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ABSTRACT
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Thesis for the degree of Doctor of Philosophy
DIELECTRIC PROPERTIES OF
EPOXY BASED NANOCOMPOSITES FILLED WITH NANO SiO, AND BN
AND MOISTURE EFFECTS
By Dayuan Qiang

Epoxy resin is one of the most commonly used thermosetting macromolecular
synthetic materials, and is currently used in many areas such as casting in
transformers and motors. To meet the broader usage demand for epoxy resins,
many modification methods have been applied, including being filled with various
nanoparticles. This has received increasing attention over recent years, because of
the ability to obtain enhanced properties in the resultant nanocomposites. The
investigation of this study used a range of techniques to analyse chemically and
electrically the properties of epoxy resin and its nanocomposites. The first aim of
the study is to develop a method of describing the morphology of nanofillers in the
nanocomposites more precisely. Moreover, it will be investigated how the presence
of these fillers influences the physical and chemical properties of epoxy resins by
employing a number of techniques. Second, an investigation will be conducted into
the consequences of the addition of nanofillers and resultant interfacial regions on
the dielectric and electrical properties of epoxy nanocomposites. Third, an in-depth
study into the influences of water absorption on the dielectric/electrical properties
of epoxy and its nanocomposites is considered a worthwhile subject to investigate.
Consequently, a number of conclusions have been made, some of which are listed

below.

According to the proposed quantification method, epoxy nanocomposites with
surface-treated particles achieved superior overall dispersion and distribution of

particles/aggregates than those with untreated particles. Moreover, poor mixing



resulted in an adverse impact on the morphology of the epoxy matrix by creating
some physical defects (such as cracks and cavities). In hBN-based samples, particles
were more likely to exist solely, which resulted in many more impacts on the base
material. The presence of nano-SiO, and hBN particles both resulted in a decrease
in cross-linking density during the curing of epoxy resins, and further resulted in
poorer thermal stability than with pure samples. Surface treatment modified the
cross-linking density in the interfacial areas of SiO,-based samples by removing
some surface groups, and the morphology of hBN-based nanocomposites had a

significant impact on their thermal properties.

The addition of nanoparticles physically and chemically affected the base material
and influenced the dielectric responses; thus, it is a solution for modifying the
dielectric properties. The presence of nanoparticles resulted in morphology
changes (mostly in the form of physical defects), while the surface treatment
introduced deeper traps at the interface, and there were more shallow traps
presented in the bulk of materials. Therefore, this hindered the charge injection
and reduced the mobility of charge carriers, which consequently reduced the DC
conductivity. However, with increased filler loadings, there was a greater effect on
polymer structures and thus a higher density of traps. Thus, charge carriers are
more easily transported by hopping or via the quantum tunnelling mechanism. This
supported the concept of reduction in DC breakdown strength with the growth of
filler loadings. In addition, the presence of plate-like nano-hBN created complex
microstructures in epoxy resins and acted as barriers for charge injection and
movement, which resulted in increased DC breakdown strength as filler loadings

increased.

Studies on moisture effects have experimentally demonstrated the existence of a
two-layer water shell structure, by proposing a method of estimating the average
thickness of the water shell. According to the analysis of moisture uptake, surface
treatment can reduce water absorption; however, there was no clear impact of
modifying effects on the dielectric. The “hydrophobic” performance of BN
nanocomposites is superior to silica samples, especially because of the lack of
formation of water shells around the particles. According to the quantitative results
from SEM and dielectric spectroscopy, the presence of water caused an increase in
charge injection, higher mobility of charge carriers (both in base materials and
within traps/particles,) and a clear reduction in DC breakdown results. Moreover,
water shells around spherical particles contributed to higher probability of the

guantum tunnelling process and the formation of conductive percolation channels.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

The term epoxy resin generally refers to a thermosetting epoxy polymer containing
two or more epoxy groups, and most of the resins do not have high molecular
mass. Because they contain reactive epoxy groups, they can react with many curing
agents/hardeners and form three dimensional cross-linking network structures.
Epoxy resins display good adhesiveness, good dielectric and mechanical property
properties, chemical stability [1] and other advantages such as low cost and easy
shaping. Consequently, they have been widely used in many areas as dielectric
materials, anti-corrosion coating materials, and cementation between metals and
non-metals. Furthermore, they are used extensively in the manufacture of
composite materials, and are considered essential materials for industrial
applications [2]. However, because of the broader usage demand on epoxy resins,
it is challenging to meet the growing requirements of industrialisation and
commercialisation. Hence, researchers have started to look for new modification
methods to improve the properties of epoxy resins. There are many of these
modifications, including the use of different hardeners, liquid crystal, and the

addition of nanofillers, which is one of the most promising methods [3].

1.2 Motivation and Objectives

Nanotechnology is the study of properties and applications of materials having a
structure size between 1 and 100 nm, a concept first introduced by Richard
Feynman in his 1959 lecture. Research on nanomaterials initially started from areas
in ceramics as inorganic and metal powders [4]. Today, nanotechnology has been
introduced into many fields, including high voltage and power engineering and
some related industrial areas [5]. For example, the Juno spacecraft, which recently
entered orbit around Jupiter, utilised a layer-structured CNT (carbon nanotube)
based nanocomposite paper to protect several critical components of the flight
system attitude control motor struts (and the main engine housing) against
electrostatic discharge [6]. To provide more knowledge to meet the increasing
demands of current nanocomposites in industrial applications, many researchers
have conducted research on polymer nanocomposites of certain filler loadings
(normally 0.5-10 wt% [7]). Some of the results demonstrate that the thermal and

dielectric properties of nanocomposites are superior to pure epoxy resins. However,
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other research has displayed unexpected results, with worse properties of epoxy
nanocomposites. Because of the extremely large specific surface area of nano-sized
particles, even in a small loading concentration [2, 8], the interfacial characteristics
between nanoparticles and base polymer materials play an important role in
determining the dielectric properties [9]. Moreover, the changes in base materials
due to the presence of particles would also affect the trap depths and density,
which is related to the electrical properties [10]. However, the mechanisms behind
these phenomena remain unclear, and some specific areas still lack research.
Because many properties of epoxy resins are influenced by adding types of
nanofillers that vary in shapes and dielectric properties [11-14], it is necessary to
identify the differences between their influences upon the properties of polymer
composites. In addition, a large number of new nanofillers appear. Thus, trials and
comparisons between traditional and new fillers become increasingly meaningful.
For this thesis, nano SiO, and hBN particles were selected as fillers, which have

different shapes and different thermal, mechanical, and dielectric properties.

However, poor morphology of dispersion and distribution of particles has been
reported, rendering the dielectric properties of polymer nanocomposites worse.
Mostly, researchers tend to use imprecise descriptions to describe these two
factors through SEM/TEM images, which was the initial prompt for this research.
Although quantitative methods were used in some studies [15], there was still no
quantification method for results of the SEM technique, and no direct relationship
between quantified morphology characteristics and dielectric/electrical properties
of polymer nanocomposites in different filler loadings. Another important
motivation for this thesis is the well-known property that epoxy and some of its
fillers are hydrophilic, and will absorb moisture from the environment during
applications. This will result in the overall deterioration of insulation properties
[16]. Several studies on the influence of moisture on dielectric properties of
polymer nanocomposites have been reported [17-19]. However, these focused on
polyethylene (PE) based nanocomposites, and some of the conclusions may not be
applicable to epoxy nanocomposites. There are still some gaps in the research that
are worthwhile to study, especially focusing much more on epoxy and its
nanocomposites. Thus, the main objectives of this thesis are as follows: First, a
method will be developed to describe the morphology of nanofillers in the
nanocomposites more precisely, and it will be determined how the presence of
nano-scaled fillers influences the physical and chemical properties of epoxy resins.
Second, it will be investigated how the presence of nanofillers and resultant

interfacial regions between the matrix and nanofillers affects the dielectric and
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electrical properties of epoxy nanocomposites. Finally, the influences of water

absorption on the dielectric properties of epoxy and its nanocomposites are fully

considered during tests, and thoroughly investigated.

1.3

Contributions of the Thesis

A combined method was proposed to quantitatively evaluate the dispersion
and distribution of spherical/ellipsoidal particles/aggregates in epoxy
nanocomposites. According to this method, surface treatment was proven to
help dispersion and distribution more successfully in nanocomposites. The
presence of nano SiO, and hBN particles resulted in different impacts on the
morphology of epoxy and resulting composites. Moreover, two modelling
methods there proposed and tested to simulate the real dispersion and
distribution of particles/aggregates in polymer nanocomposites. It was
possible to link the simulation of dispersion and distribution of
particles/aggregates based on measured morphology to existing modelling

on electrical properties of nanocomposites.

The effects of the presence of nanoparticles on dielectric/electrical
properties were investigated. The difference between nanocomposites
resulted from the interfacial areas, and the surface treatment introduced
deeper traps in the interphases when compared to the untreated samples.
The presence of nanoparticles resulted in morphology changes and more
presence of traps in the bulk of material, which hindered the charge injection
and reduced the mobility of charge carriers. However, with increased filler
loadings, nanoparticles affected the polymer structures significantly; thus,
creating more traps in the bulk material. This means the average distance
between arbitrary traps should lower in samples with higher filler loadings,
and charge carriers require less energy when moving from one to another.
The higher carrier mobility subsequently results in increased conductivity.
Additionally, in most cases plate-like nano-BN fillers acted as barriers for

charge injection and movement.

The effects of moisture on the dielectric/electrical properties of epoxy and
its nanocomposites are thoroughly investigated. The addition of inorganic
nanoparticles increased moisture inside the specimens, and water
absorption was difficult to evaluate. Water shells still appeared, even though

hydroxyl groups were removed from the surface of the silica particles.
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Surface treatment was able to reduce the water uptake; however, there was
no obvious impact on modifying the dielectric properties, due to the
limitation of the thickness of tightly bonded layers and water located in the
interphases. The response of frequently reported bonded water appearing in
the mid-frequency range was related to the mechanism of Maxwell-Wagner-
Sillars  polarisation. Regarding electrical properties, the degraded
performance was mainly due to the presence of water, which caused a larger
amount of mobile charge carriers and higher mobility in the bulk of material.
Moreover, the formation of water shells decreased the inter-particle
distances, and made the effect of hopping and the quantum tunnelling

process more likely in higher relative humidity conditions.

1.4 Outline of the Thesis

This thesis focuses on the water absorption behaviour, thermal properties,
dielectric spectroscopy measurement, AC & DC breakdown tests, DC conductivity,
and space charge behaviour of epoxy nanocomposites. The main factors that affect
these properties will be discussed by analysing the results of experiments. The
thesis has been divided into the following chapters. Chapter 2 contains brief
information on the epoxy resin and polymer nanocomposites, and summarises
previous literature, particularly the models for explaining the mechanisms in
polymer composites. Chapter 3 is an introduction to the preparation method and
set-up of all the tests conducted on epoxy-based nanocomposites in detail. An
investigation of water absorption in epoxy nanocomposites is also presented. In
Chapter 4, a combined quantification method is proposed, to analyse the
morphology of epoxy nanocomposites based on SEM images, and further proposes
a method of modelling dispersion and distribution of particles. Chapter 5 presents
TGA and DSC measurements on samples to investigate the influences of particles
on thermal stability, and further presents conclusions on some possible structural
impacts. Chapter 6 contains the AC and DC breakdown measurement results of
epoxy nanocomposites and explains the mechanisms behind this process. In
Chapter 7, dielectric spectroscopy measurements are used to ascertain how nano-
filler influences the dielectric properties of epoxy. In Chapter 8, DC conductivity,
“volts-on” PEA, and space charge decay measurements are used to investigate and
measure the space charge behaviour of epoxy and its nanocomposites. Throughout
the thesis, the influence of moisture on dielectric and electrical properties are fully
considered and assimilated into the experiments. The final conclusions collate this

comprehensive information regarding the effect of water on nanocomposites.
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Chapter 2 Literature Review

2.1 Epoxy Resin

Epoxy resins are types of epoxy oligomers, and generally refer to organic molecules
without high molecular mass. The molecular structure of epoxy resin is a molecular
chain containing reactive epoxy groups that locate at the end and midpoints of the
molecular chain, or exist as cyclic structures. Because the molecular structure of
the epoxy group contains reactive groups, epoxy resins can react with curing
agents to form three-dimensional net structures. Epoxy resin has excellent
adhesion, chemical and heat resistance, mechanical properties, and insulating
properties. It is one of the most commonly used thermosetting materials in high
voltage apparatus as insulation, owing to its good mechanical and electrical
properties, and chemical stability [20]. Therefore, it has become one of the most

popular thermosetting resins in industrial applications.

2.1.1 Definitions and Classification of Epoxy Resin

The epoxy group contains the structure, “—CH (O) CH—", which is formed as a ring
(see in Figure 2-1). When the polymerisation degree n is zero, epoxy considered
an epoxy compound (or epoxide). The simplest epoxide compound is ethylene

epoxide, which can form thermosetting polyethylene oxide through ionic

polymerisation. Such polyethylene oxide is known as epoxy resin [4].

N

O

Figure 2-1 Diagram of the epoxy group.

Epoxy resin is the collective name for certain compounds. These compounds
contain two or more epoxy groups in molecule structures, and can form a three-

dimensional net structures when cured with an appropriate chemical reagent [21].
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Epoxy resins can be termed epoxy oligomers, because their molecular weight is the
same as an oligomer ensuring they can be distinguished from their solidified
products. The main characteristic of the chemical structure of epoxy resins is that
there are epoxy groups within the molecular chains. However, epoxy resin is a
thermosetting resin, which is formed by applying a thermal treatment to a mixture
of a base resin and a curing agent. Hence, chemical reactions are involved in the
curing process, and the curing agent in addition to the base resin determines the

chemical structure of a cured epoxy resin [22].

Epoxy resins can be divided into glycidyl epoxy resins and non-glycidyl epoxy
resins, according to their synthesis methods [4]. Generally, the condensation
reaction of a suitable dihydroxy compound, dibasic acid, or a diamine and
epichlorohydrin is used for forming glycidyl epoxy resins, and the epoxidation of
alkene is used for non-glycidyl epoxy resins, which are the most important
reactions in organic synthesis. Moreover, glycidyl epoxy resins include glycidyl
ether resin, glycidyl ester resin, and glycidyl amine resin, whereas alicyclic epoxy

resin and aliphatic epoxy resin belong to the non-glycidyl epoxy resin group.

Glycidyl ether epoxy resin can be further divided into the dyiglycidyl ether of
bisphenol-A (DGEBA) and novolac epoxy resin. Glycidyl ether type epoxy resin is
produced by the polycondensation of phenols (or alcohols containing active
hydrogen) with epichlorohydrin. The DGEBA epoxy resins chosen for this work are
formed by polycondensation reactions between bisphenol-A and epichlorohydrin,
as presented in Figure 2-2. These are mostly used in industrial applications.
Products in industry are mixtures of molecules that exhibit different polymerisation
degrees, and most of the structure is a linear molecule containing two epoxy
groups at two ends (Figure 2-3). Owing to epoxy groups being in molecular chains,
epoxy resins can react with hardeners and form three-dimensional net structures,

as shown in Figure 2-4.
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Figure 2-2 Polycondensation reactions between epichlorohydrin and bisphenol-A.
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Figure 2-3 Molecular structure of bisphenol-A type epoxy resin.
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Figure 2-4 Three-dimensional net structure of epoxy resins [23].

