not—oo, asz — 0. So the V(x)

could be given as

2

. _ q
V (z,image) = ome.e.a+ (/o) (2.1)
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If an external electric field is now applied, and we assume that this is constant in the region of the

interface and of magnitude F in the x-direction, then the potential is given by
V (z, field) = - qFz (2.2)

Meanwhile, Eq. 3.1 can be simplified by assuming 167y, z is much higher than ¢?/¢,, . If this
were not true, the theory would break down anyway, asz — a, the interatomic spacing, and the
influence of particular lattice atoms would predominate. The new potential barrier height ¥ () is

shown by Fig. 2.2 and given by

2

—h
1/’(37) *Qsm X 167T€0€,«$ qFl' (23)

The height of the potential barrier, V,, =V (z = x,,) can be found by differentiating the potential

barrier height as a function of distance is zero. So the optimal point z,, is obtained:

q? 1/2
T = <].67T€0€TF> (2.4)
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Figure 2.2: The potential barrier lowered by the applied field and image force between a metal

and an insulator [17].

Thus, the minimal height of the potential barrier is:

¢¢mx< ¢ F >1/2 (2.5)

47T€0 Er
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In terms of Richardson-Dushman equation, emitted current density J at the absolute temperature

T could be expressed:

JA0T2exp< k¢T> (2.6)

and introducing the expression of the minimal height of the potential barrier, 1 :

(¢ F \1~
¢m X (47r605r)
kgT

_ 2 9B 1 q3F>”2
= AT exp( kBT>eXp<kBT <47r€

where kp is the Boltzmann constant. In Eq. 3.7, the pre-exponential factor

J=A,T?exp]-

(2.7)

_ 4mgm. k3 (1—R)
— 5

A, , Where 7 is the Planck constant, m, is the effective mass of electron and,

R is the reflection coefficient of electron interface. A constant term

A=4mgm k% /h*=1.20X10°A - m K" is often identified.

2.1.2 Fowler-Nordheim Injection

Schottky injection describe a process in which an electron gains enough energy to overpass the
potential barrier at the interface between conductor and insulator. In classical mechanics, a particle
cannot enter a region in which its total energy is less than the potential energy required. However,
the Fowler-Nordheim injection model shows that electrons with insufficient energy do have a finite
probability to pass through the barrier. This process, based on the quantum mechanical theory and
known as tunnelling, is shown in Fig. 2.3 [27]. The current density of electron tunnelling can be

calculated [28]:

(2.8)

J(F) = g*moF? ( 81/ 2m, 3/2>

8mhm.gy  P\" T 3ghF P

where ¢ is the electronic charge, my is the mass of free electron, m, is the effective mass of
tunnelling electron, F'is the applied field, /2 is the Planck constant, ¢ is the potential barrier height.

If we assume my = m, = m, then the tunnelling current density can be simplified as

8hdy P\ 3gnr 9P (2.9)

= ST )
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This type of carrier injection is expected only to occur at very high fields (>10°V/m ) where the
potential barrier at the interface is severely distorted and becomes thin enough to allow tunnelling
[1]. The applied fields required for this type of injection surely would be above the observed
breakdown strength of LDPE, which is in the range of 108V/m [29]. Fowler-Nordheim injection
followed by avalanche breakdown has been observed in very thin films of Parylene, in which the

conductivity was almost independent of temperature [29].

Original particle wave function

TR

Tunneled particle
wave function

Figure 2.3: The schematic diagram about Fowler-Nordheim Tunnelling.

2.2 Charge Transport Mechanisms

At low electric fields, the voltage-current relation tends to follow Ohm’s law, although it is difficult
to verify in insulator conditions as currents are usually very small in low electric fields. This
occurrence is generally explained in terms of Ohmic conduction. The Ohmic conductivity model
always predicts reasonably high mobility, which is not found in insulators. In low fields, a linear
voltage-current relation can be easily observed, but in high fields the behaviour becomes different.
After being injected into the bulk, it is difficult for charges to move further through the bulk under
high fields. Thus, space charges may be accumulated near the electrodes or throughout the bulk,
which may limit the further movement of the charge. In high fields, several classic theories describe
the conduction process in dielectrics, such as space charge limited current, hopping mechanism,
and Poole-Frenkel mechanism. The definition of low and high fields is related to the conductivity of

the material.
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221 Space Charge Limited Conduction

Space charge limited current can occur in insulating thin films and is found to be highly dependent
on thickness, because space charge accumulation will diffuse into bulk [30]. In a piece of thin
insulator which has good contact with the conductor, there may be a very small amount of free
charge in the material initially, but more free charge may be injected after application of the electric
field. In this theory, it will be assumed that the charge injected into the dielectric is uniformly
distributed and that the electric field is constant to simplify the model. Consider an ideal dielectric
in which there are no thermally generated carriers, no traps, and only one type of carrier (i.e.
electrons or holes). Additionally, the contact between electrode and dielectric is an ohmic contact,
which means good injection conditions. In the case of a dielectric without traps, the total current

density in the bulk constitutes three parts: drift, diffusion, and displacement current:

J =neuF — eDnd—n + €oEr dr

iz i (2.10)

wheren and p are the density and mobility of electrons, D, is the Fick’s diffusion coefficient for
electrons, and F is the applied electric field. Assuming steady-state electric fields, dF/dt =0. In

terms of Poisson’s equation, dF/dz = ne/ey¢,, the current density is

dF d*F
J =&, uF feoeanW

4z (2.11)

Because the effect of charge near the injecting electrode dominates the charge accumulation
process in dielectrics, the field approaches zero, which would mean the current is a pure diffusion
current. However, to simplify the mathematical calculation, the electrons inside the bulk are

assumed to be uniformly distributed over the thin thickness, and the diffusion terms are neglected.

Thus,
o dF
J =¢ege, uF iz (2.12)
Rearranging Eqg. 2.11 and integrating both sides, the corresponding F'is given by
B 2J 1/2
F= <808T# (x+x0)> (2.13)

The relationship between current density and voltage can be calculated by Eqg. 3.13, using

d
|4 / Fdx . Assuming that z, is much smaller than d, the current density is given by
0
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_ 9gpe, uV?
=0 (2.14)

The charge density, n, in the dielectric is made up of two components, n, and n;, where n, is an

injection term. So the current density can be thought of as consisting of two parts:

Vo 9eoe, uV?

J:noeuz + 347 (2.15)

where the first term is the ohmic conduction and the latter term is the space charge limited

conduction. If n, > n,, the space charge limited current dominates. The transition voltage, V,, is

the voltage at which the space charge limited current begins to dominate over the ohmic current.

It can be calculated by equating the ohmic and space charge limited current:

_ 8enyd?

Vi = 9e,c, (2.16)

The discussion above is only valid for a trap-free insulator. For an insulator with defects or

impurities, the effect of traps on ohmic conduction gives the proportion of electrons 8 = (n./n,),
where n, is free carrier density and n, is total charge carrier density. If electrons are injected into
the dielectric, only the fraction 8 will contribute to the current. In this case, the current density and

transition voltage is given by

174 eoe, uV?
J:noeug +0%
2.17
V.= 1 8enyd? 2.47)
0 9eqe,

Note that the above equations are for the case of shallow traps (i.e. E;,,, — Eremm: IS much greater
than kzT'). However, when the voltage rises significantly, the number density of injected charge

carriers will be approximately equal to the number density of traps, and the Fermi energy level will
rise above the trap energy level. In this case, the traps should be considered as deep traps, and all
the traps are filled (i.e. space charge is primarily due to traps). Therefore, the current in this case is

trap-filled limit current, and the relative transition voltage, V;x;, can be calculated using Poisson’s

equation[1]:

(2.18)

Where N, is the number density of traps.

19



Chapter 2 Charge transport and space charge research in polymeric materials
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Figure 2.4: Graph showing current density vs. voltage for an ideal case of space-charge limited

current [1].

In conclusion, there are four relations between voltage and current density, as shown with

schematic log (J) vs. log (V) in Figure 2.4:

® Region1: 0 <V <V,,, ohmic conduction
® Region 2: V,, <V < Vyg, trap-limited space charge limited conduction
® Region 3: V =V,;, all traps at energy level E, are filled

® Region 4: V >V, , trap-free space charge limited conduction

2.2.2 Hopping Conduction

In insulators, the Fermi energy level is less than the mobility gap edge; thus, the conduction in
insulators can be either by excitation to the mobility edge (although excitation to the mobility edge
is unlikely in insulators with large mobility gaps) or by thermally activated transfer between
localised sites, which is termed “hopping” [1]. Localised sites here act as trap sites for captured
electrons or holes, which exist in forbidden band gaps at various energy levels, as shown in Fig. 2.5.
The hopping conduction describes a probability that a carrier, which has occupied a localised site,
gains sufficient energy from the thermal vibration and phonon interaction and then travels to a
nearby unoccupied site for a small amount of time before being recaptured by another localised
state [31]. The local transfer mechanism can proceed by either thermal excitation over a potential
barrier, tunnelling through it, or a combination of thermal excitation and tunnelling. Therefore, the

overall probability of transfer in this mechanism is a joint probability for the two processes:
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P (therm)xexp { A]f(TR)} (2.19)
P (tun) xexp{-2aR} (2.20)

where R is the distance between the two localised sites; AE(R) is the difference between the
energy levels of the two sites involved; k5 is the Boltzmann constant; and T is the temperature.

While assuming all the localised states are at a single level with energy ¢ and considering only the

thermal excitation process, the probability of electrons hopping through per unit time is given by

Povexp{ ka} (2.21)

where v is the frequency factor on the order of 10*2 to 10 s, After application of electric field F,

a change in barrier height of the localised state is introduced. Then, the influence factor is
substituted into Eq. 2.21, which means that the energy required to escape the barrier is reduced in
the field direction and increased in the direction against the applied field. Thus, the transfer

probability of an electron under an applied field is given by

“vesl iz} ew(dir) —ew(3ir) | - (em(3)
Pvexp{ kT exp 2%, T exp 2%, T = Py| 2sinh 2%, T (2.22)

where a is the average distance between trap sites.

Conduction Band

Forbidden i Localised sites
band gap act as trap sites

Valance Band

Figure 2.5: Schematic diagram of localised site based on energy band theory in insulator.

Then, two expressions v, = Pa and u = V), /F are substituted to establish the relation among the

drift velocity, mobility of the electrons, and transfer probability. Hence, the hopping mobility is
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u= Pa/F (2.23)

Assuming the applied electric field is constant and the distribution of charge carriers is uniform, the

current density of this mechanism is

on. 0D
Dz + ot =oF = nquF (2.24)

J=0F +¢,D,

where o is the conductivity, and n is the concentration of charge carriers. Substituting the

expression of i and P, the thermally assisted hopping current density becomes

o __F . qgFa
JTAH2qnvaexp< kBT> [Smh<2k3T>} (2.25)

2.2.3 Poole-Frenkel Mechanism
Vir)

Vacuum level

Donor level

-

m

Figure 2.6: Schematic diagram for Poole-Frenkel mechanism.

The phenomenon in which the energy barrier in the bulk of insulators is lowered by the applied
electric field is termed “Poole-Frenkel” mechanism [1]. It is an analogue occurring inside of
dielectrics that is due to the Schottky effect. The insulator in which the Poole-Frenkel process can
occur must have a wide band gap and contain donors or acceptors (i.e. electrons or holes residing
in it). In terms of the energy band theory, the donor states are located below the conduction band
and the acceptor states are located above the valence band. To simplify analysis, only the donors

are considered in this report. Fig. 2.6 represents an electron move from the donor energy level to
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the vacuum level under the applied field. As an electron is removed, the Coulombic force between

the electron and unoccupied donor is given by

—e2

F(r) = Ameye, 2

(2.26)
where r is the distance of separation. Hence, with application of the electric field, the potential

energy becomes

2

—-e
=———¢F .

Vr) Trnever eEr (2.27)

Adopting the same procedure as in Schottky injection analysis, the potential energy is differentiated

and set to zero, so that the position of the optimal point and corresponding maximum height of the

barrier in the field direction is

e 1/2
Tm - <47T€0€TE> (228)
3 1/2
AV, = - 2<6E> (2.29)
dmege, T

Then, the Poole-Frenkel expression of electrical conductivity is given by

3/2 172
q } (2.30)

IR __E
auncqobexp< 2kT>eXp{(47T€0€rT’)l/2kBT

where p is the mobility of the electron, and oy is a constant [1].

2.3 Space charge behaviours in polymeric insulation

23.1 Factors that Affect Space Charge Characteristics in Polyethylene

A good study of the factors that can affect charge formation enables people to improve the
electrical performance of materials via proper insulation selection and design. Generally, different
materials have diverse space charge behaviours, while some polymers with dissimilar morphology
or additives show totally different charge profiles, as impurities or defects play a decisive role in
this subject. Meanwhile, it was found that the electrode material also dominates the formation of
charge. And as we know, the impact of ageing is crucial for materials and reduces their lifetime and
affects the design of insulation. It has been proposed that charge traps are highly correlative with

physical and chemical defects in materials, which may introduced by a sufficient degree of ageing
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[32]. Space charge performance can be affected by different types of ageing, which has been
verified by many experiments on polymer materials from yearly service on aged cables [16]. The
results have shown that trap density and trap depth of deep traps in different-year aged XLPE are

generally larger than fresh samples [33]. Thus, this section will focus on these factors.
(1) Electrode materials

In previous research, it was confirmed that the electrode materials have a significant effect on the
conduction current, activation energy, and space charge distribution [34]. Generally, different
insulation materials are attached with different electrode materials in practical application. For
instance, XPLE used as cable insulation are loaded with carbon black (i.e. semicon or Sc) to smooth
the electric stress profile and achieve a good bonding between XLPE and conductors, as shown in
Fig. 2.7. While under laboratory conditions, electrode materials such as gold or aluminium are often
coated or evaporated on the sample surface for a good connection with high voltage. Researchers
have proposed that semicon (Sc), aluminium (Al), and gold (Au) as electrode materials induce
different charge injections in LDPE. From the point of carrier injection, electrons injected from Sc
electrodes are more numerous than those from Al electrodes, and Au electrodes inject very little;
the number density of holes are injected in the order of Sc>Al>Au. Furthermore, the holes were
injected more than electrons in the case for which the Al electrode and Sc electrode condition were
reversed [34]. Therefore, choosing a proper type of electrode material, the amount of charge

injected into the bulk can be effectively reduced and lead to less degradation of insulation.