2.1.2 Curing of Epoxy Resin

Before being set for use, epoxy resins need to react with a curing agent/hardener
to form three-dimensional cross-linking structures, as shown in Figure 2-5;
otherwise, in most cases, they are simply a type of liquid with high viscosity and
without any practical value. The addition of hardener results in the start of
polymerisation, which is different from curing without hardeners in room
conditions [24]. Once the curing process is finished, there will be a strong net
structure that is irreversible, and epoxy resins become solid and infusible solid

materials, as shown in Figure 2-6.

N NA ~
Epoxy resin . 2" \ 7/
p y N \/ N \./
Hardener — " i
1
b N
/7 \ b 7 \ F
P cmu S N

Figure 2-5 Chemical network building during curing process [25].
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(© (d)
Figure 2-6 Stages of curing process: (@) Cure begins with monomers; (b) followed
by linear growth and branching below the gel point; (c) continues with
gelation stage but incomplete crosslinking; (d) and finishes with

vitrification stage in which a fully cured state is attained[26].

Most epoxy resins can cure with hardener at room temperature or lower, but the
processes will be very slow at the lower temperatures. Therefore, a high
temperature is required for some certain epoxy resins. For example, bisphenol-A
type epoxy resins, which have strong temperature stabilities and can remain
relatively unchanged even at 200 °C, need be cured in a fan oven in the range from
100 to 150 °C [27, 28]. Different epoxy resins require different curing
circumstances, not only the temperature, but also the type of hardener. This is
because the resulting properties of products after curing are also influenced by the
curing agent. Moreover, the hardeners also decide the glass transition temperature

(Tg) and curing kinetics [4]. Thus, each type of epoxy resin needs to react with a

specific hardener, and it is essential to consider this before being applied.
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Hardeners are usually divided into different types: alkaline, acid, explicit, amine,
acid anhydride, and synthetic resin-based [4]. Among them, the explicit type is the
most generally used, and can be further divided into addition polymerisation and
catalytic types. The addition polymerisation type hardener is one that opens the
epoxy rings and then cures with the epoxy through addition polymerisation
reactions. Catalytic type curing agents are different. They share positive and
negative ions to open the epoxy rings, which is followed by the addition of a
polymerisation process. Hence, catalytic type hardeners are further divided into
positive and negative ion types. Because the catalytic curing agent will not
participate into the formation of the net structures, it will not affect the properties
of cured products; however, increasing the amount of hardener can increase the
speed of curing process. Therefore, if the amount of added hardener is insufficient,
unreacted epoxy groups will be present in the bulk material of cured products;
otherwise, there will be unreacted agents left in the composites. Regarding the
mechanism of amine-type agents, it uses the active hydrogens on the nitrogen
atom to open the epoxy groups to form cross-linking. In terms of easy operating
of reactions and analysis in the experiments, an amine-based hardener is chosen
for this work, which introduces fewer by-products and relatively simple chemical
structures of final composites compared to other hardeners. The stoichiometric

ratio can be calculated by Equations 2.1 and 2.2, as follows:

(amine Hydrogen equivalent weight) X 100
epozide of resin

phr Amine = (2.1)

where,

molecular weight of amine
number of active hydrogens

(2.2)

Amine hydrogen equivalent weight =

Therefore, a ratio of Resin : Hardener is 100 : (phr Amine).

Moreover, the curing of epoxy resins is a chemical process, which can be greatly
affected by the curing temperature. Once the temperature increases, the reaction
speed will rise, and short the Arrhenius kinetics regime region, while the log of
gelation time will show a linear decline with increases in curing temperature [25].
However, if the curing temperature is too high, the properties of products are often
degraded because epoxy resins are heated unevenly and the cross-linking density
would be asymmetric. Therefore, there must be curing temperature limits, which
should be chosen carefully considering the curing speed and required properties

of cured products. The chemical process of curing consists of several essential
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steps within its curing time as follows: gelation point, curing, vitrification, and final
solid state of the resin (also called the glass state) [12]. Generally, these steps can

be identified by standard electrical measurement methods, as shown in Figure 2-7.

&
Izl Vitrification
point \
Viscosity-ruled | Amhenius kinetics Solid state difusion
regime { regime controlled regime

— 7

Gel point

t got e time

Figure 2-7 Impedance-time characteristic of epoxy resin curing with important

curing process stages [26].

This dielectric response is caused by ionic conduction because of impurities, and
can be used during epoxy resin manufacturing [26]. The dielectric response of
impedance decreases initially when the temperature increases, which is caused by
the higher mobility of ions resulting in higher conductivity. Further, the gel and
vitrification points can also be detected [25], as shown in Figure 2-8. Once the resin
reaches a specific temperature the viscosity rises, and as a result, the impedance
increases. Therefore, it is an evaluation method (practically verified by Pihera et al.
[29]), which can be used to identify each epoxy curing process stage and the
temperature of each point. Thus, the presented results could be regarded as a
supporting method when choosing the curing temperature and applied in the

preparation of the epoxy resin based materials.

11
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Figure 2-8 Impedance and sensor and chamber temperature under dynamic

temperatures [29].
2.2 Epoxy Nanocomposites

2.2.1 The Concept of Nanocomposites

In 1984 the word “nanocomposites” was first defined by Roy and Komarneni [30].
The definition of nanocomposites is as follows: “A nanocomposite can be defined
as a multiphase solid material where one of the phases has one, two or three
dimensions of less than 100 nanometres (nm), or structures having nano-scale
repeat distances between the different phases that make up the material” [31]. In
other words, a nanocomposite is a material system that uses a matrix (such as resin,
rubber, ceramics, and metal) as the continuous phase, and fillers (such as nano-
sized metals, semiconductors, rigid particles, fibres, nanotubes, and other
modifiers) as the disperse phase. These are uniformly dispersed in the matrix

materials by a suitable preparation method.

As the properties of materials are changed once reaching the nano size, those
materials (known as nanomaterials) always have unique optical, mechanical,
thermal, magnetic, and electrical properties, which are different from ordinary
materials. In the 1950s, the Carter group developed the method of reinforcing
rubber elastomer by adding organic clay. In the 1970s, the C. G. Grangvist and R.A.
Burhrman Group of the University of Cornell started to use the condensation

method to prepare nanoparticles in the gas phase [32]. IBM developed the atomic
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force and scanning tunnelling microscopes in 1981, which improved the
development of nanotechnology. German scientist H. Gleiter successfully produced
nano-size metal powders, which was followed by the study of nanometre-sized
materials introduced in [33]. Owing to the unique properties of nanomaterials,
which are mainly related to their specific surface area (SSA), the research has
continued unabated in recent years [34, 35]. The SSA is the ratio between the mass
of spherical particles and the surface area, as shown in Equation 2.3:

72
SSA = Su _ _med” 2.3)
m

A
g md” - py

where S,,, m,, d, p,, and 7w are surface area, mass, diameter, density of particle,

and a constant, respectively. It is clear that the specific surface area of the spherical
particle is inversely proportional to the particle diameter, which is also shown by
Figure 2-9 (a).
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Figure 2-9 Relationship between surface atom number and size of particles [36].

In nanocomposites, the percentage of surface atoms will decline sharply due to
particle diameter growth. For example, when the diameter of nanoparticles is 1 nm,
the percentage of surface atoms is 99%. However, once the diameter increases to
5 nm, the percentage dramatically decreases to 30%, as shown in Figure 2-9 (b).
Therefore, almost all the atoms will locate at the surface of particles when the
diameter is small, which will result in surface atoms becoming much easier to

connect to other atoms. Thus, particles with a high percentage of surface atoms,
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which may lead to the high activity and unstable surface, tend to display some
unique characteristics and high chemical activity. This is why it is important to
consider the surface effect caused by nanoparticles, and this surface effect could

become increasingly dominant as the particle size is reduced [37-39].

Therefore, nanocomposites may exhibit combined properties of the polymer matrix
and nanoparticles. These combined properties are flexibility, processability,
thermal resistance, and excellent mechanical characteristics. The physical
properties of polymer/inorganic nanocomposites are potentially much better than
conventional composites, and owing to the decreasing diameter of the particle, the
surface area of nanomaterials, surface energy, and surface bonding energy would

increase sharply [20].

2.2.2 Epoxy Nanocomposites

Because nanoparticles may reinforce epoxy properties, this phenomenon has
attracted broad interest [13, 40, 41]. Further, because of the unique characteristics
of nano-size fillers, nanoparticle reinforced epoxy resins display significant
improvements in their properties [42, 43]. However, the introducing of nanofillers
can sometimes result in a reduction of dielectric properties or insignificant changes
[44, 45]. Some researchers believe that the improvements in properties of epoxy
resins result from the surface effects of nanoparticles [2, 8]. The type of filler is
also an important factor affecting the properties, and they must be chosen
carefully. The nanoparticles introduced in this thesis are silica and boron nitride
(BN), which are commonly used and relatively recently introduced, respectively.
Compared with other particles, silica fillers have better insulation properties, good
dielectric, and low thermal expansion coefficient [4]. Moreover, BN has higher
thermal conductivity, which may potentially avoid thermal dielectric breakdown

that could be required in some applications.

Some researchers have introduced these two fillers to obtain composites, and
expected them to produce better properties. However, the presence of nano-sized
fillers displayed no or significant improvement in the dielectric breakdown
behaviour of epoxy resin composites. Similar results were also observed by Imai et
al. (2006) [46], Singha and Thomas (2008) [34]. However, the addition of
nanoparticles to epoxy resin significantly reduces the shape parameter (8). This
result is contrary to several other studies, including Singha et al. and Nelson et al.
[41]. Moreover, Wang et al. found the surface treatment could modify the reduction

of AC breakdown strength, and exhibited a higher value than pure samples in some
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low filler loading concentrations (but remained worse in high loadings) [47]. He
attributed this to the distribution of particles with relatively simple quantitative
data.

Moreover, epoxy has the problem of absorbing water from humid ambient
environments, and the loaded fillers could exacerbate or even lead to the formation
of water shells, as studied by Zou et al. This is the result of free volume and
hydroxyl groups on the surface of nanoparticles [48]. Praeger et al. remarked on
the influence of hydroxyl groups on the SiO, surface, and displayed superior
dielectric responses in calcined SiO, epoxy nanocomposites by reducing the water
uptake [18]. Lau et al. studied the water absorption and dielectric response of
polyethylene-based nanocomposites, concluding that surface treatment could
reduce the water uptake and modify their dielectric properties. However, they did
not link the data of water absorption and dielectric responses by mathematic
methods [17]. Further, Hosier et al. studied the effects of water on the dielectric
properties of PE nanocomposites, and based on this they simulated the water shell
and resulting percolation. They concluded the dramatic effects of moisture
compared to the dispersion of particles, and emphasised the importance of
understanding and controlling environmental water during industrial practices
[19].

Therefore, to fill the gaps found in previous research, this study mainly aims to
investigate the morphology of dispersion of particles, and how moisture influences

the dielectric properties of epoxy nanocomposites.

2.3 Particle Dispersion and Distribution of Epoxy

Nanocomposites

The mixing of particles in the composites has two aspects. The first is the
dispersion of particles, which includes dispersing agglomerates into smaller
aggregates and particles; the second aspect is the distribution of particles, which
concerns the uniform distribution of small aggregates/particles in the polymers
without influencing the size of particles [49]. When nano-sized fillers are dispersed
into the epoxy resin to form composites, nanoparticles agglomerating with each
other to form aggregates is unavoidable. Moreover, as a result of these interactions
the dispersion is good. However, in most cases, poor dispersion was frequently
observed in epoxy nanocomposites [4]. Thus, when considering dispersion, it is

important to consider dispersion and distribution of particles/aggregates at the
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same time. To prepare polymer nanocomposites with the high qualities of being
well-dispersed and distributed, knowledge of which factors/interactions
demonstrate obvious influences is required. Owing to the preparing methods and
procedures, there will be many functional groups (such as “-OH”) on the surfaces
of SiO, and BN, as shown in Figures 2-10 (a) and (b), or on the polymer chains, as
shown in Figure 2-4 [50]. The interactions can be divided into coulomb forces, Van
der Waals forces, hydrogen bonds, and covalent bonds. A list of bonding distances

and energies of common bonds in the polymer is presented in Table 2-1 [51].

Table 2-1 Bonding distance and energy of common bonds in the polymer [51].

Bonding partners Bonding distance in nm Energy in kJ-mol"
C-C (aliphatic) 0.154 350
C-C (aromatic) 0.140 560

C-H 0.109 413

Cc-O 0.143 351

C=0 0.122 708

C-N 0.147 293

C-F 0.131 485

N-H 0.102 389

Si-0 0.164 444
dipole-dipole 0.5-0.8 2-12
hydrogen bond 0.5-0.8 3-25
dispersion forces 0.5-0.8 0,3-4

Once the fillers are dispersed into the polymer matrix, the main interactions can
be divided into intramolecular and intermolecular. The intramolecular interaction
can be further divided into interactions between the intra-polymer chain, inter-
polymer chain, and intra-filler particle. Among these three interactions, the intra-
polymer chain covalent is dominant, which may determine the properties of the
matrix. The other two interactions (formed via hydrogen) are usually weaker than
the covalent ones, and do not play a significant role in influencing the properties

of nanocomposites.
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@ (b)
Figure 2-10 Hydroxyl group on the surfaces of SiO, and BN nanoparticles.

Among the forces of intermolecular interactions, the forces between
aggregates/particles are the main factors that affect agglomeration. Once
dispersed into the polymer matrix, the particles tend to move and have a chance
of colliding with each other. Consequently, electrons of each nanoparticle start to
avoid collisions by moving, which will lead to a non-uniform charge density
distribution of nanoparticles and the formation of instantaneous dipoles. The Van
der Waals forces will result in the attractions these dipoles, and thus, large
agglomerations of aggregates/nanoparticles. Moreover, when the nanoparticles
are placed in the liquid medium, the surface of aggregates/nanoparticles could be
charged as a result of surface group dissociation or charge absorption. The charged
aggregates/particles will attract charges with opposite signs from the
surroundings. The region surrounding the surface of charge is known as the
electrical double layer (EDL), as shown in Figure 2-11 [9]. At this stage, the Coulomb
force (electrostatic force) performs a different role and repulses the
aggregates/particles from each other. The combined effect of both the Van der
Waals attraction force and the Coulomb repulsion force (which depends on the
distance between aggregates/nanoparticles), is the key factor that determines the

stabilisation of dispersion and distribution of nanoparticles [4].

17



Chapter 2 Literature Review

+ T
+ & + &
St e o4 +
ds - \— & - -
* -+ ] W
qF :'.: = & + - -
+ N A —N y=
I + N +
+ + 4 =+
+ +

Figure 2-11 Electrical double layer between nanoparticles.