Core Conductor

Insulation

Semiconductor

Metal Sheath

Figure 2.7: Typical structure of XLPE insulated cable.

(2) Thermal ageing
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Direct evidence reveals that high temperature during the cable stressing had aged the insulation by
ac-endurance tests carried out on peelings from XLPE cable insulation at a standard temperature
of 363 K and field of 70 kV/mm [14]. In addition, previous studies of space charge behaviour in cable
peeling indicate that ageing results in changes in the density and depth of charge traps [15].
Furthermore in [16], space charge measurements are applied on insulation peeling taken from a
single 90 kV AC transmission cable whose segments were stressed for between ~8000 and 10000
hours at either of two temperatures (293 K and 363 K). The results show that both AC electrical and
thermal stressing contribute to the modification of charge trap distribution in XLPE insulation. The
two types of cable stress result in a reduced generation of shallow positive charge traps and
increase the number density of deep positive charge traps. Meanwhile, the endurance life is
reduced in thermally stressed cable segments, and it has been associated with a decrease of the

amount of shallow trapped charge and a rise of deep trapped charge.
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Figure 2.8: Space charge distribution of five-day aged XLPE (left) and 80-day aged XLPE (right)
under 50 kV/mm [35].

To explore the sheer impact on polyethylene of thermal ageing, the XLPE samples were thermal
aged at 90°C for 5, 30, and 80 days, and relative space charge behaviours were discovered under
50 kV/mm DC electric field in [35]. The results of PEA measurements on XLPE at different ageing
stages, shown in Fig. 2.8, can be interpreted as thermal ageing inducing the negative charge traps
in samples, and the number of both the deep and shallow charge traps increasing with rise of ageing
time. The charge density changes much more significantly at the late stage of thermal ageing (i.e.
the space charge properties of insulation increasingly degrade as the ageing time is sustained.
However, in this case, it cannot be clearly distinguished whether the changes in charge distribution

are caused by the impact of thermal aging on internal additives or by the PE itself.
(3) Radiative ageing

Radiation is also a pivotal factor which affects the electrical properties of polymer insulation, so

much research has been done to investigate the correlation between radiative ageing and the space
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charge phenomenon. Different charge behaviours in polyethylene might be induced by different
sources of radiation, such as ultraviolet, gamma, etc. [36][37][38]. In [36], the LDPE films were aged
under a 254 nm, 35 W, fluorescent tube, in three- and seven-day intervals up to 17 days, after which
the samples were found to be too fragile for reliable testing. The results indicate that the charges
of seven-day UV aged LDPE are difficult to be injected from electrodes, positive and negative
respectively, and the accumulated charge is much less and slower in comparison to the virgin
sample, which is shown in Fig. 2.9. In addition, the decay results show that the charge remaining in
the aged sample decays slowly. This process was explained as follows: deep charge traps are
introduced by the increased carbonyl and hydroxyl groups from UV ageing, so charges trapped in
deep trapping sites dissipate at a lower rate. Note that a different space charge phenomenon might
be observed in samples that irradiated in air and nitrogen. For LDPE irradiated by gamma ray in
nitrogen, a shorter high-field transport time for negative carriers was observed, which is sufficient

to neutralise positive charge injection at the anode [37].
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Figure 2.9: Space charge profile of virgin LDPE (left) and seven-day UV aged LDPE (right) during

electrical stressing at 60 kV/mm [36].
(4) Electrical ageing

Most space charge research studies are conducted under DC conditions. Space charge can be
injected into the bulk of insulation under a DC electric field over the threshold value; however, the
effect of AC ageing on space charge formation in insulation cannot be ignored. It was revealed that
the space charge under AC conditions is related to the level and duration of the applied field as well
as the electrode materials. In previous research [39][40], the charge trapping and mobility of LDPE
aged under AC conditions were investigated. In [40], samples were subjected to 50-Hz AC electric

stresses up to 50 kV/mm at room temperature for more than 50 hours; then, the charge behaviour
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after AC ageing was studied by applying a 50 kV/mm DC field, as shown in Fig. 2.10. The charge in
the aged sample decays with a slower rate over a long period of time, compared with the charge in
the unaged sample, which dissipates quickly in the first 15 minutes, followed by a slow decay.
Combined with the results from the tests on samples with different ageing field levels and durations,
it is suggested that stable charge formation in AC aged samples is caused by deep traps that are
introduced. These deep traps are believed to form during the AC ageing and be related to injected

charge.
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Figure 2.10: Charge decay in AC aged and fresh sample after the removal of DC electric stress [40].

2.3.2 Correlation between Space Charge Build up and Breakdown

The origin of breakdown in polymer insulation has been explained by the effect of space charge
build-up and tree growth over the years [41]. The results of many experiments concerning XLPE
indicate that space charge modification does occur at steady applied fields. In addition, the
increased local stress can cause an electrical tree, which will grow through the insulation and result
in dielectric failure, particularly under a long-term applied field [42]. Furthermore, an electric
breakdown model was proposed based on the “intrinsic” breakdown strength and the space charge
domination [43]. As the accumulation of space charge, the local electric field can be considered

consisting with two components: the applied electric field and the field caused by charges.

ElozzzEappl+Esc (231)

Although the applied voltage dominates the local field, the impact of space charge on Esc results in
the dielectric failure under an applied voltage which is smaller than the intrinsic breakdown
strength; thus, the breakdown under DC conditions is governed by internal space charges and

injected charges. Furthermore, the electric field distribution due to the presence of space charge
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can be estimated based on Poisson’s equation, dE/dz = - p(z) /ey€, . Previous experiments on

LDPE showed that the electric field distribution changes with time under steady DC voltage, as
illustrated in Fig. 2.11 [44]. Meanwhile, the position of maximum electric field also fluctuates with
time, and the electric field enhancement can achieve up to 60% of the applied field. Therefore, it is
possible to obtain the applied breakdown strength due to the space charge distribution, especially

in polyethylene materials, because a constant local electric breakdown strength is found[45].
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Figure 2.11: The electric field distribution of LDPE when subjected to 76 kV/mm [43].

2.4 Space charge and ageing models

In my research, the ultimate aim focuses on establishing a model to connect ageing and lifetime,
and the space charge is the key used. Lifetime indicates the working hours that the insulation can
be safely used and meet the requirements. In previous experimental work, described in the last
several chapters, the basic experiment work was conducted and the effect of thermal aging on the
electrical properties of polyethylene was qualitatively analysed based on the space charge
characteristics. As shown in Fig. 2.12, the further research structure, three key factors remain to be

done.
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o
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Figure 2.12: The modelling research structure.

First, the trapping parameters of ageing LDPE must be built, based on space charge dynamics; then,
the influence of ageing on trapping parameters must be analysed and the regression equation
established according to the actual experimental phenomena. Further research can be
concentrated on the relationship between trapping parameters and other electrical performance
characteristics such as breakdown strength and DC conductivity. Hence, an improved model to
estimate trapping parameters in polyethylene will be introduced and parameters estimation work

based on our experiment results will be presented next.

24.1 Trapping parameters estimation model

In past decades, many approaches have been proposed to establish trapping parameters for
different insulation materials to describe the space charge behaviour. Dissado developed a model
considering the charge decay process in epoxy resin [46]. In the case of XLPE, trapping parameters
have been evaluated based on different-time aged XLPE cable peelings in [47]. In addition, in [23],
[24], Chen proposed a trapping and detrapping model based on traps with two energy levels (i.e.
shallow and deep traps) in polymer dielectrics, which will be reviewed in next section. Its application
in normal and gamma-irradiated polyethylene material was published in [48]. Generally, in previous
research, the trapping parameters were built based on the charge decay process, i.e. space charge
behaviour after the removal of external fields, as the charges detected by PEA systems in the volts-
off process were defined as pure trapped charges, which can reflect the trap distribution clearly
[25], [48]. Furthermore, an improved model was developed by Ning in [38], considering both charge
depolarization and polarization processes and treating space charge as trapped charge and mobile
charge. Meanwhile, the charge neutralization was considered in this model, and the trapping
parameters were estimated based on two levels of trap depth (i.e. shallow and deep traps). These

traps were revealed to be related to physical and chemical defects introduced by ageing in
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polymeric materials. Hence the improved trapping parameter estimation model was used in our

further research.

24.1.1 Trapping-Detrapping Model Based on Two Energy Levels

As space charge formation has a critical effect on the degradation and even breakdown strength of
polymeric materials, it is necessary to study charge generation and tapping and detrapping
processes clearly. Meanwhile, many explanations of space charge behaviour in different conditions,
such as some works reviewed above, are proposed based on the assumption that there are only
two trap energy levels distributed across the sample. So a trapping and detrapping model based on
shallow and deep traps is reviewed in this section in terms of [23], and the fundamental models of
the charge trapping and detrapping processes are shown in Fig. 2.13. Trapping and detrapping
processes have an intimate correlation with the trap distribution in the bulk of insulation materials.
Generally, trap energy states in semi-crystalline polymer are not uniform and possibly have several
discrete levels or even continuous energy distribution. Because major traps are generated by
uncontrollable physical and chemical processes, chaotic energy levels result. To simplify the

mathematics, only two trap depths are considered in this model.

Electrode Electrode
Injected charge Charge detrapping
—_— ~—
Shallow trap Shallow trap
Dielectric Dielectric
Deep trap Deep trap

Figure 2.13: Diagrams represent the models of charge trapping and detrapping [23].

First, we assume that all the charges are generated from electrode injection. This assumption is
based on previous experimental work [49], which shows that injected charges are the majority of

trapped charges. The injected current density is given by

J(E,1) Joexp<§,0> [1exp< i)} (2.32)

where J,, is the initial current density when the applied field is F,, E is the applied field, and 7 is

the time constant related to overall trapping characteristics of the material. In the trapping process,
based on the assumption that there is no recombination between injected carriers, and neglecting

the trapping process from shallow to deep trap, the charge trapping dynamics are represented by
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dn1 . JO'l .
dnz o JUQ o .
dt — q (N2 n2)

In this equation set, V; and N, are the total number of shallow and deep traps, o, and o, are
corresponding trapping cross sections for two types of traps, ¢ is the charge amount, and n, and
n, are the trapped charges in the shallow and deep traps, respectively. As for the detrapping

process, we only considered thermal detrapping and did not consider the process of detrapping

from deep to shallow trap. The mathematical expression is described as

(2.34)
dny _
a2

where k; and k, are the thermal detrapping rate constants for shallow and deep traps,

E
respectively, which can be expressed by k,;, = N, v, 0exp < kT) , Where N, is the effective
B
density of states in the conduction band, v, is the thermal velocity of the charges, F,is the trap
depth, kg is the Boltzmann constant, and 7' is the temperature. Then, the boundary conditions are

set with both n; and n, at zero before injection begins. As the rate of change in the density of filled

traps equals the summation of the change rate in trapping and detrapping, assuming the injected
current depends only on the applied field, the total trapped charge density during the application

of the electric field is given as

n(t) =ni(t) +na(t)

_ AlNl
N A1+k1

A,N, (2.35)
T e (k0]

{1* exp[— (A + klt)]} +

E
where A; and A, can be calculated by A4, = JOqUQexp <E> Based on Eq. 3.35, assuming o, > 0,
0

and the depth of deep trap is larger than shallow trap (i.e. F,, > F,; ), the time constant for shallow
traps is shorter than that for deep traps. 4 schematic diagram where 7, =10s and 7, =57, is

shown in Fig. 2.14 [23].
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Figure 2.14: Dynamics of charge trapping for trapped shallow and deep traps [23].

After removal of the applied field, the thermal detrapping will be the only process that dominates

N1o YoN)

the charge decay. Identify and as the initial conditions that can be obtained from the field
application process; then, the total trapped charge density after the applied field is removed is

given by
n(t) =n,(t) +ny(t) =nioexp(—kit) + nogexp (—kot) (2.36)

For detrapping process, with the same assumptions as above, the diagram of trapped charge

dynamics after removal of the applied field, where k; = 20s and k, = 5k, is shown in Fig. 2.15 [23].
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Figure 2.15: Dynamics of trapped shallow and deep traps during decay [23].

In this model, the trapping and detrapping processes are described. In terms of this simplified
model, the relative experimental results show that it is easier to fill shallow traps so the effect of
trap depth can be easily analysed qualitatively in further research, especially regarding material
ageing. On the other hand, trapping parameters n;y, 129, k1, and k; based on two trapping levels are
built up and provide elementary parameters to describe trap states. However, to simplify the model,
the injected charges are assumed in the vicinity of the electrodes, and recombination are neglected.

In the actual experiments, the results show that the injected charges can move the bulk forward;
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this part of charges cannot be ignored, and neither can the recombination process caused by charge
movement. So the further trap parameters model was established, which considers the effect of
charge mobility and recombination. The effect of ageing on trap states is one of the main reasons
for the change of electrical performance after ageing. Because the relation between ageing and
trap states (i.e. trap parameters) has not been established clearly, our research will focus on this

part.

24.1.2 An Improved Trapping Parameters Estimation Model

In this improved trapping parameters model [38], the injected homocharge in the space charge
profile was separated into the charge region of positive and negative, and the thickness of these
two zones is equal to d, and d;, (“e” is electron and “A” is hole), respectively, as shown in Fig. 2.16.