The second main intermolecular interaction resulting in agglomeration is the force
between the polymer matrix and nanoparticles. As discussed in section 2.2.1, large
specific surface area nanoparticles can result in high surface energy. Owing to the
non-solvent system of resulting composites that contains a low ionic concentration,
the Coulomb repulsion force is weak. The surface of atoms tends to interact with
others and form agglomerations. Moreover, in epoxy nanocomposites, once
nanoparticles are dispersed into epoxy, polymer chains and particles can form
covalent bonds and interfacial regions [52, 53]. The interfacial region covers the
surfaces of nanoparticles where epoxy matrix and hardener molecules are
contained. If the formation of covalent bonds is not sufficient, there will be many
functional groups left (such as hydroxyl groups), which will result in attraction

among aggregates/particles by hydrogen bonds, and thus, agglomeration.

Uniform dispersion and distribution can be achieved if the interaction force
between aggregates/nanoparticles and the polymer matrix is sufficiently strong
[4]. To achieve good dispersion and distribution of nanoparticles, various
mechanical and chemical methods have been developed. The purpose of the
mechanical method is to reduce the interaction between the nanoparticles, thereby
reducing agglomeration and modification of the surface of the nanoparticles by
applying mechanical stress. Most of these methods are achieved by high-speed
mixing and ultrasonic dispersion. In particular, the ultrasonic dispersion method
has become increasingly popular in recent years. By applying ultrasonic waves to

the mixture, the interactions will be reduced, resulting in relatively uniform
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dispersion and distribution. However, it is important to note that the high energy
of ultrasonic waves will result in the high surface energy and activity of
nanoparticles. These are two main factors that can lead to re-agglomeration.
Therefore, the energy and duration of the ultrasonic method should be controlled
to a certain value to avoid new agglomeration. In this study, the high-speed mixture
and ultrasonic dispersion method are both applied using a magnetic stirrer and

probe sonicator, respectively, to obtain better dispersion and distribution.
2.4 Models for Polymer Nanocomposites

2.4.1 Dual Layer Model

Because the interfacial region has different properties from both nanoparticles and
the polymer matrix (due to the interaction between the two phases), Dual layer
model has been proposed by Tsagarapoulos et al. to help understand the
behaviours of polymer nanocomposites. A schematic diagram of the dual layer

model is shown in Figure 2-12 [54].

NMAatriv
Tightly Bound Layer

Loosely Bound Layer

Figure 2-12 Schematic of the Dual Layer Model.

In this model, the interfacial area between nanoparticles and the polymer matrix
has been divided into two different layers [54, 55]. The Inner layer that covers the
nanoparticle surface is formed by the tight bonds between polymer chains and the
surface of nanoparticles, which are highly restricted. Therefore, the inner layer is

also termed the “tightly bound layer”. The outer layer is termed the “loosely bound
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layer”, which means the bonds are looser than ones in the tightly bound region.
Moreover, this layer is thicker than the tightly bound one. According to these two
factors, the polymer chains have higher mobility and allow charge carriers to move

in and through more easily.

2.4.2 Multi-core Model

Based on the intensity model by Lewis, and dual layer model by Tsagarapoulos
et al. [9, 54], Tanaka proposed a multi-core model, as shown in Figure 2-13 [56].
In this model, it is assumed the spherical nanoparticles are uniformly distributed
in the base polymer materials, and the interface area between nanoparticles and
polymer matrix can be classified into three different layers. The interphase
thickness can range from 10-30 nm [56]. The first layer (bonded layer), which is
closest to the surface of the nanoparticles, is a bonded layer consisting of
molecules that are tightly bound to the nanoparticles surface by covalent, van der
Waals, or hydrogen bonds. The thickness of this layer is generally to be
approximately 1 nm [56]. The second layer is a bound layer containing polymer
with a thickness assumed to be between 2 and 9 nm [56]. The third layer is a loose
layer consisting of bulk polymer chains with different chain mobility, which is
confirmed by the particles. An EDL, discussed previously, is also formed in the
interface region. An effect of this electric double layer is that the opposite charge
carriers are diffused outward from the interface region to the Debye shielding
length.

The first layer

The second layer  Nearest neighbor
The third layer

Nano-particle

Matrix

40 to 100 nm
Inter-particle Distance

(surface to surface)

Diameter of nano-particle: 20 to 50 nm

Gouy—Chapman diffuse |ayer Thickness of layers: 10 to 30 nm
+ Charge Distribution
+| -
doll = Gouy-Chapman diffuse layer will overlap
the three layers of the multi-core model.

Electric double layer
when a nano-particle is positively charged

Figure 2-13 Schematic of multi-core model [56].
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The multi-core model can provide an understanding of many dielectric phenomena
observed in polymer nanocomposites. Moreover, the bound and loose layers are
the main regions that affect the dielectric performance of polymer nanocomposites.
The presence of the bound layer is believed to restrict the mobility of polymer
chains and results in a decrease in permittivity. On the other hand, in the third
layer, large free volumes are presented. The increase in charge mobility observed
in some studies is also believed to be due to the presence of shallow traps in the

loose layer [8].

243 Interphase Volume Model

The interphase volume model presented by Rdtzke attempts to correlate the
interfacial region with increased resistance of NC (nanocomposites) to electrical
treeing, partial discharges, and HV-arcing [3, 57, 58]. It assumes that spherical
particles with relatively constant average diameter are uniformly dispersed into the

polymer structure, as shown in Figure 2-14.

Interphase

Figure 2-14 lllustrations of the interphase region surrounding the filler particles

in a composite system [59].

It introduces a mathematical model based on a body-centred crystal lattice unit cell
to identify the interface area fractional volume. The interphase region volume
surrounding the particle can be calculated by Equation 2.4 [59] if the specific
surface area of the filler is known, as follows:

Interphase Volume
Composite Volumes

(Si-AT) pP (2.4)
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where S;, Ar, p, and ¢ are the specific surface area of particles, the thickness of

the interphase region, the density of particles and the filler volume fraction,
respectively. Typically, the interphase thickness is determined by one molecular
radius of gyration: ~5 to ~20 nm. The determination of the interphase thickness is
described in more detail in [59-62].

Moreover, this model also introduces the overlapping of the interphase. The
interphase overlap probability arises from the proximity of the individual filler
particles [59]. Once the particles are close to each other, the interphase regions
will be overlapped and result in a reduction of the volume fraction of the effective
interphase. Therefore, the interphase overlap probability is a function of the filler

volume fraction, interphase thickness, and the shape and size of the filler particles.

By using Monte Carlo simulations [63] or (alternatively) analytical solutions to
percolation models [64-66], the approximations have been devised to estimate the
overlapping of particles. Moreover, this model also illustrates the impact of the size
of nanoparticles on nanocomposites, and explains the insignificant improvement
of any property as the increase in filler loading concentrations, which are caused

by the water absorption problem of nanocomposites.

2.4.4 Polymer Chain Alignment Model (PCAM)

The Polymer Chain Alignment Model (PCAM) by T. Andritsch et al. is based on
experiments of epoxy-based nanocomposites, and the nanoparticles are all
modified by a silane coupling agent (SCA) [12, 67]. It assumes that the material
properties of nanocomposites strongly depend on processes prior to and during
polymerisation [68], and all particles are spherical, the same diameter, and
homogeneously distributed in the matrix. However, the hydroxyl groups of the SCA

will be bonded to the surface of particles.
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Figure 2-15 Particle surface with and without surface modification in PCAM [68]:
(@) Particle without surface modification and thus only weak interaction
with the host; (b) Particle with a layer of surface modification, resulting
in a layer of aligned polymer chains, further affecting the surrounding

area, thus restructuring the polymer.

Once added, the curing agent will attract the epoxy groups, which may result in
polymerisation of the polymer chains and silane coupling agent on the particle
surfaces [69]. Moreover, each molecule of silane coupling agent will react with one
polymer chain. Owing to the intermolecular forces, resulting chains will then align
perpendicular to the particle surfaces, as shown in Figure 2-15 (a), and a particle
has low interactions with the matrix without any modification. However, a particle
with modification will demonstrate restructuring of the surrounding matrix.
Therefore, a layer of aligned chains will form, as shown in Figure 2-15 (b). Because
the polymer matrix often contains long chains, an affected layer will also form
surrounding the aligned layer. In addition, the morphology of this model will be

introduced in a later section.

2.4.5 Water Shell Model

A “water shell” model was introduced to describe how water exists in epoxy
nanocomposites. In this model [9, 48], a nanoparticle acts as a ‘core’. Around the
‘core’, the water in nanocomposites can form a shell-like surface, as shown in
Figure 2-16, and may be divided into two layers. The first layer of water (~ 5 water
molecules, 0.28 nm per water molecule) could be firmly bound to the hydroxyl
groups on surfaces of nanoparticles. In the second layer, water could be loosely
bound by Van der Waals forces.
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Figure 2-16 Schematic of the Water Shell Model.
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Figure 2-17 (a) Water shells in numerical modelling results [19]; (b) charge carrier

transport through overlapped areas of water shells [70].

A study from Hosier et al. showed a simulated water shell with thickness ~ 50 nm
in Si;N, nanocomposites, with a percolation path (shown in dark grey) that can
provide the paths for charges and carriers [19], as shown in Figure 2-17 (a). In this
case, conducting-like (QDC behaviour) will occur at low frequencies based on the
water shell model. The first and second water layers are likely to provide a channel
for charge carriers to traverse, as shown in Figure 2-17 (b). Beyond the grey part,
the water is lower concentration, which would not be conductive. According to the
research and assumptions in the multi-core model, it can be assumed that the first
layer of water shell might be overlapped with bonded layer mentioned in the multi-
core model, and its second layer might be overlapped with the bound and loose

layers.
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2.5 Interfacial Characteristic

2.5.1 Inter-particle Distance and Surface Area

The dielectric properties of polymer nanocomposites can be enhanced because of
an increase in specific surface area, or a decrease in inter-particle distance. When
no significant agglomeration of particles can be observed, an assumption of ideal
distribution of spherical nanoparticles can be made. According to this assumption,
all particles will remain a certain distance from each other. With this homogeneous
distribution of particles within the polymer host, the particles can be thought of as
being arranged similarly to atoms in a crystal structure [57]. Therefore, a unit cell
can be designed. This is the body-centred cubic (BCC), which describes the
locations of particles on each corner and one in the centre (for polymer
nanocomposites), as shown in Figure 2-18 (a). Both the inter-particle distance and

the surface area have been calculated using the equation given by Rdtzke [71].
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Figure 2-18 lllustration of the inter-particle and particle surface distance.

The cell length a is determined by the volume fraction of the nanoparticles pand
filler sizes (as shown in Figure 2-18), described as follows:
I 1
=-d*(1+8- 3 3
V articles ) d
_ Vopartictes __ 6 (3 8>:7T . 2.5)

VBBC a 3-a

Thus,

a=d- s— (2.6)
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According to Figure 2-18 (b), the inter-particle distance D and surface distance D,
(EF and GH, respectively) as a function of particle diameter d and cell length a are

described as follows:

D=V2aj 2.7)

D, = (2.8)

S
e
I
¥

Moreover, the specific surface area per unit volume S of particles is derived as
follows:
1
*'7Td2'8+7'("d2 2 _d2 6
5(8 . ): T4 2P (2.9)

a a d

Equations 2.8 and 2.9 can also be expressed by nanoparticle weight percentage

(Wwt%) and nanoparticles size d, which is described in the following equation (p,
and p, are used for describing the specific gravity of the polymer matrix and the
nanoparticles, respectively):

T .43 On

wi% =100 2= a[jg(Ds+d)] (2.10)

p

Thus,

. 3 1
\/2§.ad\/§_<100 md _pn>3d

2 3 - wt% Pp (2]])

p=wt% p%n

_2m-d? _ 3V3-d

5 a®  4(D,+d)? (2.12)
Further, if wt%, p, and p, maintain a certain value,
D,=(A—1)-d (2.13)

and
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2m-d®> 3/3-d> 33
=" T 4D, +d)? T 4-A%-d (2.14)

where A is a constant and related to wt%, p,, and p,.

Clearly, the particle surface distance between any two nanoparticles is proportional
to the particle diameter, and the surface area per unit volume is inversely
proportional to the particle diameter [4]. Moreover, the previous equations can be
used to calculate the inter-particle surface distance and the surface area of
nanoparticles. The inter-particles surface distance can be quantified experimentally
by measuring graphs obtained by transmission electron microscopy [67].
According to the results, nanoparticles have significantly larger surface area than
microparticles. Therefore, it is necessary to consider the influence of inter-areas on

the properties of polymer nanocomposites.

2.5.2 The Volume and Overlapping of Interface Region

Before calculating the volume of the interface region, it is necessary to discuss the
characteristics of the interface. Based on the PCAM, there will be two layers in the
interface region: the aligned layer (inner layer), and affected layer (outer layer), as
discussed in section 2.4.4. The intermolecular forces will be dominant once
nanoparticles are dispersed into the polymer matrix, and are essentially constant
within each particle, although they might vary with inter-particle distance [35, 72].
Therefore, these forces will attract predominantly parallel alignment of chains to
the surface of particles, which will result in semi-crystalline structures around the
particles. This area is the rigid polymer structure (RPS), and the degree of semi-
crystallinity will decrease with increasing distance to the surface of particles, as

shown in Figure 2-19.
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Figure 2-19 Illustration of how RPS changes from particle to surrounding polymer
[68].

The equations for volumes of the inner and outer layers are also provided by PCAM,

shown as follows

I CRCy
T [T TN 219

where ¢t;, V,, t,, and V, are the thicknesses and volumes of the inner and outer

layers, respectively. Generally, the thickness of particle layers will increase with
decreasing average particle diameter d. Parameters ¢; and t, are determined by
the chemical structure of the polymer matrix, surface of particles, and surface
modification results of particles. Therefore, throughout Equations 2.15 and 2.16,
it can be concluded that the two main characteristics of particles that determine

the layer volume are the average particle diameter d and the volume fraction of
particles p [68]. Moreover, as the volume fraction of particles p is related to the
weight percentage via the density of nanoparticles p,, weight percentage is also a

very important characteristic that influences the layer volume. With increasing

volume fraction of particles p and weight percentage, the interface region will

increase proportionally. Moreover, the specific surface area of particles is inversely
proportional to the average particle diameter, which is inversely proportional to the
inter-two-layer thickness. Thus, a high specific surface area is related to a large

interface region. The interface regions have different mechanical, chemical,
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thermal, and insulating properties compared with the bulk materials, and have a

significant influence on the overall properties of polymer nanocomposites [73].

Sufficient high volume fraction p, and significant small inter-particle distance b,

will result in overlapping of layers in the interface region. If the inter-particle

distance b fulfills the condition (Equation 2.17), it will result in outer layer

overlapping. If fulfilling the condition (Equation 2.18), overlapping of the inner

layer occurs, which only appears in very high weight percentage of particles.