Hence, the sum of trapped and mobile charge density can be proposed as

_ ch,, sz,...
T 4.4 a4

Mhe = Ny, + Ny, (2.37)
where n; and n,, are the trapped charge and mobile charge density in either charge region; O; and
O, represent the total trapped and mobile charge amount; and 4 is the electrode cross-sectional
area. First, an assumption is made that the depth of all traps is on the same energy level, so the

changing rate of injected net charge density in positive charge zone under external applied voltage

dnh

d;

can be expressed as

dn _ Jn

dt — qdh - _Ph'nmh - AnmP (238)
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Figure 2.16: Positive and negative charge zones in space charge profile.

In Eg. 2.38, the first term signifies the increasing rate of volumic density of holes injected from the
anode under external applied field at the metal-polymer interface by Schottky injection, for which
the mechanism was reviewed in last section. The injection current density from anode J, can be

calculated as [1]

J, = AyT?exp ( qku;>e><p (B EX® (2.39)

drgm . k*(1—R
In Eqg. 2.39, AO is a constant term and can be written as Ay = Ll h3( ) , where h is the

Planck constant, m.is the effective mass of an electron, and R is the reflection coefficient of the
electron interface. A constant term A = 4mwgm. k*/h®> =1.20 X10°A - m > K 'is often identified;
T'is temperature, w, is the original injection barrier energy level of holes; and E ;. is the interfacial

electrical field at the anode. Moreover, 3,. is Schottky constant, which can be expressed as

0.5
B = % <47rg - ) , Wwhere g, and ¢, represent the vacuum and relative permittivity for the
ocr

sample, respectively.
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In addition, the second term —P,n,, in Eq. 3.39 is the decreasing rate of net charge in the zone of

positive charge. The reduction of the carrier is ascribed to the outflow of mobile holes from this

positive charge region toward the cathode. It was assumed that a certain proportion P, of mobile

holes can flow out of the hole area. In addition, the third term An,, describes the increasing rate

of negative mobile charge into the positive charge zone from the opposite region, injected from the

cathode. Considering both charge regions, the diagram represents carrier flow dynamics, based on

the three terms in Eqg. 2.39 (see Fig. 2.17). As can be observed, the mobile charges from two charge

regions could be neutralization in the mid region, and the rest of the carriers can flow into other

charge regions. As a result, two situations should be considered:

!
(1) Bn, >Fn,,,so An, =

!
(2) Pen% >Pn,,,so Anme
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Figure 2.17: Carrier flow diagram under external applied field.
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On the other hand, taking the positive charge as an example, the changing rate of the density of

trapped holes

E/
Resc — nt,, Vo exp < kczt—hv>

dn, could be expressed as
dt
dn; B B
dt - Resc + Rcap Rrec

Rcap =N, (Ntr, - nth) Sh Vg,

Rrec - B (n;n,.)nth
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In the equation set, Resc, Rcap and Rrec represent the respective charge escaping rate from traps,
the charge capturing rate by traps, and the recombination rate of trapped carriers and mobile

carriers, which come from the opposite charge zone. In Eq. 2.41, v, is the escape attempt frequency,

1

and it is a constant value, which approximates 2X10"s™" at room temperature [1]. E, as

modified trap depth can be calculated by E; = E, — AV, , where E, is the original trap depth
and AV, is the impact of Poole-Frenkel effect [50], which was reviewed in section 2.2.3. In short,
there is Poole-Frenkel effect in the materials with wide band-gap, which represents that the
potential barrier height of Coulombic attractive traps can be reduced by Coulombic force between
charge trapping centres and carriers [1]. Equation 2.42 can be understood as the following: mobile
hole carriers, with an average velocity of v, drift pass through empty positive traps with a capture
cross section area of Sj, and there is a capturing rate of R.,, at which all those positive charges are

captured. So N, is the total positive trap density and N, —n, is the number of empty traps of

h

hole carriers. Moreover, assuming the mobile holes move straight along the direction of the local

electric field, vs can be calculated by v, = (¢E a/m,)°® , where E, is the local electrical field
under effect of space charge accumulation in the local charge region, and a and m,, represent the

trap separation distance and the effective mass of holes in material, respectively. In Eq. 2.43, n,,
t
is the mobile electron density in positive charge region and can be expressed by n,, / An,, dt.
0
Finally, B in the equation is the recombination rate between trapped holes and mobile electrons.

In the charge decay stage, the external voltage is removed, so the term of Schottky injection in Eq.
2.38 could be neglected, as the electric field at electrodes is much lower. Hence, the carrier flow
direction diagram is shown in Fig. 2.18. The changing rate of net charge in positive region, after

removal of external applied field, could be given by

dny,

i Pyn,, — An,, (2.44)
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Figure 2.18: Carrier flow diagram after removal of external applied field.

The direction of mobile carrier movement depends on the direction of the local electrical field;
hence, the charge should move under the field generated by local space charges, after removal of
the external applied field. As shown in Fig. 2.38, a part of holes will decay through the anode, but
others will flow toward the cathode. Moreover, Eq. 2.40 to Eq. 2.43 still are suitable in the case of
the trapped charge during the decay process, but the field-dependent parameters, Poole-Frenkel

reduction and trapping cross section, should be modified.

Furthermore, the model could be extended from a single trap depth to two energy levels of traps
(i.e. shallow and deep traps). The second term in Eq. 2.38 becomes—Pn,, = - P(n—mn,, —n,,),
where n,, and n,, are the holes trapped in shallow and deep traps. The change rate of shallow and

deep trapped charges in the positive charge region could be proposed by Eq. 2.45 and 2.46,

respectively.

dn E, — AV,
7 tt = — Ny, voexp ( tkTpﬂL> +n,, (N b nthl) Sy vy, — B(n,, )nth‘ (2.45)

d E, — AV
:;tt = — Ny, Vpexp < tkTpfh> +n,, (N b n%) Si,v,, — B (nT',L)nt (2.46)

where the subscript 1 and 2 represent the value for shallow and deep traps, respectively.

2.4.2 Model utilization

The early trapping parameters evaluation model proposed by Chen [23] has been used in different
normal and ageing samples in previous research [24] [33] [85]. In addition, this model is based on
assumption that the polarization process inside the bulk is neglected (i.e. there is no neutralization

between positive and negative charges. So the space charge measurements were carried out under
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short stressing time, generally no more than 6 minutes, and the space charge dynamics after
removal of the external applied field were used to build trapping parameters. In addition, the
polyethylene samples used in previous work are generally 180 um, for the sake of reducing charge
neutralization during the volts-on process. However, in the case of the charge injection stage, the
PEA tests were performed under 40 kV/mm for 1800 s in our normal and thermal ageing samples
with a thickness of ~100 um, as shown in chapter 5. We would like to explore further space charge
injection dynamics and use the work to explain the effect of thermal aging on other electrical
performance. In addition, the recombination of different kinds of carriers cannot be ignored in deep
thermal ageing polymeric insulation materials with gradually larger mobility of carriers [51]. Hence,
the improved model [38] reviewed in the last section is quite suitable for our analysis. Furthermore,
the space charges are treated as trapped and mobile charges separately here, and combined with
the trapping parameters, the mobile charge dynamics and trapped charge behaviour can be shown
clearly, as illustrated in Fig. 2.19. That could be useful to verify the conjecture about the charge
behaviours in deep thermal ageing LDPE. On the other hand, the energy level of traps was divided
into shallow and deep (i.e. dual-level model), which could be meaningful in our ageing research, as
it was suggested that shallow and deep traps can be correlated with different defects introduced

by ageing in polymer materials [51], [88], [52].

Generally, care should be taken with the assumption when dealing with a model, particularly a
model based on actual experiment results. Notably, in the charge depolarization aspect, it was
assumed that charges are uniformly distributed in either charge region for simplicity. In the case of
our deep air thermal ageing, the effect of thermo-oxidation was seen throughout the entire film
sample, so it could be assumed that the distribution of trapped charges is uniform. In addition,
nitrogen ageing samples might be suitable as well, as the difference in space charge behaviour in
the vicinity of the electrodes and inside the bulk was not large. However, for slightly air aged
samples, space charge dynamics, DC breakdown strength, and electrical conductivity were in close
correlation with surface thermo-oxidation. The non-uniform distribution of deep traps introduced
by oxidation on the surface was proposed to explain this electrical performance. Generally, the
purpose of our research was to investigate the destruction of electrical properties of materials by
thermal aging and try to explain them with space charge characteristics, and then build up the
connection model. However, the slightly ageing LDPE affected by thermo-oxidation achieved an
improved electrical behaviour. So first, trapping parameters based on the improved model could
be evaluated in deep air thermal ageing and nitrogen ageing samples. In addition, to explore the
influence of thermal ageing on trapping parameters in LDPE more clearly and build a model,

specimens with greater degrees of deep ageing should be made. On the other hand, the effect of
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surface thermal oxidation should be further investigated, and the inflection point of surface effect

should be confirmed as well.
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Figure 2.19: Simulated curve fitting with PEA data of normal LDPE, based on dual-level improved

model [38].

In addition, the MATLAB software could be used to calculate trapping parameters, with the goal of

finding the best curve fitting to match the experimental data. But the charge density of thermal

ageing samples, calculated by PEA results, features a non-negligible volatility, which can affect the

curve fitting results.
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Chapter 3  Sample Preparation, Thermal ageing and

Chemical Analysis

Our research aims to establish the relationship between space charge characteristics and lifetime
of polymeric insulation, with a focus on thermal ageing. The polymer materials used in insulation
systems are mainly cross-link polyethylene (XLPE), and previous research into the thermal ageing
process of polymeric insulation cables was conducted on XLPE samples [14], [35]. However, to
reduce the number of factors that could affect the results and explore the essence of the impact of
thermal ageing on the space charge phenomenon, the sample selected was the type of additive-
free LDPE that has less impurities introduced by the manufacturing process compared with XLPE
with additives. As a result, the impact on polyethylene itself from thermal ageing can be explored.
Therefore, our experimental works focus on the additive-free LDPE films with different degrees of
thermal ageing and study its impact on charge trap density and change in electrical breakdown
strength. The ageing degrees of the samples were characterized using Fourier-transform infrared
(FTIR) spectroscopy, and breakdown strength and space charge dynamics were measured using the
pulsed electroacoustic (PEA) technique. In addition, differential scanning calorimetry (DSC) was
carried out to measure the crystallinity of LDPE samples, while a microscope was used to observe
the surface change of the ageing sample; DC conductivity was measured as well. In this chapter, the

sample preparation process and relative chemical analysis results are introduced.

3.1 Sample Selection and Preparation

The original and aged samples used for the experiment were commercially available additive-free
LDPE, which was purchased from Goodfellow Cambridge Limited Company. The specific properties
of different commercial polymers from different production lines is uncontrollable, so we used
specimens from the same batch, which maintains the same thickness to obtain more accurate
results. Meanwhile, the thickness of samples measured in our PEA system should be no less than
100pm for better results with less reflection interference. Additionally, the limit voltage of our DC
breakdown test system is 65 kV, so the thickness of LDPE, for which the DC breakdown strength is

about 500 kV/mm([7], should be lower than 120um . As a result, the thickness of LDPE samples was

chosen to be 100pum , which is suitable for every measurement in the plan.

Considering a melting temperature of LDPE at about 112°C [7] and accelerating aging, first samples
were aged using a typical fan oven at 90°C and 100°C; the different degrees of aging are shown in

Table 4.1. We tried to age LDPE films at 110°C, but the uncontrollable deformation made it difficult
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to obtain uniform thickness, and the melting of specimen leads to one side cannot be uniformly
thermal aged. To get a stable and uniform thermal ageing degree in the fan oven, the LDPE films
were held and covered by aluminium foils with vent holes. This enabled us to achieve a higher stable

operating temperature [53].

Table 3.1: The ageing conditions of LDPE samples in the air

90°C 1 day 5 days 10 days 15 days 20 days

100°C 1 day 5 days 10 days 15 days 20 days

In addition, previous work shows that the thermal-oxidation on LDPE has a big impact on its
electrical properties. However, in actual conditions, PE insulation always operates in an anti-
oxidation environment, so thermally ageing PE in an oxidation-isolation condition is necessary. To
create a thermal ageing environment which is isolated from oxygen and maintain the same
temperature and air pressure, a vacuum oven filled with nitrogen was used. For isolating the effect

of oxygen in the air as much as possible, a vacuum oven and balloon were employed (see Fig. 3.1).

First, a state of slight over pressure inside of the oven was created using a balloon filled with
nitrogen to retard the impact from the oven leaking during ageing. Then, before heating the LDPE
samples, the vacuum oven was vacuumed and filled with nitrogen twice to fully remove oxygen
impact inside of the oven. Two balloons filled with nitrogen were connected to both the input and
output of the vacuum oven tightly, and they were refilled every eight hours. In addition, specimen
films were sandwiched with aluminium foils without vent holes in order to reduce the effect of
leaking oxygen. Meanwhile, over time, ageing will inevitably introduce leaking and oxidation, so the
ageing time is one day and five days. The FTIR technique was used to detect the oxidation degree
to confirm that the thermal ageing environment was successful. This technique is shown in the next

section.
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Figure 3.1: Thermal ageing installation in nitrogen in vacuum oven.

3.2 Fourier-Transform Infrared Measurement

The Fourier-Transform Infrared (FTIR) technique was applied to reveal the chemical properties for
original and aged LDPE films. The spectrum was observed by IR absorption in the range of 440~
4000 cm™ through LDPE film using an IR Prestage-21 spectrometer. The spectrum was observed
over 32 scans accumulation, and the resolution was 4 cm™. Before the experiment, samples were

cleaned using alcohol and then dried to avoid the influence of surface impurity and alcohol.

The general scheme of the polymeric material thermos oxidation indicates the radical character of

the thermo-oxidation process, as shown in Fig. 3.2 [13].

Initiation Cyclic

R =" propagation ROO

ROOH RH

Figure 3.2: Thermo-oxidation process in a polymer [13].
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The organic radical reacts with the polymeric substrate which result in a peroxy radical and further

to a hydroperoxide accompanied with a macromolecular radical. The chain reaction processes are:
R-H+1-->R-+IH
R-+ 02 - ROO-

ROO- + RH - ROOH + R:

As samples were aged in a typical fan oven, the major impact on LDPE is oxidation. According to the
IR absorption frequencies, shown in Table 3.2 [54], special attention has been paid in the range of
1690~1800 cm™, as the carbonyl group peaks due to thermal ageing should be observed in that

range [55]. The carbonyl index was calculated by a ratio between the oxidation peak A,, and the

area of invariant peak A, [56]. In other words, the carbonyl index (Cl) R is

R= (3.1)

Table 3.2: The IR absorption frequencies of common functional groups

Functional group Alkyl C-H Carboxylic Acid O-H Amine N-H Aldehyde C=0

Absorption (cm™) 2950-2850 3000-2500 3500-3200 1740-1690
Functional group Ester C=0 Carboxylic Acid C=0 Amide C=0 Ketone C=0
Absorption (cm™) 1750-1735 1780-1710 1690-1630 1750-1680

Fig. 3.3 shows the change in FTIR spectra of LDPE due to thermo-oxidative treatment at 90°C and
100°C. The carbonyl index was calculated with Eq. 3.1 by taking the ratio of absorption bands at
1710 and 2020 cm™. The temperature in the fan oven used for thermal ageing was controlled by
the upper and lower limit value of the temperature, so the real temperature in the oven fluctuated.
Thus, the ageing temperature and time cannot be used to determine the ageing degree. However,

the carbonyl index shows the overall condition of thermal ageing in air.
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Figure 3.3: FTIR spectrum of original, 90°C aged, and 100°C aged samples with zoom-in peaks
within region 1600-2200 cm™.
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Figure 3.4: Change in the Cl of 90°C aged and 100°C aged samples obtained from FTIR spectrum.

Figure 3.4 shows the change in the Cl as a function of thermo-oxidation time. It can be seen that
the Clincreases exponentially after 1 day. Meanwhile, the Cl rising rate for 100°C aged LDPE is faster

than the index for 90°C aged LDPE after one day.
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Figure 3.5 Carbonyl index (Cl) of original and 100° C five-day thermal ageing in nitrogen and air

for LDPE.

The LDPE specimens ageing in nitrogen in the vacuum oven were measured in the FTIR system as
well. The carbonyl index (Cl) results are shown in Fig. 3.5. In this figure, the carbonyl index of

samples which were aged in nitrogen are obviously lower than those of samples aged in air, but the
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oxidation cannot be totally removed. Despite that, the LDPE sample aged in our oxidation-isolation

condition can be used to compared with the air-ageing sample.

3.3 Differential Scanning Calorimetry Measurement

3.3.1 Experimental Details

The ageing we focus on is thermal ageing, and when dealing with polymeric materials, there are
three important thermal processes that should be considered: crystallisation, melting, and glass
transition [57]. Thermal ageing beyond the threshold temperature commonly has a significant
effect on the thermal behaviours of polymers [58]. Therefore , the impact of thermal ageing on the
internal structure and morphology of polyethylene should be investigated. It may be used to
establish the connection between the change of trapping parameters and the variation of
polyethylene structure in thermal ageing specimens. Therefore, thermal analysis based on
crystallinity and melting temperature was conducted by the differential scanning calorimetry (DSC)
technique. In a DSC system which is shown in Fig. 3.6, sample and reference are heated, and the
energy is supplied to keep the sample and reference temperatures constant. As a result, heat flow
as a function of temperature or time of sample can be plotted, based on the electrical power
difference between sample and reference [59]. The sample is contained by one of the sealed pans,
and the other pan contains nothing and serves as reference. Compared with other thermal analysis

methods, DSC has the advantage of being simple and quick.

A A

i | ] {

i Reference
Heating || Sample Block
element || temperature temperature
sensor sensor
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Figure 3.6: Schematic representation of differential scanning calorimetry measuring cell [59].

A Perkin Elmer DSC 7, which is controlled by Pyris software, was utilised to carry out thermal
analysis. After setting the nitrogen at 0.5 bar and before beginning the test, the bath was set to
10°C for 30 minutes to ensure that the bath temperature was stabilised. High-purity indium was
used for calibration; its reference melting point and melting enthalpy are 156.6°C and 28.45 g/J,
respectively. As noted in the literature review earlier in this chapter, the melting point of LDPE is
approximately 104°C, so the scanning temperature was from 30°C to 140°C and the heating rate
was 10°C/min. Meanwhile, the quality of ageing samples for one set of measurements was 5.0 +
0.5 mg, and samples were measured in the aluminium pans. Showing the test results, the DSC curve

of the virgin LDPE sample is presented in Fig. 3.7.
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Figure 3.7: DSC results for original LDPE.

Crystallinity is one of the most important properties when dealing with semi-crystalline
thermoplastics because it is related to many key properties of this type of polymer, including
toughness, brittleness, and long-term stability. Based on the DSC curve, crystallinity can be

calculated by the following equation using the baseline shown in Fig. 3.7 [60]:

AH

Xe= A, x100%

(3.2)

where AH is the sample melting enthalpy, which can be calculated by Pyris software on the basis
of the resulting curve and baseline, and AH; is the fully crystalline melting enthalpy (the value for

polyethylene is 287.35 J/g) [7]. Therefore, the crystallinity of the virgin LDPE we used was 38.47%.
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3.3.2 Results for Air Ageing LDPE

Further measurements were performed on the 90°C and 100°C air thermal ageing LDPE films, and
the results are shown in Figs. 3.8 and 3.9, respectively. Typically, the effect of thermal history should
be removed by scanning twice when dealing with crystallinity measurements using the DSC
technique, for the sake of reflecting the crystallization behaviour of the material itself [60], [61].
This is because the crystallinity of thermoplastic polymer can be impacted by the thermal history
introduced by the solidification process and the molecular weight during manufacturing [62].
Therefore, the virgin LDPE sample was scanned twice with the same heating and cooling rate at
10°C/min, and the crystallinity calculated by second scan melting trace was 37.49%, which is less
than 1% different from the value measured in the first heating process. Meanwhile, the first DSC
curve of the virgin LDPE sample was net and smooth, and did not show any obvious thermal history
peak, as seen in Fig. 3.7. Conversely, the samples we tested in other experiments were not melted
and cooled twice, which means that the thermal ageing samples were measured with all thermal
history. Thus, the DSC curve and crystallinity calculation of specimens were measured without the

removal of thermal history and other thermal impacts.
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Figure 3.8: DSC curve of original and 90°C air thermal ageing LDPE.

Notably, there is a thermal history peak at 90°C in the curve of the 90°C five-day aged specimen
compared with virgin LDPE, and further ageing leads to thermal history peak shifting to the right.
Thermal history peak indicates the history of heating, melting, cooling crystallization, and annealing
in polymeric material [63]. In the case of thermal ageing, there is a melting peak at the temperature
used for ageing, because the crystallization behaviour of the sample could be improved in the
ageing temperature range. So the melting peak from 85°C to 95°C in the curve of the 90°C five-day
aged specimens indicates the specimens’ ageing condition. As for further ageing, regarding the
thermal history peak shift to the 90°C to 100°C range, it is supposed that the temperature
fluctuation in the oven could be one of the reasons. On the other hand, the change of crystalline
structure because of a longer ageing time could result in the melting peak move. In another words,

initially, ageing introduces crystallinization, with crystallization temperature (Tc) at around 90°C.

But all the crystalline structure is affected by further ageing, so the Tc increases.
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Figure 3.9: DSC curve of original and 100°C air thermal ageing LDPE.
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In addition, the DSC melting trace for 100°C ageing LDPE shown in Figure 5.9 represents only one

melting peak. Because the ageing temperature is close to the sample melting temperature, the

thermal history peak could coincide with the melting peak. As a result, the peak of the ageing

samples is narrower and higher. But the peak area can indicate the crystalline condition more

clearly, so based on Eq. 3.2, the crystallinity of original, 90°C, and 100°C air thermal ageing LDPE is

shown in Table 3.2 and compared in Fig 3.10.

Table 3.3 Crystallinity of original, 90°C, and100°C ageing LDPE.

Original 90-5 90-10 90-15

AH (J/g) 110.57 97.00 90.07 94.87

Crystallinity (%) 38.21 33.52 31.13 32.79
Original 100-5 100-10 100-15 100-20
AH (J/g) 110.57 70.448 67.29 65.66 63.36
Crystallinity (%) 38.21 2435 23.26 22.69 21.90
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LDPE generally have a crystallinity ranging from 35 to 55% [2], and the data of the commercial
sample used in this work is approximately 38.21%. Figure 4.10 shows that thermal ageing can lead
to a decrease of crystallinity. Furthermore, the values of 100°C aged LDPE are much lower than
those of 90°C aged samples. On the other hand, the crystallinity of samples aged at the same
temperature for different times fluctuates within a small range. In other words, the higher ageing
temperature has significant impact on the crystallinity of LDPE, but the influence of longer ageing
time is limited within a certain range. Hence, the specimens which were aged at a higher
temperature and for longer time were tested to investigate if the verdict described above can only
be observed in LDPE with limited ageing degree. The LDPE samples aged at 100°C for 30 days and
at 110°Cfor 5, 10, and 15 days were tested, and the results are shown in Fig. 3.11.
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Figure 3.10 Crystallinity of original, 90°C, and100°C ageing LDPE.

Notably, there is not a wide difference between the crystallinity of 100°C 30-day ageing sample and
other 100°C ageing samples. Furthermore, the results of 110°C ageing samples show similar traces.
Additionally, it can be observed clearly in the last graph in Fig. 3.11 that the crystallinity decreases

along with the rise of ageing temperature ranged over 90°C and 110°C.
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Figure 3.11: Crystallinity comparison among LDPE samples aged at 100°C for 30 days and at 110°C
for 5, 10, and 15 days.

In our earlier conjecture, thermo-oxidation may lead to chain scission and reduction in crystallinity
in LDPE. However, combining DSC melting trace and crystallinity, it is supposed that the crystallinity

is affected by ageing temperature, as crystallization temperature is highly related to historic ageing

53



Chapter 3 Ageing Sample Preparation and Chemical Analysis

temperature. Crystalline structure is affected by both ageing temperature and time, so further

experiments to explore the crystalline and chain structure are necessary.

3.33 Results for Nitrogen Ageing LDPE

The DSC tests were conducted on LDPE aged in nitrogen, and the curves were recorded as shown
in Fig. 3.12. Additionally, the crystallinity of ageing samples was calculated by Eq. 3.2, and is

presented in Fig. 3.13.
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Figure 3.12: DSC curve of 100 °C nitrogen thermal ageing LDPE.
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Figure 3.13: Crystallinity of 100°C nitrogen thermal ageing LDPE.

Basically, the graph indicates that the temperature of crystallization in nitrogen ageing LDPE is

focused from 100°C to 110°C. Additionally, the heat flow peak shifts right slightly, compared with
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the 100°C air ageing sample. This might be due to the temperature instability in the vacuum oven,
so that the actual aging temperature of the nitrogen samples is slightly lower than the air aging
sample. Hence, the thermal history peak is not completely superimposed with the melting peak of
polyethylene. Furthermore, it can be seen in Fig. 3.13 that the crystallinity of nitrogen and air ageing
samples does not show a wide difference. So the conjecture made above might be verified,

indicating that crystallinity is highly related to ageing temperature.

3.4 Raman Spectroscopy

In other experiment works, it was found that some material features may highly related to the
different oxidation degree in different layers. Therefore, the Leica microscope and Raman
spectroscopy technique was used to detect the chemical feature especially the thermal-oxidative
condition in the sample. A Renishaw Raman RM1000 system was used for ageing LDPE with a
780nm diode laser, and the laser power was set at 25mW. And Peltier cooled charged coupled
device (CCD) detector was used in the system. Other setting are consistent with the

recommendations of Renishaw in the confocal mode. The microscope with 50 X and 5 X

magnification were utilized to focus on the sample from top surface to bottom, which is shown in
Figure 3.14 and Figure 3.15. It could be used for positioning the sample film. And the measurements
were performed every 10um inside of LDPE sheet from top surface to bottom. In order to proceed
the obtained data, the firstly spike and noises were removed with above 1000 times accumulations
and polynomial filters. Then the monitored data was normalised with the normalisation reference

peak (1294cm™). The results of 90°C-5days thermal aged LDPE is shown in Figure 4.16.
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Figure 3.14. The top surface of 90°C-5days ageing LDPE under microscope in Raman system.
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Figure 3.15. The bottom surface of 90°C-5days ageing LDPE under microscope in Raman system.
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Figure 3.16. Raman spectra of 90-5days thermally aged LDPE film at different focus thickness

points (-10um-100um)

Table 3.4 shows the peak positions of the main Raman bands of different forms of polyethylene for

identifying the chemical structure[64]. It could be found that the peak at 1712 cm™ perform the

condition of C=0 symmetric stretching which is the carbonyl group. The trends about the C=0 group

changing v.s. the position inside of original and different thermally aged LDPE films are illustrated

in Figure 4.17.
Table 3.4 Raman bands assignment of polyethylene[64][65].
Raman peak Assignment Raman peak Assignment
position (cm™) position (cm™)
1083 C-C stretching 1454,1439 C-H bending
1169 C-H rocking 1453 Asymmetric CH; deformation
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1299

C-H twisting

1605

C=0 stretching — aromatic ring

1370

C-H wagging

1712

C=0 symmetric stretching -
carbonyl

As shown in Table above, the 1712 C=0 symmetric stretching group were selected for the analysis,

and the results for 90°C thermally ageing LDPE are illustrated in Figure 3.17. And Figure 3.18 shows

the results for 100°C ageing samples. It could be found that there is no results for 100°C-15days

and 20days thermally ageing LDPE. Because the sample turned yellow with deep ageing, and the

worse light transmission makes the search for upper and lower surfaces inaccurate.
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Figure 3.17. Raman spectra of 90°C thermally aged LDPE film at different focus thickness points on

oxidation peak
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Figure 3.18. Raman spectra of 100°C thermally aged LDPE film at different focus thickness points

on oxidation peak
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These two figures above illustrate that the oxidative degree near surface is obviously higher than is
inside of sample in the slightly ageing LDPE films, such as 90°C-5days, 90°C-10days and 100°C-5days

thermally aged specimens. But in deep ageing samples, the oxidative degree is more evenly.