2.1, <b< (t.+1) (2.17)
b<2-¢ (2.18)

In polymer nanocomposites, if the aggregates/nanoparticles are uniformly
dispersed in the base polymer materials, the inter-distance tends to be distributed
according to the Poisson distribution [74]. In this case, and regarding evenly
dispersed spherical nanoparticles, the probability of overlapping of the interface

region of nanoparticles can be calculated by Equation 2.19 as follows:

Plexp{2(tid+t())} (2.19)

where P is the probability of overlapping. For a given filler loading concentration,

the probability of interface overlapping as a function of interface thickness over

inter-particle distance is shown in Figure 2-20 [74].
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Figure 2-20 Probability of the interface region overlapping [74].
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Chapter 3 Sample Preparation and

Experimental Methods

3.1 Materials

Samples were prepared using high purity bisphenol-A diglycidyl ether (D.E.R. 332,
density 1.16 g-cm?®) along with polyether amine hardener (JEFFAMINE D-230,
density 0.948 g-cm?) supplied by Huntsman. The filler particles used in the present
study are commercially available SiO, and BN fillers. The average particle size (APS)
of nano-silica and nano-BN is 20 nm. C8-treated Nano-SiO, was also used (this
surface treatment is intended to eliminate hydroxyl groups on the surface of SiO,
nanoparticles). The chemical structures of both resin and hardener are shown
below in Figure 3-1 (a) and (b) [75, 76]. The real materials are also shown in
Figure 3-1 (c). A schematic diagram of nano-silica particles (with and without

C8-treatment) is shown in Figure 3-2.

HsC CHs
:/}‘“\{"j“‘ﬁﬁx
NN R o

(0]

@) (b)

(©
Figure 3-1 (a) (b): lllustration of chemical structure of D.E.R. 332 and JEFFAMINE

D-230; (c) photo of experimental materials

The base resin was selected because of its high purity and low polymer fractions
content. Moreover, D.E.R. 332 has low viscosity, low chloride content and light

color. This epoxy resin offers better properties than standard bisphenol-A based
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epoxy resins, particularly at elevated temperature (provided that certain cure
conditions are met). Thus, it is mainly used in filament winding, electrical laminates

and encapsulation applications.

Table 3-1 Product data of D.E.R. 332

Bisphenol-A Diglycidyl Ether

Colour Achromatic
Density at 25°C ASTM D-4052 (g-ml") 1.16
Viscosity at 25°C ASTM D-445 (mPa-s) 4000 - 6000
Epoxy content ASTM D-1652 (mmol-kg™) 5710 - 5850
Provided by Sigma-Aldrich

Table 3-2 Product data of JEFFAMINE D-230

Polyether Amine Curing Agent

Colour pale yellow liquid with slight haze permitted
Density at 25°C g-ml’ (Ib-gal") 0.948 (7.90)
Viscosity at 25°C cSt 9.5
Provided by Huntsman
Table 3-3 Product data of nanoparticles
Nanoparticles
Size (nm) Structure Shape Provided by
Nano-SiO, 10-20 (BET) Crystalline Spherical Sigma-Aldrich
[77]
Sigma-
Aldrich,
C8-treated Nano- 10-20 (BET) Crystalline Spherical
Sio, Pre-made by
Kwan Yiew
Lau [10]
900 (APS) .
N BN Hexagonal Platelets Momentive
ano- 200-500 (Crystal . (78]
crystalline
Size)
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Figure 3-2 SiO, particles surface without (left) and with (right) modification.

Surface treatment of the nano-silica is performed using the following anhydrous
route [17]. In a flask, 15 g of untreated nano-silica is suspended in 200 ml of dry
tetrahydrofuran (THF), 7 ml of trimethoxy (octyl) silane (the silane coupling agent)
is then added. At room temperature, the mixture is sonicated for 10 min, followed
by stirring on a sealed rotary evaporator at 180 rpm for 20 min and subsequently
80 rpm for 40 h. During this time a fraction of the silane coupling agent reacts with
the nano-silica surface; the unbound residue is then removed by using a solvent
washing process. The resulting mixture is divided into flasks of equal weight which
are centrifuged at 3500 rpm for 10 min. The supernatant (containing unbound
coupling agent) is poured off and replaced with fresh solvent. Each container is
then vigorously shaken until the nano-silica is again suspended in the solvent. The
washing process is repeated three times with THF and two times with dry ether to
remove. The resulting solid is washed from the containers into a round-bottomed
flask. All solvent is then removed using a rotary evaporator before final drying of

the white solid under high vacuum for 24 h.
3.2 Preparation of Epoxy Nanocomposites

3.2.1 Dispersion of Nanoparticles

The nanoparticles tested are nano-SiO, and nano-BN. As described in the literature
review, the main methods of preparing epoxy nanocomposites are the heat
blending method (performed here with a hot plate and magnetic stirrer) and the
ultrasonic method (here carried out using a probe sonicator). The sample
preparation devices are shown in Figure 3-3 and further details of the sample

preparation method are given below:
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(e)

Figure 3-3 Sample preparation facilities: (a) scale; (b) vacuum oven; (c) electric

magnetic stirrer; (d) fan oven; (e) probe sonicator.

1. In order to reduce its viscosity, the epoxy resin is heated to 50 °C in the
oven.

2. The appropriate amounts of epoxy resin and hardener are weighed out and
degassed separately using a vacuum oven (103 Pa, 50 °C for 15 min). The
total amount of epoxy resin and hardener is 6 grams with a ratio of 1000:
344. Therefore, the weights of the epoxy resin and hardener are 4.464 g
and 1.536 g respectively.

3. The resin is injected into a small glass vessel that contains the weighed out
nanoparticles this mixture is then stirred using a glass rod. (Dry
nanoparticles are always handled inside a fume cupboard to prevent
accidental exposure).

4. The nanoparticles are dispersed within the resin using ultrasonic vibrations
from a probe sonicator at room temperature (cycle: 0.5; amplitude: 40% for
1 hour). Excessive heating from this process can lead to pre-curing or
oxidisation of the resin. This is avoided by holding the sample vessel in a
water bath and replacing the cooling water every 15 minutes.

5. The mixture of resin and particles is combined with the hardener in a beaker.
A magnetic stirrer is then used (600 rpm, 50 °C, for 15 min) with a heated

water bath in order to keep the viscosity low.
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6. The mixed solution is then put into a vacuum oven (103Pa, 50 °C) to degas

for a further 30 min.

3.2.2 The Casting of Epoxy Films

The mould used for preparing epoxy resin composite films was designed by
Dr. Steve Dodd from the University of Leicester. This mould consists of two metal
plates which are bolted together as shown in Figure 3-4 (a) and a plastic film gasket
that is positioned between the two plates as shown in Figure 3-4 (b). The gasket
thickness defines the thickness of the resulting sample. Release agent QZ13 is
uniformly wiped over the inner surfaces of the upper and lower plates. Care is taken
to ensure that no excess release agent is left as this could affect the properties of
samples. Resin (either with or without filler) is poured into one of the slots in the
upper plate and the mould is then held at an angle. The resin flows (with the aid of
gravity) through the mould with air and excess resin escaping at the lower slot.

Once the mould is completely filled it can be held level during curing.

Upper Plate

70/140um Film

Lower Plate

@ (b)
Figure 3-4 (a) Closed mould (Photograph); (b) Mould diagram showing gasket.

Improved Method:

It was found that many samples (especially those with high filler loading) did not
flow through the mould due to their increased viscosity [43]. Consequently, a
revised method has been involved where pressurised nitrogen gas is used to push
the mixture through the mould [4]. In order to connect the gas supply a rubber
plastic plate and a rigid plastic plate are installed over the resin filling slot as shown
in Figure 3-5 (a).
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@ \_Rigid Plastic Plate

\_ Rubber Plastic Plate

Mould

@) (b)
Figure 3-5 Revised mould for sample preparation.

1. The mould is assembled as before. At this point the mixture is ready to be
poured into the mould for casting. The resin input slot is filled with the
sample mixture and the gas connection plates and pipe are then connected
to the mould. The nitrogen gas pressure is gradually increased and as before
the mould is held at an angle so that gravity assists the flow of resin. Once
the mixture is seen coming out of the other slot the gas regulator is closed
and the pipe is disconnected. The sample is now ready for curing.

2. Once the mould is filled the epoxy can be cured by placing the entire mould
in the fan oven at 120 °C for 4 hours (conditions previously established by
Zhigiang Xu et al. [79]).

3. The fan oven is then switched off and allowed to cool gradually; waiting 12
hours before the mould is removed.

4. The sample is then released from the mould and stored in a vacuum

desiccator to keep it in a relatively dry condition.

3.2.3 Sample Composition

Table 3-4 provides details of the samples produced using the methods described
above. In the sample code the following abbreviations are used: EP for epoxy resin,
S for untreated nano silica composites, ST for treated silica, B for boron nitride and
the number represents the filler loading. For example, EPSO5 represents epoxy

nanocomposites loaded with 0.5 wt% untreated silica.
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Table 3-4 The coding of samples

Theoretical loading

Sample code Type of particles concentration
(Wt%)
EPO N/A N/A
EPSO5 untreated SiO, 0.5
EPS1 untreated SiO, 1
EPS3 untreated SiO, 3
EPS5 untreated SiO, 5
EPSTO5 C8-treated SiO; 0.5
EPSTT C8-treated SiO; 1
EPST3 C8-treated SiO; 3
EPST5 C8-treated SiO;, 5
EPBO5S hBN 0.5
EPBT hBN 1
EPB3 hBN 3
EPB5 hBN 5

3.3 Sample Analysis Methods

3.3.1 Scanning Electron Microscopy (SEM)

It is known that the dielectric properties of polymer nanocomposites are strongly
depended on nano-filler dispersion. One of the most commonly and widely used
method to observe the surface of materials is the SEM due to its simplicity of system
and ease of use when compared to TEM and AFM methods. It could be used to
analyse the nano-filler dispersion in polymer nanocomposites at such
magnifications. Thus, the SEM has been selected for this investigation. SEM was
introduced by Max Knoll in 1935. It can observe the surface structure of materials
down to the nanoscale. Through SEM, the morphology (size and shape of particles)
and the composition of material can be observed. In SEM, an electron beam is
created by the electron gun positioned at the top of the sample. The beam is
focused onto the selected area of the sample surface. The electrons could penetrate
the sample up to 1 pm and experience a multiple scattering, resulting in a
subsequent interaction that can be detected. The interaction is usually secondary

electrons that can escape from the upper 50 nm of the sample (for polymer) due
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to their low energy (~30 eV) and result in much higher resolution. The resulting
image of secondary electrons is highly sensitive to the surface topology of
materials, if the surface topography can be used to represent the internal

morphology, the internal morphology of the material can be observed [4].

In my thesis, an EVO 50 scanning electron microscopy was used shown in
Figure 3-6. The gun voltage was set to 15 kV with a working distance of 7-12 mm.
All samples had been coated with gold before the test by the Emitech K550X sputter
coater at 25 mA for 3 min for each sample.

Figure 3-6 EVO 50 scanning electron microscopy.

3.3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis method. When the
temperature changes, the mass loss of the sample is measured with
time/temperature. This measurement provides information about physical
phenomena, such as phase transitions, absorption and desorption and chemical
phenomena which includes chemisorption, thermal decomposition and solid gas
reaction (such as oxidation or reduction) [80]. In most cases, TGA is used to
evaluate the thermal stability of the material including polymers [81-83]. Within the
desired temperature range, if a species is thermally stable, there will be no
observable mass change. However, once the temperature is beyond the threshold,
mass loss will be presented on TGA traces. Through analysis by TGA, the maximum

use temperature of a material can be provided.
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TGA was performed on a Perkin-Elmer Pyris 1 thermogravimetric analyser as shown
in Figure 3-7. Samples with a mass of around 2-5 mg were tested by measuring the
weight loss under air gas flow of 20 ml min' at a rate of 10 °C-min?' from 50 to
850 °C.

Figure 3-7 Perkin-EImer TGA 7 thermogravimetric analyser.

3.3.3 Differential Scanning Calorimetry (DSC)

Thermosetting materials are those that are irreversibly hardened during the curing
process; the curing reaction may require the material to be held at elevated
temperature [84]. The chemical formulation or composition and conditions (e.g.,
temperature and time that the resin is exposed to) will determine the properties of
a thermosetting material. In order to avoid production problems, thermal
characterisation of thermosetting resins should be undertaken as this is often very
useful. For polymer dielectric materials, once the temperature reaches the glass

transition temperature (Tg), a significant change is observed in the dielectric

properties of the material. Therefore, it is necessary to know the glass transition
temperature and in order to use it to do further study on materials. Differential
scanning calorimetry (DSC) is a good and popular method to analyse the properties
of the unreacted material and the cured end products. For example, DSC can
characterise changes in the physical state of a material, such as crystallisation,
melting and glass transition, which lead to the enthalpies that can be detected by
DSC [85, 86].
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Tg is not a certain temperature, but a temperature range, this is because the glass

transition encompasses a range of processes which combine to produce a
significant change in the mobility of the polymer chains. Ultimately the Tg is
determined by factors including the chemical structure of the epoxy resin, the
hardener and the cure degree. A diagram of a DSC trace featuring a glass transition
is shown in Figure 3-8. Temperature is plotted on the x-axis and the heat flow

(sometimes as heat capacity) is plotted on the y-axis. As Tg is a temperature range,
one can define an onset temperature for the glass transition Tig and the end
temperature of the glass transition, Teg . Generally, the midpoint of the

temperature range is reported and used to represent the glass transition

temperature [87].

“Tig is the temperature at the intersection of the straight line formed by extending

the baseline on the low-temperature side to the high-temperature side and the
tangent drawn to the curve showing a stepped change of glass transition at the

point of the maximum gradient. Teg is the temperature at the intersection of the

straight line formed by extending the baseline on the high-temperature side to the

low-temperature side and the tangent drawn to the curve showing a stepped

change of glass transition at the point of maximum gradient ”, as shown in

Figure 3-8 [28].

Heat Flow

Temperature

Figure 3-8 lllustration of Glass Transition Temperature.

That is to say Tg¢ is equal to the average of Tig and Teg. Tg spans a temperature

range, rather than occurring at a specific temperature, due to the cross-linked

polymer chains having multiple degrees of freedom and modes of polymer chain
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movement in response to any applied thermal energy. The T¢ value can also vary
depending on its cure degree and is proportional to it. Generally, the reported Tg

is based on fully cured materials.

3.34 Differential Scanning Calorimetry Technique

The basic principle of DSC technology is heating and measuring the difference in
heat flow between the sample and reference with the increase or decrease of
temperature. If some physical state change occurs in the sample material, its heat
flow will change relative to the stable reference which shows as exothermic or
endothermic peaks on the curve. For example, when a material changes its state
from solid to liquid, a peak corresponding to the melting temperature is produced.
Since melting is an endothermic process, the sample requires higher heat flow in
order to follow the same temperature profile as the reference, the DSC trace,
therefore, shows an endothermic peak. Figure 3-9 shows a schematic diagram of
DSC.

Reference Pan Sample Pan Cylindrical
tumace
Pnly mer
—]
Thermoelectric Disc
[
Measuremeni Thermocouples

Figure 3-9 Schematic diagram of DSC [4].

The DSC instrument can measure heat flow changes of a sample under heating,
cooling or isothermal conditions. DSC measures the quantitative heat flow which
can be plotted either directly as a function of time or against the sample
temperature. This heat flow-temperature data can provide useful information about
thermosetting materials including: glass transition or softening temperature, onset
and completion of glass transition and cure, the heat of cure, the maximum degree

of cure, percent cure and heat capacities (Cp).

Analysis of the properties listed above can be helpful for manufacturers or users
of thermosetting resins. For example, for quality assurance testing, the

establishment of optimal processing conditions, estimating the cure degree of end
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products, verifying product integrity and for comparison of alternative materials
[88]. In this project, a power-compensated Perkin-ElImer DSC 7 was used with a
nitrogen gas feed. This system was controlled by Perkin-Elmer Pyris software which

was also used for data analysis. The DSC 7 system is shown in Figure 3-10.

Figure 3-10 Differential scanning calorimetry device.

Samples with a mass of approximately 5 mg (between 4.8 mg and 5.2 mg) were
prepared for DSC testing by sealing them in an aluminum can. An empty aluminum
can (also sealed) is used as the reference. The reference aluminum and the sample
are placed into separate compartments inside the DSC. Control electronics inside
the DSC ensure that the sample and reference materials follow the same
temperature profile. The difference in heat flow into the two cans is measured as a

function of temperature or time by DSC.

The melting temperature of indium is known to be very stable at 156.6 °C. An
indium sample was therefore used to calibrate the temperature axis of the DSC
measurements. Care must be taken during these measurements as rate of

temperature change can affect the calibration.

In this project, for each loading concentration and particle type, five samples were
taken from uniformly spaced locations on the moulded film. The selected rate of
temperature change was 10 °C-min’ for all the measurements. As given in the
datasheet, the glass transition temperature of D.E.R. 332 used in this project is
around 85 °C, therefore, for all the measurements, the temperature was swept from
40 °C to 150 °C.
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3.3.5 Experiment Set-up of AC/DC Breakdown Test

The electrical breakdown strength of epoxy composites is an important factor for
many industrial applications. Therefore, it is necessary and essential to study the
extent that the presence of nanofillers influences the breakdown strength of epoxy-
based nanocomposites. The AC breakdown test was performed with apparatus
based on ASTM standard D149-87. The schematic diagram of this kit is shown in
Figure 3-11. A photograph of the breakdown kit used in this project is also shown
in Figure 3-12. The breakdown strength of epoxy samples was measured by the
ramp testing method. The process was simply to apply a 50 Hz AC voltage with
linearly increasing RMS magnitude to the tested sample. The voltage is increased
from 0 kV at a rate of 0.05 kV-s' until breakdown occurs. At breakdown, sound and
arcs could usually be observed. The breakdown strength E (kV-mm™) is related to
the thickness of the sample film and can be calculated by the following

Equation 3.1:

E = VBDd (3.1)

Respectively, Vi, and d are the breakdown voltage and the sample thickness. d

can be measured using a micrometer.

Ramp H Signal
Generator Generator

v

AM
Input

thical Isolation
$glay isolator :rﬁ?gf)wmer Low voltage cable !
np Interlocked safety cage !
y |
Timer g
HV
509 cable
load
M
Sample High voltage
transformer

(30 kV max. 1:125) —
Calibration
meter

]

]

Silicone oil H
bath J: i
- ]

]

]

Figure 3-11 Schematic of AC breakdown device [89].
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Figure 3-12 AC dielectric breakdown kit.

Samples with greater than 200 pm thickness cannot breakdown because the upper
limit of voltage for the kit (25 kV) does not produce a sufficiently high electric field
within the sample. Epoxy resin films with approximately 70 ym thickness were used
in this test. Since the thickness of the epoxy sample films varies slightly, testing
points (25 in total) were uniformly spaced over each epoxy film. The thickness at
each test point was measured with a micrometer before the breakdown. During the
measurement, the sample film is immersed in silicone oil and held between two
steel ball bearings with a diameter of 0.635 cm as shown in Figure 3-13. It has been
found that about 15 breakdowns will cause pitting on electrodes [4]. Therefore,

during the test, the ball bearings were changed after every 10 breakdown tests.
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Figure 3-13 lllustration of the ball bearing electrodes used for breakdown

measurements.
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DC breakdown strength was measured with a ramp of 100 V-s'. The test points
selected were uniformly distributed on each sample with a total of 25 breakdown
measurements being collected for each type of sample. The average thickness of
the samples is ~70 pm. All of the samples were visually checked after breakdown

testing and they all had a puncture hole caused by the breakdown.

In this project, measurements of the breakdown strength of epoxy resin and its
nanocomposites were made in order to study the effect of inorganic nanofillers,
the differences between different particle types and between different filler
loadings of the same particles. All the experiments were carried out at room

temperature.

3.3.6 Dielectric Spectroscopy Measurement

Dielectric spectroscopy is a method to measure the dielectric properties of
materials as a function of frequency [90]. The magnitude of the applied electric
field and the temperature can also be variables in this type of measurement.
Dielectric spectroscopy is based on the interaction of the electric dipole moments
within the sample and provides dielectric properties of materials [91], such as
relative permittivity and loss factor that can reflect the mobility of polymer chains.
Thus, dielectric spectroscopy has been widely carried out to study material
structures. A schematic diagram of a dielectric spectroscopy measurement is

shown in Figure 3-14.

Sine wave [
[
Generator |
h

test /L

sample

Figure 3-14 Schematic diagram of a dielectric spectroscopy measurement.

Dielectric spectroscopy measurements were made over the frequency range from
102 to 10° Hz using a Solartron 1260 Analyser and 1296 Dielectric Interface.
Measurements were taken at 293, 313 and 333K (20, 40 and 60 °C) =1 K using the
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system shown in Figure 3-15. During testing the samples were placed between two
disc-shaped electrodes each with a diameter of 32 mm. The thickness of the
samples is 145 = 10 pm. A voltage of 1 V RMS was used. The accuracy of real

capacitance values is <2% (typical) according to the instrument manual.

Figure 3-15 Test cell and temperature control system.

3.3.7 DC Conductivity Measurement

In this project, DC conductivity measurements were carried out on samples that
were pre-conditioned in different humidity environments. Before DC conductivity
testing the thin film samples were sputter coated with gold to create electrodes on
both sides with a diameter of 30 mm. The sample was then placed between two
parallel electrodes (20 mm in diameter) and a voltage between 5 and 6 kV was
applied in order to achieve an average electric field of ~40 kV-mm" inside the
sample. A Keithley 6487 pico-ammeter was used to measure the current through
the specimen as a function of time, the DC conductivity was then calculated from
this data by software running on the experiment control computer. The thickness
of each sample is 145 + 10 pm. All the tests were carried out at 20 °C under ambient

RH conditions.

3.3.8 Space Charge Measurement

In this project, PEA was used to measure the space charge distribution in the
samples [92]. The principle of the PEA measurement is to apply a short pulse

voltage across the sample and then to record the acoustic vibrations that are
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caused by the motions of space charge that is distributed within the sample. This

is shown diagrammatically in Figure 3-16.
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Figure 3-16 Illustration of PEA method [93].

In the PEA measurement, the dielectric sample is clamped between two electrodes.
In order to help propagation of the pressure wave signals silicone oil is applied at
the interfaces between electrodes and the samples. A dc voltage is applied to the
sample (causing a gradual accumulation of space charge), the PEA signal waveform

is then measured by repeatedly applying a short pulse voltage Vp(t) to the sample.

The space charges experience an acceleration due to the electric field and a sound
wave is produced with an amplitude that is proportional to the local charge density.
This sound wave propagates through the samples and is detected by a piezoelectric
sensor. The piezoelectric sensor transforms the acoustic wave into an electrical
signal that is recorded on an oscilloscope as a function of time. The schematic
diagrams of the PEA system and photographs of the PEA system used in this project

are shown in Figures 3-17 and 3-18 respectively.
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Figure 3-18 Photographs of the PEA system used in this project.

3.4 Humidity

Water absorption has a huge effect on the dielectric properties of polymers, this
should, therefore, be considered when polymer dielectrics materials are used as
insulators [15, 16, 19, 48, 94, 95]. Water absorption occurs in any humid
environment and results in an overall deterioration in dielectric properties. The
maximum amount of water absorbed by epoxy resins can be as high as several
weight percent. Due to free volume and hydroxyl groups at the surface of

nanoparticles, absorbed water in epoxy nanocomposites tends to locate at the
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interface between the polymer matrix and the nano-sized fillers [4] the additional

trapped moisture further increases total absorption.

3.4.1 Humidity Control

There are four relative humidity conditions in the test.

1. All dry samples were held in the vacuum oven (103 Pa, 60 °C, for 72 h) and
then stored in a vacuum desiccator with dried silica gel at 293 K.

2. Ambient Humidity (A.RH): These samples were exposed to the laboratory

environment for 10 days where temperature and RH were controlled at 293 K
and (36.1 + 6.7) %.

3. 60% RH: These samples were stored in a RH controlled chamber at 293 K,

where actual RH is in the range from 56 to 62%.

4. Saturated: These samples were immersed in de-ionised water for 10 days
before testing at 293 K.

The TGA traces, shown in Figure 3-19, of EPO shows there is a weight loss of 1.92%
in saturated one which is almost same with gained weight% (1.86%) obtained from
the later experiments, and the initial decomposition temperature (5 wt% loss
ignoring the loss of moisture) of dry and saturated samples are 389.31 °C and
385.23 °C. That is to say the samples were relatively dried before and all other

samples were conditioned and stored under the same method.
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Figure 3-19 TGA traces of dried and water saturated pure epoxy samples.
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3.4.2 Water Diffusion in Samples
Water diffusion in epoxy and its nanocomposites was measured at 293 K (20 °C).
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Figure 3-20 Water diffusion of EPO, EPS, EPST and EPB samples (a) EPS, 60% RH;
(b) EPS, Saturated; (c) EPST, 60% RH; (d) EPST, saturated; (e) EPB, 60%

RH; (f) EPB, saturated, 293K.

The samples were held in a humid environment but were periodically removed and
weighed using a microbalance. The measurements were continued until the weight
becomes stable. This took about 10 days in both the 60% RH and totally saturated
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environments. The water diffusion into epoxy and its nanocomposites is shown in
Figure 3-20 (expressed as the percentage increase in mass versus time). Most of
the mass change occurs on the first day of the experiment; this is true for all of the
samples at both 60% RH and saturated. Water diffusion reaches a quasi-equilibrium
after three days. Samples with higher filler loading clearly undergo a larger increase
in mass; the presence of nanoparticles, therefore, seems to increase the moisture
holding capacity of the samples. In order to study the influence of filler type on the
diffusion process, the data from all of the of 3 wt% samples at both 60% RH and
saturated is compared in Figure 3-21.
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Figure 3-21 Water diffusion in epoxy and its nanocomposites of 3 wt% loadings
(a) 60% RH; (b) saturated, 293K.
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As shown in Figure 3-21 (a), both the EPS and EPST samples reach their quasi-
equilibrium state more quickly than the EPB samples. This may be caused by the
fact that SiO, particles are more hydrophilic than BN ones. The lower equilibrium
state of EPST samples probably indicates the effective removal of hydroxyl groups
by the surface treatment. Unfilled epoxy (EPO) exhibits the lowest mass change.
This confirms that adding nanoparticles provides additional sites for physical
adsorption of moisture which cannot be completely removed by surface treatment
or that the elimination of surface hydroxyl groups from the nanoparticles is
incomplete. Comparison between Figure 3-21 (a) and Figure 3-21 (b) shows that
under saturated conditions most samples reach their quasi-equilibrium state on the
first day and all the samples contain much more water on the 10th day compared
to ones held in the 60% RH environment. Thus, it can be concluded that a higher
RH environment helps water to diffuse into materials faster and results in a higher

state of equilibrium.

3.4.3 Water Uptake in Samples

The water uptake, My, can be calculated by Equation 3.2:

Mwet - Mdv*y

My, X 100% (3.2)

Mw‘

where M, is the weight of water absorbed samples and M,,, is the weight of dry

samples. The increases in the mass of all epoxy samples in each humidity are

shown in Figures 3-22 to 3-25.

As shown in Figures 3-22 to 3-25, water uptake in all samples increases with the
relative humidity and filler concentration. However, under A.RH conditioning, the
water uptake of all epoxy nanocomposites is very similar and close to that of the
pure epoxy samples. Moreover, under A.RH conditioning there is little increase in
water uptake with the growth of filler concentration. This could indicate that for
low levels of moisture uptake, water can be absorbed into the matrix with the
nanoparticles having little effect. This is contrary to the findings of Figure 3-21
where (under higher RH conditions) increased nanoparticle concentration clearly
increases water absorption capacity. There are two main forms of water that appear
in epoxy nano-composite samples: free water and bound water [70, 96, 97]. Free
water must first permeate through the matrix in order to find sites where it can
bind. The polymer matrix therefore has a certain capacity for free water and this

capacity may be high enough to carry the majority of water under A.RH conditions.
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As bonded water is formed prior to the relatively free ones [97], considering
hydroxyl groups and interfacial areas introduced by nanofillers which would lead
to more water, no obvious difference in A.RH conditions between pure epoxy and
nanocomposites should indicate the present water is mainly bound to chains of the
matrix. As the environmental RH is increased more and more free water will become
bound at surface hydroxyl groups and interfacial areas introduced by nanofillers.
Once the available sites for chemical bonding have been saturated a different kind

of free water (loosely associated with the nanoparticle sites) can accumulate.
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Figure 3-22 Water uptake of epoxy and its nanocomposites in 0.5 wt% loading

concentration, 293K.
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Figure 3-23 Water uptake of epoxy and its nanocomposites in 1 wt% loading

concentration, 293K.
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Figure 3-24 Water uptake of epoxy and its nanocomposites in 3 wt% loading

concentration, 293K.
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Figure 3-25 Water uptake of epoxy and its nanocomposites in 5 wt% loading
concentration, 293K.

The behaviour is entirely different in 60% RH conditioned samples. There is more
water present in all samples, with the highest levels being found in untreated SiO,
nanomaterials. Relative to the pure samples, EPS, EPST and EPB all have increased
water uptake. In the case of the silica-based nanocomposites, this effect may be
caused by increased free volume in the interfacial regions surrounding the
nanoparticles. Here, the effects of surface tension make it favourable for water to

accumulate [41] allowing the second layer of the water shell to form.

The increased water uptake of the EPS samples relative to the EPST ones can be
attributed to higher availability of hydroxyl groups on the nanoparticle surfaces
[70]. Although the EPST samples show a reduced amount of water bonded to their
particle surfaces, they still exhibit higher water absorption than EPB and pure epoxy
samples. The EPB samples have a higher moisture uptake than the pure epoxy ones.
This may be for similar reasons to the increased free volume effect seen near to
silica nanoparticles, however, differences exist due to the shape of the hBN
nanoparticles. In other words, the morphology of the epoxy will be changed once
hBN particles are introduced, this leads to stress concentration sites, that allow

more water to accumulate due to initiation of cracks [98].
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Chapter 4 Morphology Characterisation of

Epoxy Nanocomposites

4.1 Quantification Methods

The morphology and mixing state of particles in polymers is reported to affect the
insulating properties of nanocomposites. Many researchers have, therefore, sought
to achieve good mixing states by applying different treatment methods [49, 99].
Kim et al. identified two aspects that are key in understanding the morphology and
mixing state of particles [49]. The first is the dispersion of particles; this involves
reducing the size of agglomerations of particles with the aim of yielding well-
separated individual nanoparticles. The second is the distribution of
particles/aggregates; this is concerned with the uniformity of spreading of
particles/aggregates throughout the polymer matrix. Hui et al. then quantified the
mixing in nanocomposites with these two aspects by analyzing TEM images of XLPE
nanocomposites [99]. SEM images are widely used for nanocomposite
characterisation. However, most SEM analysis is based on imprecise descriptions.
This chapter will apply quantitative methods and analysis to existing SEM images

in order to relate morphological features to the dielectric/electrical properties.