3.5 Conclusion

For the sample preparation and chemical analysis, the commercially available additive-free low-
density polyethylene (LDPE), which has less influential factors, was chosen for thermal ageing. LDPE
films aged in two different conditions (i.e. air in fan oven, nitrogen in vacuum oven) at different
temperatures near melting point for multiple days were prepared. The subsequent chemical
changes were monitored with the Fourier-transform infrared (FTIR) technique and differential
scanning calorimetry (DSC) method. The results show that thermal ageing in the air leads to a
gradual increase in the thermo-oxidative degree of LDPE, and the carbonyl index of sample ageing
in the nitrogen environment is prominently reduced. The crystallinity cannot be impacted by
oxidation degree, but ageing temperature dominates its change. However, the structure of crystal
in ageing LDPE shows a correlation with the degree of ageing. Meanwhile, the LDPE specimens aged
in nitrogen performed a notable decrease in crystallinity, with a similar trend with air ageing LDPE.
The Raman results show that oxidative degree near surface is higher than it in the mid of sample in

slightly ageing LDPE. However, the oxidative degree is more evenly in deep thermally aged samples.
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Chapter4  Space Charge Performance in Thermal

Ageing LDPE

In early research, the space charge behaviour was defined as a significantly important electrical
property in polymer insulation materials because the distortion of local electric fields which is
introduced by accumulated space charges has obvious effect on high field conduction and
breakdown phenomena [66]. Space charge impact has been explored in HVDC insulation systems
for a long period of time, and its space charge behaviour is highly related to insulation lifetime [67].
Meanwhile, in our research, the space charge behaviour of material is the key that links ageing and
electrical performance. As confirmed by the results presented in the previous chapter, thermal
ageing has tremendous influence on the chemical properties of polyethylene, and in this part, the
space charge behaviour of thermal ageing insulation material is explored. The space charge
phenomena of different types of thermal ageing LDPE were measured by the pulsed electroacoustic

(PEA) technique, and the results are shown and analysed in this chapter.
4.1 Space Charge Measurement

4.1.1 Overview of Space Charge Measurement Techniques

Researchers attempted to profile accurate space charge distribution in solid dielectrics with an
effective method, in order to conduct a comprehensive study of research into space charge
behaviour. In earlier studies, destructive approaches were used, and they resulted in significant
changes in the charge distribution during the sample preparation before measurement. Two
destructive approaches are the Field Probe technique [68] and Dust Figure method [69]. Generally,
in these methods, charge behaviour was measured by detecting the surface of slices from cut
samples. From the first non-destructive charge measurement method, the transient heating
technique, proposed by Collins in the mid-1970s [70], different types of non-destructive
measurements have been developed in the past three decades. These methods can be classified
into two categories, with two different ultimate principles. The first type consists of thermal
methods and includes laser intensity modulation method (LIMM) [71], thermal pulse (TP) method
[72], and thermal step pulse (TSP) method [73]. In this case, thermal expansion caused by varied
temperature can induce the movement of space charge that accumulated in solid samples and lead
to current that contains the charge distribution information [74]. Another type of non-destructive
method consists of acoustic methods, including pressure wave propagation (PWP) method [75],

laser induced pressure pulse (LIPP) method [76], and pulsed electro-acoustic (PEA) method [77].
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The PEA technique is more common than other techniques due to its simplicity in structure, low
cost, and ease of implementation. Generally, in the acoustic technique, the displacement of charge
caused by an applied pressure wave can lead to an outcome current which reflects the charge

distribution. The principles of the widely used PEA method are briefly described in the next section.

4.1.2 Pulsed Electro-Acoustic (PEA) Method

The pulsed electro-acoustic technique was first developed in Japan in the 1980s [77]. This method
underwent great development and improvement and become the most common technique to
profile charge distribution in solid dielectrics. The principle of the PEA method is represented in Fig.
4.1 [78]. The application of an external pulsed field can perturb the internal space charge, and the
resulting Columbic forces then generate acoustic waves, which can be detected by a piezoelectric
transducer attached at the ground electrode. Therefore, the acoustic wave signal that contains the
information about charge distribution is converted to an electrical signal. After a rational calibration

process [79], the charge distribution can be mapped and the charge density can be calculated [80].
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Figure 4.1: Principle of the pulsed electro-acoustic method [78].
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Figure 4.2: Structure of a PEA measurement system.

A common PEA system setup is shown in Fig. 4.2. This setup was employed for space charge
measurement detailed in this report. In this system, positive high-voltage direct current (HVDC)
voltage can be applied to samples, and the pulse source with 600 V, 5 ns provides the external
pulsed electric field, which is coupled with a capacitor to limit the breakdown current [81]. The
sample film is sandwiched by high voltage and ground electrode with opportune force; the
thickness should be limited to between 0.1 mm and 0.2 mm to obtain a high-resolution output
signal. A sample with too thin a thickness will result in a low resolution, and too thick a sample will
lead to more noise. The piezoelectric transducer attached on the ground electrode is PVDF film.
The converted electrical signal from the piezoelectric device will be magnified with amplifiers and
then received by a digital oscilloscope. It should be noted that the piezoelectric transducer and one
of the amplifiers are set with an electromagnetic shield for better signal outcome to improve signal-

noise ratio.

4.2 Experimental Conditions

Space charge dynamics were measured using the pulsed electroacoustic (PEA) system shown in Fig.
4.2. The thickness of the sample was ~100 um. A drop of silicone oil was placed between the LDPE
film and two electrodes to ensure good acoustic propagation. To subtract the impact of the
capacitive charges from the electrodes, a method based on a reference data from a reference
voltage was used in the measurements [82]. In this method, first the reference space charge density
was measured in a very short period under a lower reference voltage compared with the applied

voltage, and an assumption was made that there is no injected charge accumulating in material
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under this reference voltage for less than 1.5s volts-on time [83]. The reference voltage is 15kV/mm

in this thesis. So the space charge density after subtracting p... () is given by [82] the following:

app

prcc(@) = Py (&) — 122y () (@)
ref

where p,,, (z) and p,.;(x) are space charge density under applied voltage and reference voltage,
respectively. V,.; and V,,, represent reference voltage and applied voltage. Meanwhile, the
previous work shows that reference subtracted space charge density collected at 2 kV from 180um

LDPE samples turns out to be nearly zero. Furthermore, the threshold field for charge injection is 8
kV/mm in LDPE samples in PEA measurement [82][84] . In addition, the value threshold field was
determined by electroluminescence measurement on LDPE material under DC field, and the
threshold is approximately 15~20 kV/mm[85]. Hence, the reference electric field was set at 10
kV/mm to measure capacitive charge, and all types of samples were stressed at an electric field of
40 kV/mm. The PEA data were collected during volts-on for 1800 s and volts-off for 1800 s to explore
both the injection and decay behaviours of space charge. Longer volts-on time may lead to more
charge neutralisation, and further analysis and simulation could be complicated. Based on the
subtraction method, the charge profile of original LDPE before and after processing are shown in
Fig. 4.3 (a) and (b), respectively. Compared with original results, the right-side graph shows space
charge profile more clearly, and the charge density shown can be defined as injected charge density,

so the amount of injected charges can be calculated by integrating the curve.
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Figure 4.3 The space charge profile of original LDPE before (left) and after (right) data processing.

It can be observed in Fig. 4.3 that the charge injection process during 1800 s DC field application in
original LDPE can be divided into three typical parts. Initially, both kinds of charge carriers are
injected into the specimen (0 s~360 s), and this is followed by the recombination of electrons and
holes (360 s~600 s), as the amount of positive charges decreases. In the last stage, negative charge
continues to be injected and moves deep into the bulk to neutralize the positive charge, resulting
in the reduction of the amount of positive charge (600 s~1800 s). In other words, positive charges
play a key role in early stage (before 360 s), and electrons predominate afterward. The different
injection barriers and trap depths between holes and electrons are direct factors in this result.
Based on the trapping parameter model [38], the injection barrier of holes in LDPE is lower than
electrons, which means that holes can be easily injected. But the depth of both the deep and
shallow hole traps is higher than electrons, so a positive charge is harder to trap and accumulate.
Meanwhile, the result is that the total charge amount after 1800 s cannot be used to extract the

trap density in different samples.
4.3 Space Charge Behaviours in Air Thermal Ageing LDPE

4.3.1 Charge Injection

The volts-on space charge dynamics of LDPE films which were thermally aged at 90°C for 5, 10, and
15 days in fan oven are shown in Fig. 4.4, and the results of 100°C 5, 10, 15, and 20 days of air
thermal ageing of specimens are shown in Figs. 4.5 and 4.6. First, comparing the results of the 90°C
five-day ageing sample with the original sample, shown in Fig. 4.3, the maximum amount of injected
charges in the original sample is obviously higher than the amount of slightly aged LDPE after 1800

s volts-on. This might be for two reasons: the increase of DC conductivity makes the charge carriers
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move easily in 90°C five-day ageing LDPE, so the charge neutralization is exacerbated and less
charges accumulate. In addition, surface oxidation on the ageing sample may suppress charge
injection, as the trap distribution may be changed [86]. These two hypothesises will be discussed in
the next chapter, combined with the experimental results of DC conductivity and breakdown
strength. However, it can be clearly found in the 90°C 10-day and 15-day ageing samples that both
amounts of holes and electrons were increasing over 1800 s, as shown in Fig. 4.4 (a) and (b). So it
can be supposed that the neutralization between two varieties of carriers is retarded. Meanwhile,
the charge peaks near the electrode are obviously increasing in these further aged LDPE samples,

compared with original and slightly aged samples.
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Figure 4.4: Space charge profiles over 1800 s at 40 kV/mm in 90°C 5-day aged LDPE (a), 90°C 10-
day aged LDPE (b), and 90°C 15-day aged LDPE (c).
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Figure 4.5: Space charge profiles over 1800 s at 40 kV/mm in 100°C 5-day aged LDPE (a), 100°C 10-
day aged LDPE (b), and 100°C 15-day aged LDPE (c).
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Figure 4.6: Space charge profiles over 1800 s at 40 kV/mm in 100°C 20-day aged LDPE.

The space charge formation in 100°C 5- and 10-day aged LDPE have similar traces with the 90°C 10-
and 15-day aged samples, as shown in Fig. 4.5 (a) and (b). In the result of these 100°C ageing
samples, hardly any recombination phenomenon can be observed, and the maximum charge
densities of both kinds of carriers in the vicinity of the electrodes are enhanced. In addition, the gap
between positive and negative charge peaks is increased. It can be inferred that the amount of

accumulated charges inside of the bulk of slightly ageing LDPE film is decreased.

As for the specimen ageing at 100°C for 15 and 20 days in air, it is clear that more charges are

injected and charges move inside the bulk more easily, especially the positive charge. Meanwhile,
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with the increase of the applied field time, the positive carriers gradually dominate, while the

injected negative charges shift to the electrode while increasing.

4.3.2 Charge Decay

Then, the volts-off process in different kinds of LDPE films was detected. After removing the
external DC field, the space charge profiles for the decay process of original and 90°C aged samples
were measured and are shown in Fig. 4.7; Fig. 4.8 shows the 100°C aged sample results. As the
influence of external field on charge distribution can be removed, the space charge profile during
the decay process can reflect the actual space charge behaviour more clearly, so the charge decay
process is commonly used to characterize the spatial charge characteristics of a material and build

the relative charge model [24] [87].
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Figure 4.7: Space charge decay after the removal of the applied voltage in original LDPE (a), 90°C
5-day aged LDPE (b), 90°C 10-day aged LDPE (c), and 90°C 15-day aged LDPE (d).

Generally, for the results of original and 90°C ageing polyethylene in Fig. 4.7, it is clear that the
charge formation is similar as inferred in the volts-on results. Less charges were injected into the
90°C 5-day specimen, compared with the original LDPE. In addition, it can be observed that charges
in the original LDPE decay quicker than in the 90°C 5-day sample, as shown in Fig. 4.7 (a) and (b).
Furthermore, with the increase of thermal ageing time, carriers are more difficult to move inside
and more easy to accumulate in the vicinity of electrodes, as shown in Fig. 4.7 (c) and (d). In the
case of the 100°C ageing specimen, shown in Fig. 5.8, the space charge phenomena of slightly
ageing samples are very close to the situation of 90°C LDPE, but deeper ageing samples show quite

a different trend. It can be seen in Fig. 4.8 (c) that charge decay is rapid initially, and the amount of
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remaining charges is markedly smaller in the 100°C 15-day ageing sample. Furthermore, there is no
space charge decay data for the sample aged at 100°C for 20 days, shown here, as charge decays

quickly, and the PEA system can only record noise but no charge after 15s.
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Figure 4.8: Space charge decay after the removal of the applied voltage in 100°C 5-day aged LDPE
(a), 100°C 10-day aged LDPE (b), and 100°C 15-day aged LDPE (c).

The total amount of space charge in the bulk is estimated using the following equation:
d
o= [ 1h@! -5t .2)
0

where p(x)is the charge density, S is the electrode area, and d is the thickness of the layer. To

detect space charge dynamics of ageing samples further, after the total charge amounts were
calculated, they were analyzed by the normalization method, shown in Fig. 4.7, to better compare
their charge decay rates. Generally, it can be seen in Fig. 4.7 that the total charge in 90°C and 100°C
5-day aged LDPE decays with a slower rate compared with original samples, but charges decay more

quickly in 90°C 15-day aged samples. Moreover, the charges in 100°C 15-day aged samples decay

much more drastically.
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Figure 4.9: The charge decay rate of original, 90°C, and 100°C ageing samples.