4.1.1 Equivalent Diameter

The following method can be used to evaluate the first aspect of particle mixing;
dispersion. Most particles observed by SEM are not the primary ones but rather
exist as aggregates, The degree of dispersion can, therefore, be related to the
particle count of aggregates and particles [99]. In this research, equivalent diameter
is chosen to estimate the dispersion degree as shown in Figure 4-1 and can be

calculated via Equation 4.1 as below:
DE:2'\/AG/7T (4.])

where Dy is the equivalent diameter and A4, is the measured area of aggregates.
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\ Circle with area equal to

projected area of particle

Figure 4-1 lllustration of the equivalent diameter of particles/aggregates.

The arithmetic mean of equivalent diameters is not precise enough for use as a
measure of dispersion due to the variation of particle numbers in specific areas.
Improved dispersion metrics can be obtained by considering the probability
distribution of the equivalent diameter data which is to generate some squares as
bins and then to collect numbers of into each bin based on the fulfillment condition
of each square. The area of each square is proportional to the count numbers and
a histogram can be generated according to the existing data as shown in
Figure 4-2 which also includes the ideal Poisson distribution, shown by the red
curve. The weighted average of equivalent diameter seems to be a good metric of
the dispersion degree of particles in nanocomposites [100]. The standard deviation
or the weighted standard deviation of the equivalent diameter data can also be

used to evaluate the dispersion degree [99].
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Figure 4-2 Histogram used to generate weighted average of equivalent diameter.
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4.1.2 Nearest Neighbour Distance (NND) Method

The nearest neighbour distance (NND) method is based on a calculation of the
distance between the centre of mass of each particle/aggregate and its nearest
neighbour; it has been widely used by many researchers [101]. For an arbitrary
particle/aggregate, the distance between this one and others can be calculated and
sorted descendingly. In the resulting distances, the 1t nearest neighbor distance is
usually used to estimate the distribution of particles/aggregates. Moreover,
according to the discussion on the dispersion of particles, the 1 NND data is best

interpreted via Histogram by evaluating the weighted parameters.

4.1.3 Quadrat-based Method

The Quadrat test of randomness is a widely used method to investigate the
distribution of points in a specific area [102] and can calculate the deviation of
particles/aggregates in different parts of polymer nanocomposites. The principle
of the method is first to divide the area into equal quadrats of small size based on
the scale of particle/aggregate [49]. Then the number of particles in each quadrat

is collected and an index called skewness is calculated using Equation 4.2 below:

N Nz, —z\°
skewness(Nl)(NQ)Z( - ) 4.2)

where N is total number of particles, z; is the number of particles in i" quadrat
and = and o are the average and standard deviation of z; respectively. As

particles/aggregates would sometimes form vast agglomeration of
particles/aggregates and leave most of the quadrats empty, only using 1= NND is
not accurate enough. Non-zero values of skewness indicate non-uniformity of
particle distribution, with higher values implying a poorer distribution of

particles/aggregates.
4.2 SEM Images

4.2.1 Original Images

The SEM images of pure, EPS, EPST and EPB samples with different filler

concentrations are shown in Figures 4-3 to 4-18.
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EHT = 20.00 kV Signal A = SE1
WD = 85mm Photo No. = 7072

Figure 4-3 SEM image of pure epoxy resin: x5000.

e
EHT = 20.00 kV Signal A = SE1
WD = 7.5mm Photo No. = 7053

Figure 4-4 SEM image of EPS05, x5000.
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EHT =20.00 kv Signal A = SE1 EHT =20.00 kv Signal A = SE1
WD = 85 mm Photo No. = 7096 /i WD = 8.5mm Photo No. = 7099

@) (b)

EHT =20.00 kV Signel A = SE1 =4 EHT =20.00 kv Signal A = SE1
WD = 65mm Photo No. = 7065 m— WD = 65mm Photo No. = 7102

EHT =20.00 kV Signal A = SE1 EHT =20.00 kv Signel A = SE1
WD = 8.0 mm Photo No. = 7107 m— WD = 8.0mm Photo No. = 7108

Figure 4-7 SEM image of EPS5: (a) and (b) x5000.

It can be observed that the number of particles visible in both the EPS and EPST
samples increases with filler concentration. From 3 wt% of EPS and EPST samples,
obvious agglomerations of particles/aggregates have appeared and it seems that

the fillers have had a significant impact on the structure of the matrix, especially
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in EPS samples shown in Figures 4-6 and 4-7. The more perturbed matrix
morphology may lead to deteriorated insulation properties in epoxy
nanocomposites. Comparing EPS and EPST samples, it is easy to note that the
surface treatment acts to reduce disturbance of the polymer matrix, this is
especially clear for high filler concentrations of SiO, samples. EPST3 and EPST5
samples seem to show relatively good dispersion and distribution (Figures 4-10
and 4-11).

EHT = 20.00 kV Signal A = SE1
WD = 8.0 mm Photo No. = 7094

Figure 4-8 SEM image of EPST05, x5000.

EHT =20.00 kV Signal A = SE1 e EHT =20.00 kV Signal A = SE1
WD =11.0mm Photo No. = 7089 5 WD =11.0mm Photo No, = 7091

(@) (b)
Figure 4-9 SEM image of EPST1: (a) and (b) x5000.
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Ay Y o
EHT =20.00 kV Signal A = SE1 EHT =20.00 kv Signal A = SE1
WD = 80mm Photo No. = 7079 1 WD = 80mm Photo No. = 7080

{ v s/
EHT =20.00 kV Signal A = SE1 EHT =20.00 kv Signal A = SE1
WD = 7.0 mm Photo No. = 7083 WD = 7.0 mm Photo No. = 7082

(b)

Figure 4-11 SEM image of EPST5: (a) and (b) x5000.

Another interesting phenomenon that can be observed relates to traces formed
around particles/aggregates in both EPS and EPST samples, most of which spread
in the same directions (see, for example, Figures 4-12 and 4-13). These are
assumed to be due to the propagation of forces applied at the boundary of
materials while preparing the samples for SEM. In Figures 4-12 and 4-13, the black
circles highlight particles/aggregates and red arrows might be regarded as the
thickness of the interphases between fillers and matrix. With the growth of filler
loadings, these interphase areas tend to overlap as shown in Figure 4-13 (b). This
relatively naive analysis could be improved by methods mentioned in [103] which

is one potential area for future research.
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EHT =20.00 kv Signal A = SE1
WD = 85mm Photo No. = 7100

EHT =20.00 kV Signal A = SE1
WD = 65 mm Photo No. = 7066

(b)
Figure 4-13 SEM image of EPS3, x15000: (a) original; (b) featured.

The SEM images of EPB samples are shown in Figures 4-14 to 4-18. For this type of
nanoparticles it can be concluded there are three distinct forms, which have also
been observed in clay platelet-based nanocomposites [104]: First, due to the
sonication process, particles can be exfoliated and solely dispersed in the matrix
as shown in Circle B of Figure 4-16. Second, some exfoliated particle plates could
intercalate with the chains or their segments [104] as shown in Circle B of
Figure 4-15. Third, particles are also agglomerated as sphere-like aggregates as
shown in Circle A of Figure 4-15 (a) and in the high magnification insets within
Figure 4-18.
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EHT = 20.00 kv Signal A = SE1
WD = 8.0mm Photo No.=7119

2Pm  EHT =20.00 kV
WD = 9.0 mm

Figure 4-15 SEM image of EPB1, x5000.
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Moreover, the presence of hBN particles could lead to some stress concentration
sites and initiation of cracks [98]. This type of feature is shown in Circle D of Figure
4-15 and Circle C of Figure 4-16. The cracking and disruption of the matrix
becomes more severe in samples of higher filler loading. It is obvious that hBN
particles have a much more noticeable impact on the morphology of base material
than SiO, nanoparticle and tend to produce a layered structure in the matrix as
shown in Circle C of Figure 4-15, in Circle A of Figure 4-16 and in Figure 4-17.

2 urr]l EHT = 20.00 kV
| WD=105mm

| WD=65mm 1 wo=65mm

‘10 M EHT = 20.00 kV 3 28M  EHT = 20,00 kV

Figure 4-17 SEM image of EPB5: (a) x1000; (b) x5000.
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1pm  EHT =20.00kV
T WD=65mm

Figure 4-18 SEM image of EPB5, x10000 (inset, x50000).

4.2.2 Image Processing

The analysis above is informative but is not precise enough, therefore, this section
introduces image processing methods for a more quantitative analysis. The EPS
and EPST samples of 1, 3, 5 wt% were chosen for quantitative analysis with the EPS3
sample shown as an example in Figure 4-19 (Normally at least 2 SEM images were
processed for each kind of sample). SEM image processing for the other samples
is included in Appendix A. In order to get sufficient spatial resolution to resolve
individual nano-particles (10-20 nm), SEM images recorded at a magnification of
x15000 wer used (16-17 nm spatial resolution). ImageJ® software, is used to
digitalize images and generate data such as, the coordinates of mass centers and
the areas of each particle/aggregate (example binary images are shown in Figure
4-20). Particles that could be clearly recognized were selected and their circularity
was calculated; it was found that this ranged between 0.3 and 0.6. Features in the
binary images can then be filtered based on their circularity so that structures of
the matrix, like cracks shown in Figure 4-19 (b) are ignored. In this manner
particles/aggregates within an image can be identified (blue circled) as shown in
Figure 4-21.
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(b)
Figure 4-19 Original SEM images of EPS3 samples, x15000.
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Figure 4-20 Binary SEM images of EPS3 samples, x15000.
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(b)

Figure 4-21 Processed SEM images with highlighted particles of EPS3 samples,
x15000.
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4.3 Data Analysis

Figures 4-22 and 4-23 show example histograms of the measured
particle/aggregate size and the 1% NND respectively (for 3 wt% untreated SiO,).
From the image data, the weighted average equivalent diameters (WAED) and their
deviations, the 1=* NND and the skewness of particles are all calculated; these data
are shown in Table 4-1. For skewness, a quadrat size of 32000 nm? is chosen [49].

The generated data are shown in Table 4-1.

3 wi% Epoxy Untreated Siﬂz Nanocomposites Measured Particle Size Histogram

o 100 200 300 400 500
Equivalent Diameter of Particles (nm)

Figure 4-22 Histogram of measured particle/aggregate size of EPS3 samples.

3 wi% Epoxy Untreated Si{)z Nanocomposites Measured 1st NND Histogram
300 T T T T T T T

ount

p.
L

o 100 200 300 400 500 600 700  BOO 900 1000
15t Nearest Neighbour Distance (nm)

Figure 4-23 Histogram of measured 1st Nearest Neighbour Distance of EPS3

samples.

71



Chapter 4 Morphology Characterisation

Table 4-1 Quantitative data of SEM images, EPS and EPST samples in 1, 3, 5 wt%

Weighted Weighted
Average Average
. : Weighted 1st NND
sample Code Equivalent Equivalent Skewness
Diameter Diameter (nm)
Deviation
(nm)
EPS1 169.39 165.60 291.11 12.66
EPS3 93.58 68.54 218.48 8.05
EPS5 100.79 70.22 177.60 6.25
EPST1 160.27 120.65 353.12 11.69
EPST3 75.12 51.14 277.10 6.44
EPST5 89.55 66.66 245.16 5.71

For EPS samples: In the case of EPS3 and EPS5 WAED and its deviation increase with
the growth of filler loadings. Smaller WAED and deviation means smaller
aggregates and better dispersion of particles [99]. The lower value in EPS3 than
EPS5 could be due to the probe sonication, since there are fewer particles but they
are subjected to the same amount of sonication energy. However, EPS1 samples
show a much larger value in WAED. This is probably because there is a much lower
number of particles with many of them being agglomerated together. This is also
reflected in the larger value in deviation of WAED (165.60) and skewness of 12.66
for the EPS1 samples.

The weighted 1= NND and the skewness in EPS samples both decrease as the filler
loading is increased. For a given filler loading lower weighted 1% NND and lower
skewness together indicates better dispersion and more even distribution.
However, the relatively low value of weighted 1 NND for EPS3 could be due to the
asymmetry of distributions which leaves many areas blank as shown in Figure
4-13. This asymmetry is also reflected in its relatively large value of skewness
(8.05). For the EPST samples, the overall values indicate better dispersion and
distribution when compared with EPS samples of the same filler loadings; this is

the expected result of effective surface treatment.

Moreover, if particles/aggregates are regarded as recombination centers for charge

transport [105], then another interesting value, Weighted Average Surface Distance
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(WASD), can be considered as a method to relate morphology to dielectric

properties. Thus, these values are shown for EPS and EPST samples in Table 4-2.

Table 4-2 Weighted surface distance of EPS and EPST samples in 1, 3 and 5 wt%

Weighted Average Surface Distance
Sample Code

(hm)
EPS1 180.43
EPS3 155.27
EPS5 121.59
EPSTI 257.35
EPST3 200.08
EPSTS5 157.97

4.4 Particle/Aggregate Dispersion and Distribution
Modelling

In order to gain a deeper understanding of epoxy SiO, nanocomposites and to give
a foundation in the simulation of dielectric properties based on the measured
morphology of nanocomposites, this section proposes two methods to simulate
the dispersion and distribution of particles/aggregates based on our measured
data. These two methods (implemented in Matlab® 2017b) are referred to here as
the PDF method and the Histogram method. Simulated results of EPS3 are
presented here to provide an example. In both simulation methods the measured
equivalent diameter data is fitted in order to generate a probability distribution
function (PDF) as shown in Figure 4-24. The required number of
particles/aggregates are assigned with randomly generated sizes that conform to
the PDF determined in the previous step (see Figure 4-25). The total volume fraction
of simulated particles/aggregates is equal to that in EPS3. The two methods differ
in their treatment of the 15 NND data. In the PDF method a probability distribution
function is fitted to the NND data (as was done with the particle size data, see
Figure 4-26). The simulation code then finds a set of random particle positions that
satisfy that PDF (see Figure 4-27 and Figure 4-28 for a visualisation of one such
distribution). In the Histogram method the 15 NND data is loaded into the code and
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the Multidimensional Scaling Method (MDS) is applied in order to find a set of
simulated particle locations that conform to the histogram of measured 1 NND

data (see Figure 4-29 and Figure 4-30 for a visualisation of the distribution).

Using the Monte Carlo approach, 100 runs were carried out for each simulation
method to generate the resulting distribution metrics shown in Table 4-3.
According to Figure 4-28, Figure 4-30 and the data in Table 4-3, simulated WAEDs
of particle size fulfills the relationship between EPS and EPST samples, and between
different filler loadings. The simulated value are, however, a bit higher that may be
due to the randomness of simulation and errors in the curve fitting. The
distribution quantification data from the PDF method deviates further from the
measured values than those derived from the Histogram method, however, the
simulated particle distribution from the PDF method appears visually to be more
realistic. This could be caused by the random generation of 15 NND data in the PDF
method whereas the Histogram method attempts to conform as closely as possible

to the measured data. Matlab code for both methods is included in Appendix B.

va. Size
Fitting Curve
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Figure 4-24 Occurrence probability of measured particle/aggregate size and
fitting curve.
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Figure 4-25 Histogram of simulated particle/aggregate size of EPS3 samples.
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Figure 4-26 Occurrence probability of measured 15 Nearest Neighbour Distance

and fitting curve.
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3 wit% Epoxy Untreated Si{‘.l2 Manocomposites Simulated 1st NND Histogram
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Figure 4-27 Histogram of simulated 1% Nearest Neighbour Distance of EPS3
samples, PDF Method.

3 wi% Epoxy Untreated Si«!‘.l2 Manocomposites Particle Simulated Dispersion and Distribution

Figure 4-28 Simulated particles/aggregates dispersion and distribution in the
cubic area of EPS3 samples, PDF Method.
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Figure 4-29 Histogram of simulated 1% Nearest Neighbour Distance of EPS3
samples, Histogram Method.
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Figure 4-30 Simulated particles/aggregates dispersion and distribution in the

cubic area of EPS3 samples, Histogram Method.
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Table 4-3 Simulated Quantification data of SEM images, EPS and EPST samples in
1, 3, 5 wt% by PDF and Histogram method

PDF Method Histogram Method
Sample WAED WAED 1 NND 1 NND
code skewness skewness
(nm) Deviation (nm) (nm)

EPS1 179.33 62.52 819.56 25.26 324.26 28.77

EPS3 114.74 7.57 283.89 5.79 214.80 7.93

EPS5 125.36 6.67 258.48 5.12 183.69 7.25

EPST1 171.81 36.04 714.16 22.47 373.59 27.84

EPST3 97.27 5.04 338.76 4.65 247.34 6.71

EPST5 90.04 4.73 298.36 4.21 220.33 6.09
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4.5 Chapter Summary

This Chapter proposed a combined method to quantitatively evaluate the
dispersion and distribution of particles/aggregates in epoxy nanocomposites. This
method is based on Equivalent Diameter measurement, 15 Nearest Neighbour
Distance measurement and Quadrat-based Skewness measurements. The method
was applied to nanocomposites with approximately spherical SiO, particles,
however, quantifying the mixing state of nano-hBN based epoxy nanocomposites
was not possible due to their highly perturbed morphology and the unclear SEM
images this caused. Based on the proposed quantification method, epoxy
nanocomposites with surface treated particles showed an overall better dispersion
and distribution of particles/aggregates than those with untreated ones. Moreover,
the worse mixing state of the EPS samples resulted in an adverse impact on the
morphology of the epoxy matrix. In hBN-based samples, particles were more likely
to exist individually and they therefore have a larger effect on the matrix which was
observed in SEM results. These results will be used to help the investigation of
structural and dielectric/electrical properties of epoxy nanocomposites in the

following chapters.

Two modeling methods were also presented where Matlab was used to generate
simulated distributions of particles/aggregates based on the quantification
parameters defined in the previous part of this chapter. These methods aim to give
a deeper understanding of epoxy SiO, nanocomposites and act as a foundation for
simulation-based research into dielectric properties and their relationship with the

measured morphology of nanocomposites.
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Chapter 5 Thermal Properties of Epoxy

Nanocomposites

5.1 Thermogravimetric Analysis of Epoxy Nanocomposites

Thermal stability is one of the essential properties of polymers for some
applications, such as structural parts in a high-temperature environment.
Thermogravimetric analysis (TGA) has been widely used to investigate the epoxy
nanocomposites [81, 106, 107]. In this chapter, the TGA technique was used to
firstly investigate the differences between untreated and C8-treated SiO, particles.
Then, the real filler loading concentrations of all epoxy nanocomposites were
checked followed by an investigation into how nanoparticles would influence the

thermal stability of epoxy composites.

5.1.1 TGA on Surface Treatment

Figure 5-1 shows the TGA results of untreated and C8-treated particles which were
immersed in dichloromethane (DCM) solutions. The first peak A is caused by
evaporation of DCM. The second peak B is believed due to the loss of trimethoxy
(octyl) chains on particle surfaces. Then, the surface density of C8 chains can be
calculated as Equation 5.1 [108]:

o W

#08 - nm-2= VW (gg0 5w (5.1)

N4

where WT; is the sample weight at the temperature at the beginning of losing C8
chains and WT; is the weight at the end temperature. My is the molecular weight
of C8 chains equal to 113 g-mol', N, =6.02*10* is Avogadro’s constant, and SSA

is the specific surface area as shown in Equation 5.2 [109]. Thus, the calculated

surface density of C8 chains is ~10.67 nm?.

6000

SSA(m*-g7%) = d(nm) X p(g-em™)

(5.2)

Moreover, if it is assumed that the density of the layers of C8 chains is equal to

that of PE, which is 0.94 g-cm?3, then the weight of C8 per nm?, me, can be
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calculated according to Equation 5.3, and further the average thickness of layer of

C8 chains, d¢s, can be obtained which is ~ 2.13 nm.

[(#08 . nm’2) X MCSJ
dcszmcs/(p's) = Na (p-S) (5.3)
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Figure 5-1 TGA result of (a) untreated and C8-treated SiO, particles with DCM; (b)
detailed loss of weight in C8-treated SiO, particles.

5.1.2 TGA on Filler Loading Concentration

The measured filler loading concentrations of each type of sample are shown below
in Table 5-1.
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Table 5-1 Sample code and filler loading concentrations

Theoretical Real loading
Sample code Type of particles conlggr?tipa%ion concentration

(Wt%) (wt%)

EPO N/A N/A N/A
EPSO5 untreated SiO, 0.5 0.751 £ 0.090
EPS1 untreated SiO, 1 1.236 + 0.081
EPS3 untreated SiO, 3 2.837 £ 0.021
EPS5 untreated SiO, 5 4.750 + 0.078
EPSTO5 C8-treated SiO, 0.5 0.634 + 0.096
EPST1 C8-treated SiO, 1 1.110 £ 0.136
EPST3 C8-treated SiO, 3 2.551 £ 0.047
EPST5 C8-treated SiO, 5 4.468 + 0.090
EPBO5 hBN 0.5 0.713 £ 0.028
EPBI1 hBN 1 0.967 £ 0.062
EPB3 hBN 3 3.211 £ 0.038
EPB5 hBN 5 5.161 £ 0.086

5.1.3 TGA on Epoxy Nanocomposites

The purpose of study in this section is to investigate the influence of nanoparticles
on the thermal stability of epoxy composites. Normally, two temperature indexes
are used to clarify the thermal stability: one is initial decomposition temperature
(IDT) T,or which indicates the 5% weight loss of total mass, another is the maximum
rate loss temperature T,. [81, 82, 106]. Those most representative results of EPO,

EPS, EPST and EPB samples are shown in Figures 5-2 to 5-7.
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Figure 5-2 TGA traces of EPB in each loading concentration: (a) whole;

(b), (c) and (d) zooming in to different temperature ranges.
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Figure 5-3 Derivative traces of EPB in each loading concentration: (a) whole;

(b) zooming in on the temperature range at the maximum rate.
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Figure 5-4 TGA traces of EPS in each loading concentration: (a) whole;
(b), (c) and (d) zooming in to different temperature ranges.
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Figure 5-5 Derivative traces of EPS in each loading concentration: (a) whole;

(b) zooming in on the temperature range at the maximum rate.
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Figure 5-6 TGA traces of EPST in each loading concentration: (a) whole;

(b), (c) and (d) zooming in to different temperature ranges.
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Figure 5-7 Derivative traces of EPST in each loading concentration: (a) whole;

(b) zooming in on the temperature range at the maximum rate.
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Torand T, data of all the samples are collected and summarised in Table 5-2, and

further compared in Figures 5-8 and 5-9.

Table 5-2 T and T,., of epoxy and its nanocomposites

Chapter 5 Thermal Properties of Epoxy Nanocomposites

Samples Tior (°C) Tmax (°C)
EPO 343.35 + 2.06 419.63 £ 3.58
EPSO5 342.02 + 7.07 397.87+3.12
EPS1 344.46 + 3.55 396.51 +2.77
EPS3 347.77 £ 1.36 399.18 £ 2.62
EPS5 357.99 + 2.37 410.55 + 3.27
EPSTO5 356.41 = 2.22 409.30 + 3.87
EPSTI1 358.28 + 3.95 408.71 £1.63
EPST3 362.80 = 1.87 420.99 + 2.24
EPST5 364.45 + 0.87 420.37 £ 2.78
EPBO5 365.63 £5.11 421.31 £4.35
EPBI1 361.96 + 1.50 417.28 £ 1.34
EPB3 358.21 +0.98 410.27 £ 1.44
EPB5 357.25 £ 0.90 406.78 £ 1.06
- - -EPO
375 -~ -EPS
- — -EPST
- — -EPB
N L -
g wf% P }’%‘L T
5350- ) __,,-—'i"’
= I S
325 T T T T T 1
0 1 2 3 4 5 6

Filler Loading Concentration (wt%)

Figure 5-8 Comparison of T of EPO, EPS, EPST and EPB in different loading

concentrations.
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Figure 5-9 Comparison of T,,, of EPO, EPS, EPST and EPB in different loading

concentrations.

As shown in Figure 5-8, the initial decomposition temperature in EPS and EPST
samples increases when compared to EPO, which is reportedly due to the filled silica
restricting the mobility of polymer chains and acting as flame retardants for
polymers [81, 83, 110]. The filled silica particles near the surface would form a
layer to protect the materials from oxidizing [81, 111]. For EPS, there is a lower
value in 0.5 wt% samples than the EPO and may result from a lower cross-linking
degree [112]. With the increase in filler loadings, the surface protective effect
becomes dominant again. EPST shows similar increasing trends of T, however,
results in most filler loadings are higher than the EPS samples. This phenomenon
may be caused by the hydroxyl groups being left on silica particles in EPS samples
that will lead to the formation of hydrogen bonds, then low cross-linking density

at the interface and further lowering the T .

In EPB samples, as mentioned in section 4.2, hBN particles could have a significant
impact on base material and lead to very low curing density. Such low curing
density will create large numbers of short chains. As short chains are more
thermally stable than longer ones which should exist more in EPS and EPST, T of
EPB samples is higher than that of silica nanocomposites at 0.5 and 1 wt% and EPO.
However, T, of EPB decreases with the growth of filler loadings. This should be
due to the much higher thermal conductivity of hBN when compared to silica
particles, which are 20-400 W -m ™K' [113]and 1.4 W -m 'K [114]. The higher

thermal conductivity of nanocomposites in high loadings results in much more
thermal energy transported into bulk and enhances the decomposition of polymers,

despite the protective effect of particles near the materials’ surface still working.
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As shown in Figure 5-9, because most surface protective layers have been removed
due to longtime decomposition, T,., reflects the thermal stability of composites in
bulk. Owing to the lower cross-linking density resulting from adding particles, all
nanocomposites show lower T,,, than EPO [81, 106], whereas EPBO5 shows higher
value due to the higher stability of short chains. For EPS and EPST, the increasing
Tmax in high loadings should be caused by the formation of carbonaceous-silicate
char that hinders/slows the oxidization of bulks [115]. In addition, the difference
between them shares the same mechanism in that of T,;;. Most Ty;and T, results
of EPB samples are little higher than EPS samples, which may indicate that the
thermal stability in the high temperature of epoxy BN nanocomposites is better
than untreated silica samples. However, the stability of EPB becomes worse while

increasing the filler loadings.

5.2 Differential Scanning Calorimetry of Epoxy

Nanocomposites

5.2.1 Free Volume Theory on Glass Transition

In polymer chemistry, the Flory-Fox equation is a simple empirical formula that
indicates the relationship between the molecular weight and the glass transition
temperature of a polymer system. The equation was first introduced in 1950 by
Paul J. Flory and Thomas G. Fox [116]. They built and demonstrated a new theory
that the glass transition temperature is the temperature at which the free volume
available for molecular motions achieved a minimum value, which is named the
Free-Volume Theory. The concept of free volume can be most easily understood as
a polymer chain's ‘elbow room’ in relation to the other polymer chains surrounding
it [117].

The assumptions of free volume theory are listed below:

1. When the temperature is higher than Tg, the free volume will increase with the

increase in temperature in order to ensure the polymer chains can move in the

larger space.

2. When the temperature is close to Tg, the free volume will decrease with the

decrease in temperature, and reach the lowest volume once the temperature is

equal to Tg. Then, the movement of chains will be at a stage of freezing-like

structure and morphology. With the decrease in free volume to the lowest value,
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the process of chains freezing is also the process of the glass transition.

3. In the glass transition stage, the fraction of free volume in the total volume of

the polymer matrix system will maintain a certain value.

4. Once transformed into the glass state, the free volume fraction will not change
within the increase or decrease of the temperature and, therefore, the glass

state can be regarded as an ‘Equilibrium Free Volume State’.

In sum, the free volume may be able to help explain the results of DSC and thermal

behaviour of the epoxy and its nanocomposites.

5.2.2 DSC Measurement Results

DSC has been used to study epoxy nanocomposites with nano-SiO, and nano-BN in
different loading concentrations. In order to help understand the effect of the

presence of nanofillers on Tg of epoxy composites, EPS, EPST and EPB samples

were prepared.
5.2.2.1 DSC results of Each Kind of Sample

The glass transition temperature of epoxy and its nanocomposites have been

measured by DSC and calculated by the method mentioned in section 3.3.4. Tyg is

equal to the average of the onset and end temperature of the glass transition.
A. Pure Epoxy Resin

DSC results for all five small pieces (five-test) from one pure epoxy resin specimen
are shown in Figure 5-10. From Figure 5-10 (b), first, it can be concluded that the
cure degree of each part of the epoxy resin is uniform according to the similar Tyg.
Moreover, the sample was almost totally cured because of no significant
exothermic peak being observed after glass transition which represents the post
cure of the resin as shown in Figure 5-10 (a). Both indicate a good integrity of the

sample.
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Figure 5-10 DSC results of pure epoxy resins: (a) the whole curve of the DSC

process; (b) zooming in on the glass transition process.

In order to further verify the curing process and ensure the accuracy of the

measured Tg, each specimen was scanned 3 times and the results are shown in
Figure 5-11. The Tg of the second scan becomes consistent and standard
derivation shows the lowest value. Thus, the data of Tg for all the samples come

from the second scan of each kind of composite. The results of EPO samples are

summarised in Table 5-3.
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3-Time-Scan of Pure Epoxy Resins
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Figure 5-11 3-Time-Scan DSC results of pure epoxy resins.