In a previous paper which was reviewed in the last section [23], a model based on shallow and deep
traps has been proposed to describe space charge dynamics. Moreover, the number density of total

trapped charge density during decay is given by the following equation [24]:
n(t) =ny (1) +n2(t) =niexp(~kui1t) + nogexp (—kyat) (4.3)

where n, (t) and n, (¢) signify the number density of trapped charges in shallow and deep trap,
respectively. The parameters k1, kw2, Nig, and nyy are related to microstructure of the material.
Changes in parameters may reflect ageing taken place in the material. In detail, k,,; and k., relate

to two different trap depths. Consequently, all the values of charge amount vs. time were curve-

fitted using the two exponential expressions given in the equation below:
Q=a-exp(-b-t) +c-exp(-d-t) (4.4)

Based on the PEA results, the exponential decay curves of total charge amount in all the samples
are found by using the MATLAB curve fitting tool based on Eq. 4.4. The total charge of normal and
aged samples and their relationship with time are shown in Fig. 4.10. Meanwhile, the first point of
each group shows the total charge collected 30 s after removal of the voltage, which is close to the
total charge that was injected into the sample after 1800 s volts-on. In terms of the fitted curve,
the decay time of total charge decay to half of the total decay charge during 1800 s can be calculated
andis shown in Table 4.1. Generally, it can be observed that the total charge of aged samples decays
with a slower rate, compared with the original sample. Exceptions occurred when the sample was
aged for a longer time and at a higher temperature, such as the sample aged at 100° C for 15 days.

The charge in the sample aged at 100° C for 15 days decays rapidly initially, and the remaining
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charge decreases with a much slower rate. Notice that there is no space charge decay data for the
sample aged at 100° C for 20 days. This is because charge decays rapidly, and nothing is left after
15s.

Furthermore, Table 4.1 shows that the decay rate of total charge rises from the original to the 90°C
10-day aged sample and from the original to the 100°C 5-day aged sample but reduces from the
90°C 10-days aged sample to the 90°C 15-day aged sample and from the 100°C 5-day aged sample
to the 100°C 15-day aged sample. And the results of sample with further ageing time cannot be
observed and calculated. Meanwhile, it was observed that the charge peak adjacent to the anode
electrode from the aged LDPE sample increases with ageing severity, but the total charge amount
inside the sample decreases. This may be due to the recombination effect between positive and

negative charges injected from the cathode and anode, respectively.

Table 4.1: The decay time of total charge decay to half of the total decay charge during 1800 s.

Decay time (s) Original 5 days 10 days 15 days
90°C aged LDPE 404 460 653 583
100°C aged LDPE 404 530 480 120
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Figure 4.10: Curve fitting results of charge decay after the removal of the applied voltage in

original and aged LDPE films.

4.3.3 Discussion

In previous research, shallow and deep traps were proposed to simplify the model and limit charge
trapping parameters. Furthermore, the traps with high and low energy level can be related to
physical and chemical defects in insulation materials, respectively [23]. Meanwhile, in literature, it
has been stated that thermal ageing mainly introduces deep traps into polyethylene [35]. In our
results concerning thermal aged LDPE, it seems that the injection of charge carriers becomes harder
in the lightly thermal aged samples compared with the original LDPE. This might be explained with
deep traps formed after thermo-oxidation. In the slightly aged sample shown, a small amount of
deep traps adjacent to the electrodes might be introduced by thermo-oxidation on the surface.
Therefore, the average energy of the injection barrier between the electrode and sample might be
enhanced, which can suppress charge injection. Conversely, more traps in the vicinity of the
electrodes result in nonuniform distribution of space charge, and electric field distortion caused by
charge accumulating near the surface may also hinder charge injection, as illustrated in Fig. 4.11.
Particularly, for 90°C 5-day aged sample shown in Fig. 4.4, the effect of deep traps in the vicinity of
electrodes is not significant, so carriers can still shift inside and be trapped in intrinsic traps. In

addition, some carriers can neutralize inside of the sample.

Then, further ageing introduced more deep traps on the surface, which leads to more difficulty in

charges moving inside, such as for 90°C 10-day,15-day, and 100°C 5-day, 10-day air thermal ageing
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LDPE. More carriers are injected but are trapped in these deep traps near the surface; as a result,
smaller amounts of carriers move inside and neutralize. Additionally, it could be verified in the
charge decay process, in terms of the theoretical model based on shallow and deep traps, which
represents that both trapping and detrapping processes of deep trap charge are slower [23], which
was reviewed in chapter 3. For these further ageing samples, a large amount of charges trapped in
deep traps did not decay after 1800 s. As shown above in Fig. 4.8(b) for the 100°C 10-day ageing
sample, charges are concentrated in the areas close to electrodes in this extreme case. But charges
in this specimen decay with a higher rate, compared with slightly aged samples, which might be the
reason that electrical conductivity is enhanced by further thermal ageing. The 90°C 15-day aged
LDPE shows a similar result, as presented in Fig 4.7 (d). Consequently, the slightly thermal aged
samples cannot be used in a trapping parameter model, which requires uniform charge distribution.
That is to say, the thermal ageing sample we used to modify trapping model should have a

sustainable thermo-oxidation degree, which can be estimated by carbonyl index.
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Figure 4.11. Trap distribution diagram in slightly aged sample(left) and further aged sample

T

(right).

Furthermore, as for the samples aged at 100° C for 15 days and 100° C for 20 days, there is a
significant chemical change occurring inside of the samples. A huge number of deep traps may be
generated inside the entire sample due to further severe thermo-oxidation. Hence, the average
deep trap density enhancement and charge tunnelling can easily occur in severely ageing samples.
As shown in Fig. 4.5 (c) and Fig. 4.6, a larger maximum charge density and more charges, especially
positive charges being trapped during 1800 s volts-on period, can be found, which means that more
traps are involved. In other words, carriers can be easily injected inside and more charges are

trapped and accumulate in 100° C 15-day and 20-day aged LDPE. Meanwhile, further increase in
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electrical conductivity due to thermal aging and quantum tunnelling effect lead to a particularly fast
charge decay in these cases. The hypothesis can be verified with DC conductivity measurement,
which will be introduced in Chapter 5. The space charge behaviour for nitrogen thermal ageing LDPE
can verify that thermo-oxidation primarily generates deep traps. In addition, relative chemical tests
should be carried out to explore the thermo-oxidation degree in different depths of these air

thermal ageing samples.

4.4 Space Charge Behaviours in Nitrogen Thermal Ageing LDPE

4.4.1 Charge Injection

For the next step, the space charge profiles for nitrogen thermal ageing LDPE films were measured
at 40 kV/mm for 1800 s; the charge injection results are shown in Fig. 4.12. First, it can be clearly
observed that fewer charges accumulate in the 100°C 1-day nitrogen aged LDPE in comparison with
the virgin sample after 1800 s applied electrical field. On the other hand, the positive charge amount
is reduced since the time is 540s in the original LDPE, but the time is approximately 120s in this
nitrogen ageing specimen, which means that the holes take a shorter time to be injected and move
inside the bulk before the recombination process begins. Furthermore, it can be found with the
black curve, which represents the charge behaviour after 30 s applied voltage, that positive carriers
are more easy to inject. As a result, less accumulated charges might be due to more intense

neutralization.
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Figure 4.12: Space charge profiles over 1800 s at 40 kV/mm in 100°C 1-day nitrogen aged LDPE.

To clarify, the charge injection behaviour for nitrogen 100°C 5-day aged LDPE is divided into three

stages, as shown in Fig. 4.13. First, from the beginning to 90 s, both types of charges are injected
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into the bulk. Then, electrons and holes begin to neutralize, and the amount of two varieties of
carriers decreases from 90 s to 420 s. Finally, the last graph shows that the negative charges
continue to be injected, and it shifts deeper into the bulk while the amount increases, from 420 s.

However, the positive charge keeps being recombined, and its density decreases.
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Figure 4.13: Space charge profiles over 1800 s at 40 kV/mm in 100°C 5-day nitrogen aged LDPE.
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In addition, a comparison is made among the virgin LDPE, 100°C 5-day air and nitrogen aged LDPE
specimens, as shown in Fig. 4.14. Generally, the specimen aged at 100°C for 5 days in nitrogen has
a similar charge injection dynamic compared to the original LDPE. The process starts with hole and
electron injection and neutralization, and negative charges predominate in the last stage. But in the
nitrogen ageing sample, the recombination process is more drastic, so the amount of the remaining
accumulated charges is smaller after the field is applied for 1800 s. On the other hand, compared
to the sample aged in air with nitrogen, no clear recombination can be observed, and the charges

are slowly injected and accumulate close to the electrode.
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Figure 4.14: Space charge profiles over 1800 s at 40 kV/mm for original, 100°C 5-day air, and
nitrogen aged LDPE.

4.4.2 Charge Decay

After removal of the external voltage, the results of the charge decay dynamics for nitrogen ageing
samples are shown in Fig. 4.15. Meanwhile, the amount of charges were calculated with Eq. 4.2,
and the results are shown in Fig. 4.16 after processing by the normalization method. Generally, the
results of 100°C one-day nitrogen ageing LDPE is close to the original sample decay process, which
means there are charges decaying near the electrode and inside the bulk. But in the case of the 5-
day nitrogen ageing sample, there is hardly any charge decaying inside the LDPE film. In other words,
charges mainly accumulate in the vicinity of the electrode after 1800 s volts-on. Furthermore, it can
be found that the remaining charges in both nitrogen ageing specimens are less the charges in the
original and air ageing samples. In addition, in Fig. 4.16, a verdict can be made that the original
sample decays more slowly than the air ageing sample but more quickly than the nitrogen ageing
sample. Besides, charges in the 100°C one-day nitrogen ageing LDPE decay with a uniformly rate,

but charges in other samples decay rapid initially, and the remaining carriers decay with a slower

rate.
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Figure 4.15: Space charge profiles over 1800 s after removal of the electrical field for 100°C 1-day
and 5-day air and nitrogen aged LDPE.
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Figure 4.16: Charge decay rate for original, 100°C 5-day air ageing and 100°C 5-day nitrogen
ageing LDPE.

4.4.3 Discussion

In the air ageing sample, the deep traps are introduced due to thermo-oxidation, so the charge

injects more slowly and moves more slowly. A small number of deep traps near the surface can
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hinder charge injection, so the negative charge amount in the slightly air ageing sample is smaller
than original one, although there is almost no recombination process. But it can be hardly observed
any charge suppression effect in the LDPE aged at 100°C for 5days in nitrogen, compared with
sample aged at same temperature and for equally time in air. Furthermore, the distribution of
trapped charges is not concentrated in the vicinity of the electrodes. Meanwhile, as shown by the
charge decay behaviour in Fig. 4.15, a small fraction of the charge is not attenuated after the
removal of the applied field for 1800 s. Hence, it can be inferred that the nitrogen thermal ageing
will not introduce deep traps into the sample and there is not any surface feature involved. In other
words, the space charge dynamic of LDPE aged in air is highly related to the thermo-oxidation,

which can introduce deep traps into the sample.

However, the space charge behaviour of the 100°C 5-day nitrogen ageing LDPE and the virgin
sample are still quite different, as shown in Fig. 4.12 to Fig. 4.16. First, it might be explained by the
change of crystal structure due to thermal ageing, which may result in the increase of electrical
conductivity, so the charges can move easily in the sample. Alternatively, it is supposed that traps
introduced by different ageing environments are different; in other words, trap depth is different.
The trap introduced by nitrogen thermal ageing is close to the eigen trap (i.e. a shallow trap). As a
result, trap density is enhanced, but average trap depth is decreased, so charge can be injected
easily and decays more quickly, which is shown above. As the sample is too thin, it also results in a

more intense neutralization, so the accumulated trap charge is reduced.

The conjecture about electrical conductivity will be discussed in chapter 6, but the hypothesis about
shallow traps involved by nitrogen thermal ageing still needs further experimentation to be verified.
Generally, LDPE aged in nitrogen for a longer time should be prepared and tested for space charge
behaviour. However, nitrogen ageing samples aged for a longer time cannot be made with the same
ageing method, due to the limited air tightness of the vacuum oven we used. Hence, a new nitrogen
thermal ageing method should be developed. Then, the charge dynamic of thicker LDPE aged in

nitrogen can be used for argumentation.

4.5 Conclusion

Traps are introduced into LDPE samples during thermal ageing in air condition, and deep traps
dominate the impact, due to thermo-oxidation. At the early stage of ageing, a small number of deep
traps in the vicinity of the electrodes can suppress further charge injection and inhibit inward
charge movement. At the late stage of ageing, during the sustainable rise of ageing, more deep
traps are brought into the specimen; thus, a large number of charges inject and accumulate. In

addition, charge decays significantly more quickly in the severely ageing LDPE. The thermo-
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oxidation effect is removed in the nitrogen ageing sample, and more shallow traps may be

generated in the nitrogen ageing environment.
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Chapter5 DC Breakdown Strength and DC

Conductivity

Commonly, the operational condition and lifetime of insulation materials can be directly reflected
by breakdown strength, and electrical breakdown characteristics are typically a key factor in the
research on the ageing of dielectric materials. One of the significant parts of my work has been a
focus on explaining the effect of thermal ageing on electrical properties by space charge behaviours.
Conductivity measurement is required to be conducted to verify the hypothesis proposed in the
last chapter. Consequently, the DC breakdown strength and DC conductivity were measured, and

the results are introduced and discussed in this chapter.
5.1 DC Breakdown Strength Tests

5.1.1 Experimental Details

DC electrical breakdown strengths of the normal and aged samples were measured. In the
experiment, the prepared sample was sandwiched between two spherical electrodes of 6.5 mm
diameter. Moreover, to avoid flashover during the rise of the external field, the sample and the two
spherical electrodes were fully immersed in silicone oil. The specimens were tested at room
temperature (~20°C). The external voltage was increased with a ramp rate of 100 V/s from zero.
The testing protocol and procedure follow ASTM standard D3755-97 [88]. For each type of sample,

approximately 20 measurements were made to reduce statistical error.

To analyse and describe DC breakdown behaviours, the breakdown data were processed using the
Weibull distribution, which is the most common method to describe stochastic behaviours [89]. The
Weibull distribution was introduced by Waloddi Weibull in the 1950s [90], and its probability

density function is given by [91]

f(z,a,0) = %xaﬂexp[* (z/6)*], £>0; a,60>0

0, elsewhere

(5.1)

where « and 6 are the shape parameter and the scale parameter, respectively. Application of the
Weibull distribution on the mechanical and electrical failure mechanism is based on a physical
model known as the “weakest-link-hypothesis” [92]. In this model, it is supposed that there is a
chain formed with a series of tandem rings, and the strength or lifetime of this chain depends on

the weakest ring, which is similar to the electrical breakdown process (i.e. the weakest link
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dominates). In statistics, the 95% confidence interval is calculated to indicate the electrical failure

possibility, and the slope reflects the dispersibility of the results.

5.1.2 Results and Discussion

Figure 5.1 shows the Weibull plots of the cumulative probability of breakdown vs. breakdown
voltages for 90°C aged, and Fig. 6.2 presents the results of 100°C aged samples. Moreover, upper

(E . pper) and lower (E,,..) 95% confidence bounds for each sample and corresponding slopes are
givenin Table 6.1, based on the characteristic values of breakdown strength ( E. ) which have 63.2%

failure probability.

Table 5.1: Breakdown strength for 90°C aged and 100°C aged samples with 95% confidence

bounds with unreliability at 63.2%

Eower/KVmm? | E/kVmm? | Eypper/kVmm? | Slope [
Original LDPE 481.486 495.723 509.558 15.2383
90°C 1-day aged LDPE 514.659 527.726 540.351 17.7377
90°C 5-day aged LDPE 550.017 565.616 580.747 16.6098
90°C 10-day aged LDPE 557.534 569.985 581.974 22.7266
90°C 15-day aged LDPE 501.914 520.015 537.653 13.1475
100°C 1-day aged LDPE 506.930 517.333 527.489 25.0000
100°C 5-day aged LDPE 574.565 586.501 597.780 25.0001
100°C 10-day aged LDPE 409.583 429.395 448.773 12.6263
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Figure 5.1: The Weibull plots of the cumulative probability of breakdown vs. breakdown voltages
for 90°C ageing LDPE.

DC Breakdown Test for 100°C Aged LDPE Samples
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Figure 5.2: The Weibull plots of the cumulative probability of breakdown vs. breakdown voltages
for 100°C ageing LDPE.

The thermo-oxidation has a strong impact on the electrical performance of LDPE insulation. The
changes in electrical breakdown strength are closely associated with the concentration of carbonyl

groups when the samples are aged below the melting temperature (112°C) [93]. Normally, in the
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earlier model of the breakdown behaviour of thermal aged LDPE, the breakdown strength of aged
LDPE decreases with the ageing degree when compared with the original LDPE [94]. Nevertheless,
Figs. 6.1 and 6.2 show that the breakdown strength of both 90°C and 100°C ageing samples
increases initially up to 10 days at 90°C and 5 days at 100°C. Any further ageing will lead to a

decrease in the breakdown strength.

Specifically, the breakdown strength of all the 90°C ageing LDPE samples are higher than that of the
original sample. Combined with the space charge behaviour, it can be found that these sample are
affected by surface thermo-oxidation, which means that charges are hindered by deep traps in the
vicinity of electrodes. Hence, it can be inferred that fewer charges trapped in the bulk lead to lower
amplification of electric field, and this might be the reason why these slightly aged LDPE have higher
DC breakdown strength. Moreover, for further-aged samples, more deep traps resulted in plenty
of charges injecting and accumulating in the bulk. However, the 90°C 15-dayageing sample with less
charges accumulating has a lower DC breakdown strength than the 90°C 10-day ageing sample with
more charges. In addition, the situation is the same when comparing the 100°C 5-day and 10-day
ageing LDPE. As | reviewed the correlation between space charge and breakdown phenomena, it
was found that the local electrical field is affected by applied field and field distortion generated by
the accumulation of space charge. Furthermore, as the local electrical field surpasses the intrinsic
breakdown strength of the insulation material, the dielectric breaks down [43]. But the present

results show that there should be another factor involved.

Combining the DC conductivity results, it is supposed that there might be two reasons why these
samples have lower DC breakdown strength. First, a large number of charges trapped inside of
materials introduces more serious electric field distortion, and high electrical conductivity
introduced by tunnelling effect between charges and the breakdown of chemical structure could

be another factor. Consequently, the equation for breakdown strength might be inferred:
Eb:EiiEsc (5'2)

where E; means the actual breakdown strength of dielectric, E; indicate the intrinsic breakdown
strength, which is affected by electrical conductivity, and E,. is the field distortion introduced by
trapped charges. The electrical conductivity is highly related to chemical structure, which can be

changed by thermal ageing.

Furthermore, the Weibull plots of the cumulative probability of breakdown vs. DC breakdown
voltages for LDPE aged at 100°C for one day and five days in nitrogen are shown in Fig. 5.3, with
comparison between virgin and 100°C 5-day air ageing LDPE. Table 5.2 shows the relative

corresponding slope, and upper (E,,,..) and lower (E,,,.,) 95% confidence bounds.
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Figure 5.3: The Weibull plots of the cumulative probability of breakdown vs. breakdown voltages
for 100°C 1-day and 5-day nitrogen ageing LDPE.

Table 5.2: Breakdown strength for 100°C nitrogen ageing LDPE with 95% confidence bounds and
unreliability of 63.2%.

Eiower/KVMmM™ | E//KVmm™ | Eypper/kVmm™ | Slope S
100°C 1-day nitrogen ageing LDPE 502.812 513.201 523.309 25.0000
100°C 5-day nitrogen ageing LDPE 483.507 492.790 507.669 25.0001

In Figure 5.3, it can be observed that the DC breakdown strength of 100° C 1-day and 5-day
nitrogen ageing LDPE have similar situations with respect to the virgin specimen. But the value of
the 100° C5-day fan oven ageing LDPE is notably higher, so the hypothesis proposed above can be
verified: thermo-oxidation is the main reason that leads to higher DC breakdown strength in slightly
thermal aged samples. The FTIR and Cl results could be used to relate the ageing sample with the

insulation under in-service conditions. However, if surface oxidation dominates, the effect still

needs to be explored in future work.

5.2 DC Conductivity Measurements

5.2.1 Experimental Details

To verify the hypothesis that states that the substantial growth of conductivity in seriously aged
LDPE is the reason why rapid charge decay rate and much lower DC breakdown strength were

observed in these samples, DC conductivity measurements were performed on the original and
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aged LDPE samples. The tests were carried out at room temperature. Before measurements, both
sides of all the samples were gold coated to obtain a better surface connection between samples
and electrodes. A semi-automatic gold coater was used for the coating of ageing LDPE films. The
coating current is on 25 mA; coating time is 3 minutes and coating diameter is 20 mm. As for DC
conductivity measurement condition, the supply field was selected as 40 kV/mm due to space
charge volts-on voltage, which is the same as for the space charge measurement conditions. On the
other hand, current was measured by a Keithyley 6487 picoammeter, and the current flowing
through the sample was recorded every 10 s for 7200 s. After several tests, the results showed that
the conductivity can be stable after 7200 s applied voltage in LDPE in the conditions of our DC

conductivity tester.

5.2.2 Results and Discussion

The DC conductivity results of the original and 90° C ageing LDPE are shown in Fig. 6.4, and the
abscissa time and vertical conductivity are shown as logarithms. In addition, the results of 90°C 10-
and 15-day aged samples were processed with the moving average method to smooth out

fluctuations due to too-low measurement currents.
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Figure 5.4: DC conductivity under 40 kV/mm of original and 90°C 5-,10-, and 15-day aged LDPE.
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Figure 5.5: DC conductivity under 60 kV/mm of original, 90°C, and 100°C 5-day aged LDPE.
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Figure 5.6: DC conductivity under 80 kV/mm of original and 90°C 5- and10-day aged LDPE.

It can be observed in Fig. 5.4 that the conductivity of all the 90°C air ageing LDPE are lower than
original sample, but there is no clear gap and boundary among them. In addition, the results for
90°C ageing samples show a large spread of the data. Generally, it is due to the limited detected
current of our picoammeter. To obtain clearer results, the external field was raised up to 60 kV/mm
and 80 kV/mm; the results are shown in Figs. 5.5 and 5.6. But the results shown in Fig. 5.5 are still
too discrete. Furthermore, it is clear in Fig. 5.6 that the DC conductivity of 90°C 5-day and 10-day
ageing LDPE is lower than that of the original specimen. Moreover, 90°C 20-day ageing LDPE was

measured, as shown in Fig. 5.8, and the electrical conductivity increased.
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Figure 5.7: DC conductivity under 40 kV/mm of original and 100°C 5-, 10-, and 15-day aged LDPE.
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Figure 5.8: DC conductivity under 40 kV/mm of original, 90°C 20-day, and 100°C 20- and 30-day
aged LDPE.

The DC conductivity profiles tested under 40 kV/mm for 100°C ageing specimens are shown in Figs.
5.7 and 5.8, which represent the results for slightly and severely aged samples, respectively. For
100°C ageing LDPE, the DC conductivity decreased initially in 100°C 5-day ageing film, and further

ageing will result in an upward tendency.

Polyethylene is a type of wide band-gap insulator material, and the carrier in the valence band can

be motivated under sufficient electrical field or higher temperature (i.e. enough supporting energy).
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Therefore, the conducting current that is measured in DC conductivity generally comes from mobile
charges which are injected into dielectrics with Schottky injection. In addition, other current flow
which is detected may be generated by ion current [1]. Moreover, the capture of the injected
charge by deep traps adjacent to the electrode will suppress further charge injection [95]. Hence,
lower DC conductivity in slightly ageing samples could be the effect of deep trapped charges in the
vicinity of electrodes, which lead to less charges being injected and can hinder charges from moving
toward the sample. These deep traps are introduced by surface thermo-oxidation, which can be
supported with space charge behaviour, as described in chapter 5. Moreover, combined with the
space charge behaviour, larger amounts of deep traps can be generated by further thermal ageing.
As a result, enhanced tunnelling effect between traps makes the carriers move easily, so the space
charge distributes more uniformly instead of concentrating close to the electrode. Consequently,
increase in current flow is detected as the hindering effect of deep trapped charge is attenuated
and more charges inject into the material. Thus, the LDPE aged at 90°C for 20 days and 100°C for
15, 20, and 30 days show higher DC conductivity performance. Alternatively, defects introduced by
thermal ageing may lead to the enhancement of ionization, which would increase electrical
conductivity due to larger ion current. This factor could be the reason why the DC conductivity of
the 100°C 10-day ageing specimen goes up while trapped charges gather near the electrode. In
particular, with the 100°C 30-day ageing sample shown in Figure 7.8, a discontinuous breakpoint
occurred at 120 s, which means that electrical breakdown happened at that moment and a hole

across the sample formed, so further measured current decreased.

Furthermore, Fig. 5.9 describes the DC conductance characteristic of the LDPE aged at 100°C in
nitrogen for one day and five days. It can be seen that the one-day aged specimen shows a lower
electrical conductivity compared with the virgin sample, and the value of the five-day ageing sample
is clearly greater. The conductivity behaviour of the one-day LDPE might be due to the instability of
the device at low current, as the result is dispersive. Another cause could be slight oxidation
introduced by leaking of the vacuum oven. As for the five-day nitrogen ageing specimen, its PEA
results show a higher charge mobility, which is verified by the DC conductivity. This result might be
the effect of more shallow traps introduced by oxygen-free thermal heating. Hence, it can be
inferred that oxidation brings deep traps into LDPE, but thermal heating generates shallow traps

during thermal ageing.
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Figure 5.9: DC conductivity under 40 kV/mm of original, 100°C one-day, and five-day nitrogen
aged LDPE.

5.3 Conclusion

In general, slightly air aged LDPE samples achieve lower DC conductivity and higher DC breakdown
strength, and further ageing results in the reduction of breakdown strength and increase of
conductivity. But the LDPE aged in nitrogen have similar DC breakdown behaviour and slightly larger

values of electrical conductivity in comparison with original sample.

Traps are introduced into samples during thermal ageing in the fan oven, and deep traps dominate
the impact. At the early stage of ageing, a small amount of deep traps in the vicinity of the
electrodes can suppress further charge injection, which results in the increase of breakdown
strength and reduction of DC conductivity. Meanwhile, deep traps are involved in LDPE by thermo-
oxidation, and shallow traps are generated by heating in thermal ageing. During the sustainable rise
of ageing, more deep and shallow traps are brought into the sample; thus, higher DC conductivity

and lower breakdown strength are detected due to a large amount of charge injection.
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Chapter 6 Thermal Ageing and Its Impact on

Charge Trapping Parameters

In recent years, the space charge behaviour has been defined as a significantly important electrical
property in the insulation materials, especially in HVDC systems, because the distortion of local
electric fields caused by accumulated charges has obvious effect on high field conduction and
breakdown phenomena[66][43]. Besides, in past decades, plenty of works on the ageing of
insulation materials have been done and many efforts have been made to establish a “standard”
relationship between ageing and lifetime[36][96]. And in our research, the space charge
phenomena of material could be considered as the key that link ageing, electrical performance and
lifetime[86][97][25]. We aim to describe the space charge dynamics with trapping parameters and
use the initial parameters to infer the space charge properties of polymer insulation after ageing.
Thus, the change in charge traps of dielectrics can be used to characterize electrical performance

of the material, and therefore, the ageing status.

There are three primarily factors need to be solved: the estimation of trapping parameters, the
influence of ageing on the trapping parameters and the relation between charge dynamics and
other electrical performance such as breakdown strength, dielectric loss and conductivity. The early
trapping parameters evaluation model proposed by Chen[23] has been used in different normal
and ageing samples in previous research[7][9]. Furthermore, an improved trapping parameters
model has been established, which considered the neutralization process and double trap energy
depth[38], which has been reviewed in Chapter 2. In this Chapter, the trapping parameters of

original and ageing LDPE samples will be estimated by the improved model.

6.1 Space Charge Profile and Data Processing

As shown in Chapter 4, based on the subtraction method, the charge profile of original LDPE
before and after processing are displayed in Fig 6.1(a) and (b), respectively. And the charge amount
can be calculated by Equation 4.2. Based on the measured data on several samples with same
condition, the charge amount of original LDPE during applying and removal external field has been

averaged as shown in Fig.6.2 with error bars. The black line in 1800s shows the volts-off point.
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6.2 Trapping Parameters Estimation

The thickness of two charge regions in different samples is shown in following Table 6.1. It can
be found that there is no great change for the width of negative charge region, but the hole area
reduces by almost half between 90°C 5days and 15days LDPE specimens. Based on the mean value
of charge amount in samples and the charge region thickness, the numerical solutions of
parameters were found with MATLAB software through the Euler’s Method. Fig.6.3 indicates the
best fitting curve with the improved model for original and ageing LDPE. The scatter shows the
averaged charge density measured by the PEA system, and the red and black lines represent the
condition for electron and holes, respectively. Furthermore, full lines show the simulated net
charge profiles, and dash-dotted lines refer to mobile charge behaviour in the sample. Meanwhile,
the condition of charges trapped by shallow and deep traps can be obtained with the dashed and

dot lines. And the R-square values and trapping parameters results are shown in Table 6.2.

Table 6.1 Thickness of charge region for each type of samples

Type of LDPE Negative Charge region Positive Charge region
sample thickness/um thickness/um
Original 22 60

90°C 5days 194 64.1
90°C 15days 26.3 333
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® Averaged measured positive charge density
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Fig. 6.3. The trapping parameters for original (a), 90°C 5days (b) and 90°C 15days(c) LDPE films.

Table 6.2. Trapping parameters for each type of LDPE samples

Type of LDPE Original 90°C 5days 90°C 15days
sample
Shallow Deep Shallow Deep Shallow Deep
traps traps traps traps traps traps
R-square 0.9520 0.9508 0.9199
Value
Pe/s? 0.005 0.0013 0.0035
Py/st 0.0035 0.0011 0.0058
we/eV 1.17 1.225 1.2071
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wi/eV 1.135 1.183 1.1986
Nie/m 1.1E+ 6.5E+ 3.3E+ 2.6E+ 2.0E+ 4.8E+
19 18 19 19 18 18
Nen/m 2.0E+ 1.5E+ 5.0E+ 2.0E+ 3.0E+ 1.0E+
21 21 22 22 20 21
Ere/eV 1.025 1.055 0.99 1.044 0.96 1.06
Ew/eV 1.049 1.111 1.08 1.12 1.15 1.31

In Fig. 6.3 (a), it can be found that the measured density of positive net charge in original LDPE
increase in the first 300s with the external electrical field, and decrease in the remaining time. But
the number of electrons keep growing. Meanwhile, the Fig.6.2. shows that the total charge amount
gradually become stable after volts-on for 300s. This could be used to confirm the existence of
significant charge neutralization, while the fitting results of both carriers also show this point.
However, in 90°C 5days specimen, this phenomenon is weakened, and it could hardly be observed

any reduction of net carrier density in 15days ageing sample while applying voltage.
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—e— w,. Electron injection barrier
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Figure 6.4. Injection barrier.

Regarding trapping parameters shown in Table 6.2, three typical trapping parameters were selected
and shown in Figure 6.4 to Figure 6.6. Firstly, it can found in Figure 6.4 that the value increases
compared with the normal sample at the early stage of thermal ageing. And positive charge
injection barrier decreases in further ageing but negative one keeps increase. Hence it can be
accounted by higher electrical conductivity according to our previous research on ageing LDPE

films[97]. For slightly aged LPDE, a small number of deep traps in the vicinity of the electrodes,
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which were introduced by thermo-oxidation on the surface, can suppress further charge injection
and inhibit charge inward movement. In another word, higher injection barrier can be introduced
by thermo-oxidation on the surface. And for deeply ageing specimen, more traps are introduced
and the average distance between adjacent traps reduces, so the quantum tunnelling might be
easily to occur[1]. Moreover, the higher electrical conductivity in 90°C 15days aged LDPE could
make the dynamic balance between positive and negative charge easier to be established [97]. Thus,
this part of charges can hardly be detected by the PEA technique. Furthermore, it could be
presumed that trapping parameters evaluated by space charge characteristics, which dynamic
balance has been built, can reflect trap conditions better. Hence, space charge for aged sample with

longer press time will be measured in our future work.

On the other hand, the mobile negative charge profiles, shown with dashed-dot line in Fig. 6.3, for
all the sample equal to the negative net charge. It should noticed that the mobile charge described
in this model represents the charge that is moving between the traps by hopping conduction [98],
which can be detected by the PEA technique. This could be caused by the higher mobility for
electrons in polymer dielectrics, and the domination of negative charge in original LDPE can

confirmed this deduction.
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Figure 6.5. Trap density.

Then it can be observed that the shallow and deep trap density of both kinds of carriers in 90°C 5
days ageing LDPE, compared with original sample, shown in Figure6.5. That means more traps can
be generated by thermal ageing in air, especially deep traps. Further ageing will lead to the decrease
of trap density. As the deduction proposed before, it might due to the high DC conductivity, which
can result in charge decay in a higher rate. Meanwhile the charge that move between traps by
tunnelling cannot be calculated by this model, if the tunnelling current forms between electrodes.

Thus, the trap density in this deep ageing LDPE may not be evaluated accurately.
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Furthermore, Figure 6.6 represents that the energy level of deep trap is deepened and shallow trap
has lower depth in LDPE samples after thermal ageing. These could be the reason why charges in
ageing sample decay quicker in advance, and the remaining charges decrease with a much slower

rate, compared with the original LDPE.
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Figure 6.6. Trap energy level.

6.3 The Limitations of the Model.

As introduced in Chapter 2, this trapping parameters estimation model have a basic assumption:
the distribution of traps is uniform. However, combined with the previous experiment results, the
traps introduced by thermal ageing are concentrated near the surface in the slightly aged sample.
And it is clearly in the Raman results that oxidation degree of these lighty aged sample is not evenly.
As a result, the trapping parameters estimated with this model may not reflect the actual trap

properties in 90°C- 5days, 90°C-10days and 100°C-5days aged LDPE films.

Charge Density/Cm™

Thickness/ym

Figure 6.7. Space charge injection profile after subtraction on 100°C 5-days nitrogen thermally
aged LDPE.
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Meanwhile, in this model, two clearly charge fronts area need to be defined as shown in Figure 2.16.
In original, 90°C-5days, 90°C-10days and 90°C-15days ageing samples, there is a clear gap between
positive and negative charge peak. However, it’s hard to distinguish two charge peak with the same
charge region in the space charge results of nitrogen thermally aged LDPE, shown in Figure 6.7.
Because the charge region is changing during charge accumulate or decay. There is the same

situation in 100°C-15days sample.

In addition, in 90°C-15days thermally aged films, higher DC conductivity and more deep traps are
introduced by thermal ageing. So the charge move quicker in the sample, and a lot of mobile
charges recombined in volts-on part, and mobile charges decay in a much higher rate. As the results,
charges detected by our PEA systems may not reflect the trap properties clear. Meanwhile, in the
mid area of the sample, holes and electrons may be trapped in the same time and same area.
However, the PEA systems might “think” charges in this area are neutralized and detect no charges
accumulated. Hence the trapping parameters estimated in this kind of sample may be not accurate.
In further research, thicker sample and related PEA systems might be useful, and different space

charge measurement could be used as well.

6.4 Conclusion

An improved trapping parameters model has been used to evaluate the trap conditions in original
and thermal ageing LDPE. In this model, space charge characteristics during both volts-on and volts-
off process are utilized to estimate trapping parameters. Meanwhile, the space charges are treated
as trapped and mobile charges, respectively, and the charge neutralization has been taken into
consideration. However, there still be limitations of this trapping parameters estimation model in

thermally aged LDPE samples.

The injection barrier could be enhanced by thermal ageing due to surface oxidation. And thermal-
oxidation in LDPE can introduce shallow traps with lower energy level and deep traps with deeper
energy depth. Furthermore, the dynamic balance between carriers is harder to be estimated in

LDPE films with a higher thermal ageing degree.
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Chapter 7  Conclusion and Future work

7.1 Conclusions

This thesis focuses on space charge behaviour and its impact on other chemical and electrical
properties in insulation polymeric materials, especially in LDPE. The trap properties were
introduced to explain the electrical performance (electrical breakdown and conductivity). The
literature review in early stage have been done in three parts: the structure of PE and its properties,
the thermal ageing in polymer insulation, and the mechanisms of charge injection and transport in
insulation materials. Some previous space charge studies and space charge models were also

discussed. It can be summarized as:

® PE, as a wide band gap insulator, has been used as cable insulation for many years because of
its good electrical performance, which is closely related to the structure of a chain. In different
categories of PE, XLPE is more commonly used in electrical cables due to its unique crosslinking
structure resulting in a higher operating temperature, however, the additive in XLPE may alter
its charge behaviours.

® Thermal ageing could introduce a C=0 (carbonyl) structure and crosslinking plays a secondary
role in thermal ageing in LDPE. Thermally aged LDPE has lower breakdown strength, which is
closely associated with oxidation.

® Space charge accumulation can enhance the local electrical field, which may lead to dielectric
failure under a smaller applied field than breakdown strength.

® The electrode materials and various kinds of ageing have significant effects on space charge
formation. Generally, the impact of ageing is explained by the change in trap distribution.

® An improved trapping parameters estimation model and its three unique advantages were
introduced: i) both polarisation and depolarisation processes of charge dynamics are used; ii)
the space charges are treated as mobile and trapped charges, and iii) the charge neutralisation

is taken into consideration.

In experiments, a commercially available additive-free LDPE with the thickness of ~100um was
chosen as the sample for thermal ageing. The LDPE films were aged in two different conditions, air
in a fan oven and nitrogen in a vacuum oven, and at different temperatures near melting points for
different lengths of time. The subsequent chemical changes were monitored with the FTIR
technique, DSC method, and the Raman technique. Moreover, the space charge dynamics in aged

specimens were observed using the PEA technique. In addition, DC breakdown strength and DC
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conductivity measurements were performed in order to investigate the impact of thermal ageing

on insulating properties. Based on the experiment results, the following conclusions may be drawn:

Thermal ageing in air leads to a gradual increase in the thermal oxidative degree of LDPE and
the carbonyl index of the sample aged in the nitrogen reduced significantly. The crystallinity
was not impacted by the thermal ageing time and environment, but the ageing temperature
dominated the change. Besides, the structure of the crystal in the ageing LDPE showed a
correlation with the degree of oxidation and the heating environment.

The degree of oxidation near the surface is higher than in the middle of the sample in slightly
ageing LDPE. However, the oxidative degree is more even in deep thermally aged samples.
Traps are introduced into LDPE samples during thermal ageing in air conditions and deep traps
dominate the impact due to thermo-oxidation. At the early stage of ageing, a small number of
deep traps in the vicinity of the electrodes can suppress further charge injection and inhibit
charge inward movement, which results in the increase of breakdown strength and reduction
of DC conductivity.

During the sustainable rise of the degree of ageing, more deep and shallow traps are brought
into the sample, thus higher DC conductivity and lower breakdown strength were detected
due to a large number of charges being injected and trapped.

The LDPE aged in nitrogen had similar DC breakdown behaviour and a slightly larger value of
electrical conductivity in comparison with the original sample. The thermo-oxidation effect is
removed in the oxygen-isolated thermal ageing sample, and more shallow traps may be
generated. Hence, it is supposed that oxidation mainly introduces deep traps and shallow traps

are generated by the thermal effect.

Furthermore, the trapping parameters of thermally aged LDPE were estimated by the improved

model and some conclusions may be made:

7.2

The injection barrier could be enhanced by thermal ageing due to surface oxidation. Thermal
oxidation in LDPE can introduce shallow traps with lower energy levels and deep traps with
increased energy depth. Furthermore, the dynamic balance between carriers is harder to
estimate in LDPE films with a higher degree of thermal ageing.

There are still three limitations to the model when it is used in thermally aged LDPE: the trap
distribution in the slightly aged sample, unstable charge region, and the limitation of the PEA

technique.

Future Works

Based on the previous review and experiments, future work will focus on the following:
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Further nitrogen thermal ageing. Due to the limit of the gas tightness of the vacuum oven,
the nitrogen aged samples were made with short ageing times. For the sake of investigating
the impact of oxygen-illustrated thermal ageing on LDPE, a new ageing system should be

developed.

Trapping parameters model further modified. In the Chapter 7, three key limitations of
the current model were described. In order to achieve the initial aim of connecting ageing,
trap properties, and space charge dynamics, the use scenarios of the model need to be
divided and more trapping parameters might need to be introduced. Meanwhile, the

improved space charge test method could help with the trapping parameters estimation.

Numerical connection between the degree of ageing and trapping parameters. After
collecting enough accurate trapping parameters for LDPE with different degrees of ageing,

a numerical model could be built and combined with chemical analysis.
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