Table 5-3 Onset, end and glass transition temperature of pure epoxy resins.

sample code Onset End temperature Tg (°C)
temperature (°C) o)
EPO-1 82.611 91.719 87.165
EPO-2 83.511 91.483 87.497
EPO-3 84.398 92.913 88.656
EPO-4 83.912 92.276 88.094
EPO-5 83.560 92.242 87.901
Average 83.608 92.127 87.863
Std. Dev 0.757 0.556 0.571

The average Tg is 87.863 °C which is similar to the Tg given by the datasheet

about 85 °C, and the standard deviation of the onset and end temperature is small.
Thus, it can be concluded that the glass transition process of pure samples is
uniform.
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B. Nano-BN Based Epoxy Nanocomposites

29

28

27

26

25

Heat Flow Endo Up (mW)

24

23

28

27

26

Heat Flow Endo Up (mW)

25

DSC on Nano-BN epoxy nanocomposites, 0.5 wt%

Sample 1
—— Sample 2
—— Sample 3
—— Sample 4

Sample 5

65

70 75 80 85 90
Temperature (°C)

(@

DSC on Nano-BN epoxy nanocomposites, 3 wt%

Sample 1
—— Sample 2
—— Sample 3
Sample 4

Sample 5

60

65 70 75 80
Temperature (°C)

(©)

Heat Flow Endo Up (mW)

Heat Flow Endo Up (mW)

30

29

28

27

26

25

24

23

30

29

28

27

26

25

24

DSC on Nano-BN epoxy nanocomposites, 1 wt%

—— Sample 1
Sample 2
Sample 3
—— Sample 4

Sample 5

60

65 70 75 80 85
Temperature (°C)

(b)

DSC on Nano-BN epoxy nanocomposites, 5 wt%

Sample 1
Sample 2
—— Sample 3
—— Sample 4

Sample 5

65

70 75 80 85
Temperature (°C)

(d)

Figure 5-12 DSC results of EPB in each filler loading concentration.

DSC results of five pieces (five-test) from epoxy nano-BN composites in each

loading concentration are shown in Figure 5-12. From the figures, it can be

concluded that the curing degree of samples is relatively high enough so that there

is no significant exothermic peak being observed after glass transition which

represents the post cure. Moreover, the 3-Time-Scan was applied to BN samples as

well and data from the second scan is used. By using the method of calculating

glass transition temperature mentioned in section 3.3.3, the Tg of the BN epoxy

nanocomposites in each loading concentration is given in Table 5-4 and plotted in

Figure 5-13 with error bars (standard deviation).
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Table 5-4 Average glass transition temperature of BN epoxy nanocomposites in

each loading concentration.

Sample code Aver. Tg (°C) Std. Dev
EPO 87.863 0.571
EPBO5 80.124 1.581
EPBI1 72.424 0.696
EPB3 68.485 1.442
EPB5 75.685 1.330

Tg of Nano-BN Epoxy Nanocomposites in
90 - Different Loading Concentration

85+

80+

8 75.685
o
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0 1 2 3 4 5 6
Filler Loading Concentration (wt%)

Figure 5-13 DSC results of EPB in different filler loading concentrations with error

bars.
C. Untreated Nano-SiO, Based Epoxy Nanocomposites

The most representative curves of each loading, which means the Tg of them is the

closest ones to the average values of each five-test, are plotted in Figure 5-14. The
glass transition temperature results of untreated nano-SiO, samples are calculated
and summarised by using the same method for BN samples, as shown in
Table 5-5 and plotted in Figure 5-15.

94



Chapter 5 Thermal Properties of Epoxy Nanocomposites
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Figure 5-14 DSC results of EPO and EPS in each filler loading concentration:
(@) the whole curves of the DSC process; (b) zooming in on the glass

transition process.

Table 5-5 Glass transition temperature of EPS in each filler loading concentration.

Sample code Aver. Tg (°C) Std. Dev
EPO 87.863 0.571
EPSO5 87.044 0.111
EPS1 86.825 0.443
EPS3 85.552 0.100
EPS5 83.794 0.254
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Tg of Nano-SiO, Epoxy Nanocompoasites in
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Figure 5-15 DSC results of EPS in different filler loading concentrations with error

bars.
D. C8-Treated Nano-SiO, Based Epoxy Nanocomposites

The most representative curves of each loading, which means Tg is the closest

values to the average one of each five-test, and they are plotted in Figure 5-16. The
glass transition temperature results of C8-treated nano-SiO, samples are calculated
and summarised as shown in Table 5-6 and plotted in Figure 5-17.

DSC on Pure and Nano-C8 SiO, epoxy nanocomposites DSC on Pure and Nano-C8 SiO, epoxy nanocomposites
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Figure 5-16 DSC results of EPO and EPST in each filler loading concentration:
(@) the whole curves of the DSC process; (b) zooming in on the glass

transition process.
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Table 5-6 Glass transition temperature of EPST in each filler loading

concentration.

Sample code Aver. Tg (°C) Std. Dev
EPO 87.863 0.571
EPSTO5 85.674 1.605
EPSTI 81.674 0.248
EPST3 79.116 0.356
EPSTS 76.626 0.225

Tg of C8 Treated Nano-SiO,

904 Epoxy Nanocomposites in Different Loading Concentration
85 - i 85.124
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O
2 80
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Figure 5-17 DSC results of EPST in different filler loading concentrations with

error bars.

5.2.2.2 DSC Study on the Effect of Filler Loading Concentration and Filler Type
on Glass Transition Temperature

The glass transition temperature of a polymer system depends on various factors,
including changes of the molecular weight, chain segment mobility, density of

crosslinking, and the amount of reaction residue acting as a plasticiser [118]. In

97



Chapter 5 Thermal Properties of Epoxy Nanocomposites
this project, the ingredients and curing conditions of the nanocomposites were the
same for all the samples. Thus, it is possible to make sure the changes in Tg are

mainly due to the different loading concentrations, properties of the fillers and

their influences upon the base material.

As shown in Figure 5-18, it is obvious that the Tg of epoxy nanocomposites is

overall lower than that of EPO and decreases with the growth of filler loading

concentrations, though EPB5 shows an enhancement of Tg. This phenomenon

should be, first, due to the lower cross-linking density of epoxy nanocomposites
[106, 119].
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Figure 5-18 Comparison of the Tg of EPO, EPS, EPST and EPB samples in different

filler loading concentrations.

Second, the surface characteristics of nanoparticles and the interfacial region
between the polymer matrix and nanofillers can be used to explain the behaviours

of Tg. Early studies indicated that the interfacial region was the most critical factor
that influenced the Tg of polymer nanocomposites by Starr et al. [55, 120].

Santanu and Thomas then introduced the Dual Layer Model to explain the
behaviours of Tg [55, 120]. In this model, the interfacial region around the
nanofillers is divided into a tightly and loosely bound layer. The tightly bound
region is the inner layer and it is tightly bound between nanoparticles and polymer
chains by weak hydrogen bonds and thus limits the movements of the chains,

which could increase the Tg. However, as the surface treatment of EPST samples is
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not suitable, there is no tightly bound chain and this results in a higher mobility of

chains in the interfacial areas. Thus, the Tg of EPST samples is lower than that of
EPS. With the increase in filler loadings, the volume fraction of the interfacial area
between the T'g matrix and particles increases significantly, especially the loosely

bound layer where free volumes are more likely to locate, and this leads to the

increase in free volume and the further reduction of Tg [54, 120, 121]. This has

also been observed in [122, 123].

Regarding the EPB samples, the obvious lower value of Tg than pure and silica-

based composites should be mainly due to the significant low cross-linking density
of curing, which should become worse with the increase in filler loadings. Moreover,
the higher thermal conductivity of hBN could play a role as well. However, it is

noticed there is a smaller reduction of Tg in EPB3 and even increase in EPB5. This

should be due to a mix of the exfoliated and intercalated macroscopic layer
structures of hBN-based nanocomposites [124-126] as shown in Figure 5-19 which
would impair the mobility of chain segments in the vicinity of particles, and thus

increase the glass transition temperature [119, 127].

Intercalated
hBN Particles

Figure 5-19 Illustration of exfoliated and intercalated macroscopic layer

structures of hBN-based epoxy nanocomposites.
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5.3

Chapter Summary

According to work in this chapter, the chemical structures and thermal properties

of epoxy and its nanocomposites were investigated by TGA and DSC

measurements, and the following conclusions can be made

1.

The presence of nano-SiO, and hBN particles both led to the decrease in cross-
linking density during curing of epoxy resins and further resulted in worse
thermal stability than pure samples. However, particles acted as flame
retardants for polymers and postponed the initiation of decomposition by

hindering/slowing the oxidization.

When compared within two SiO,-based samples, surface treatment modified
the cross-linking density in the interfacial areas by getting rid of some surface
groups, like hydroxyl groups found in EPS samples, but unsuitable surface
treatment led to the higher mobility of chain segments at the interface and

thus the reduction of Tg in EPST samples.

The morphology of EPB samples had a significant impact on its thermal
properties: in TGA measurement, shorter chains resulted in improved
performance when decomposing, while in the DSC measurement, exfoliated
and intercalated macroscopic layer structures of hBN-based nanocomposites,
which was observed in Chapter 4, restricted the mobility of chain segments

in the vicinity of particles and led to the increase in Tg in samples with higher

filler loadings.

The cross-linking density of samples should mainly affect the results of TGA,
whereas the mobility of chain segments played the main role in influencing

the glass transition temperature of polymer composites.

As the dielectric/electrical properties of polymer nanocomposites are highly

influenced by their chemical structures, the work in this chapter is to relate the

preparation method to the structures of resultant samples and help understand the

mechanism behind the phenomena observed in the following chapters.
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Chapter 6 AC & DC Breakdown Strength of

Epoxy Nanocomposites

6.1 Breakdown Theories and Weibull Distribution

6.1.1 Breakdown Theories

The definition of an electrical breakdown is that insulators lose their insulation
performance under an applied electric field, and it can happen in solids, liquids,
gases, even in vacuum condition. This insulation breakdown usually applies to high
voltage applications and the breakdown voltage is the maximum voltage that can
be applied to an insulating material before it fails. It is important to note that the
breakdown voltage is not a fixed value, which is mainly because the breakdown is
statistical and the value will vary within the different individual samples, which
usually refers to the average value of a large group of tests. Regarding the
mechanisms of electrical breakdown, there is the electron impact ionization
mechanism, the thermal breakdown mechanism, the avalanche breakdown
mechanism, the mechanical mechanism and the space charge breakdown
mechanism. However, so far, it is still not clear which mechanism is correct and

whether these mechanisms can be applied to different conditions.

In this project, both electrical and chemical properties of polymers need to be
considered to understand and explain the breakdown behaviours of polymer
dielectric materials. However, there are still many uncertain things, even in the
simplest polymer system. Thus a comprehensive understanding should be made in
order to develop a material of epoxy resin nanocomposites with good dielectric
properties. Although the polymer nanocomposites seem to have better dielectric
properties compared to pure composite materials, there is still much work required
before it is widely used in application. The most popular explanations of the

mechanism will be introduced in the following section.

Impact ionization is a process where a charge carrier loses its energy through the
method of creating new charge carriers. Hippel put forward the ionization model
for this mechanism [128, 129]. According to Von Hippel, in a dielectric polymer,
positive ions in the materials are not affected by the external field, but the electron
can pass through the matrix if the electric field is high enough. Under a high electric

field, electrons will move towards the anode and leave the positive ions behind.

101



Chapter 6 AC and DC Breakdown Strength

The distribution of the electric field will be influenced by positively charged ions
that may also lead to the ionization process. The repetition of the ionization
process will weaken the heat insulation properties of materials and ultimately lead
to the electrical failure of materials. This failure mechanism is called the electron
impact ionization mechanism. As this theory only provides the theoretical
hypothesis that the applied electric field was high enough to ensure electronic
travel and had a sufficient possibility to traverse the maximum value of the

excitation function, it is a relatively simple theory [130].

The electrons can knock other electrons out from molecules if they have enough
energy. When the applied field is sufficiently high, the repetition of impact
ionization will make material lose their insulation properties. This mechanism is
called an avalanche breakdown. Avalanche breakdown usually involves long-term
partial discharge (PD) that leads to the formation of a conductive channel in
insulating materials. Once the channel is formed, then breakdown occurs [131].
Moreover, Sharbaugh developed a model that combines both avalanche and bubble
theory [132]. He believed that these two theories could be put together to create a
new theory to describe both theories and phenomenon in order to give accurate

predictions of a breakdown in insulating materials before application.

Owing to their inherent properties, the insulation properties of lots of dielectric
materials change with the temperature. When the dielectric material is applied to
the electric field, the temperature will continue to increase if heat is generated due
to the conductivity and eventually this will lead to the loss of insulation material.
This process is called thermal breakdown. The thermal breakdown strength is much
lower when compared with the electrical breakdown. Nagao investigated the
influences of thermal conditions on the breakdown strength of polyethylene (PE)
samples [133]. In his study, PE was prepared as film samples. Once samples of PE
breakdown at room temperature, the presence of local joule heat could be observed
and there would be high-temperature points in the films. Then, with the
continuation of time, conduction current at those points could be observed and
thus led to a dielectric breakdown. These phenomena suggest that a thermal
breakdown process has taken place, which refutes the idea that the dielectric
breakdown is a pure electronic process at room temperature [134]. Moreover,
owing to the observation of local Joule heating, some defects should appear at the
high-temperature point in the film sample resulting from cracks, cavities or
impurities. Nagao assumed that the dielectric molecules would leave the region of

the electrode due to the heating effects. Thus, the dielectric breakdown will make
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the sample thinner at those points. The charging current can be described by

Equation 6.1 as shown below:
H
I=1, exp( KT) 6.1)

where I, I,, k, and T are the charging current, a constant, the activation energy,

the Boltzmann constant, and the absolute temperature respectively.

Moreover, the understanding of the effective magnitude of the thermal process on
dielectric breakdown is still unclear. Hikita found that the breakdown strength of
PVDF decreased when the temperature was higher than 50 °C [135]. The rate of
decrease is mainly determined by the applied electric field rate rather than sample
thickness. Therefore, the ionic conduction controlled the breakdown. However, the
thermal effect on the breakdown is still ambiguous. One primary problem is that
there is no supporting evidence on the relationship between the increase in
temperature and current. So far, most researches tend to agree that the overheating

will lead to a current increase [136].

The theories above are a summary that can provide a basic understanding of the
mechanisms of the dielectric breakdown to give explanations on experimental

results.

6.1.2 Weibull Distribution

During the test, a voltage with a certain ramping rate is applied to the sample with
breakdown voltages being recorded, and the breakdown strength can be then
calculated. Then, the Weibull 7++ software package (supplied by Reliasoft®) was
used to analyse the results of the BD data. The Weibull distribution was firstly
introduced by Weibullin 1951 and has developed into a viral continuous probability
distribution that is widely used in describing the reliability and life tests. Owing to
its flexibility, it is the most commonly used probability distribution in breakdown
studies and also recommended by the Institute of Electrical and Electronics
Engineers (IEEE) as the standard probability distribution.

The Weibull distribution allows either one, two or three parameters to describe the
breakdown distribution [135, 137]. The studies by C. Green showed that using one-
parameter Weibull could not meet the requirement of the accuracy of experiments.
Moreover, improvements by using three parameters did not make a big difference

compared with two-parameters [138] and most researchers were more likely to the
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select two-parameter Weibull to analyse their data. Therefore, the two-parameter
Weibull was introduced in this project. Equation 6.2, the two-parameter Weibull is

shown below:
E1°
P, (z) =1—exp[—g] (6.2)

where P;, i, and 8 represent the cumulative failure probability, the scale, and
shape parameters, respectively. The scale parameter 7 is the electric field strength

for which the probability for failure is 63.2% and is widely and commonly used.
Moreover, the shape parameter § is analogous to the inverse of the standard
deviation. The results are shown in the form of a probability plot, whose x-axis
shows the AC breakdown strength while the y-axis is the probability of failure for

tested samples at certain AC field strength.

Moreover, by using the upper and lower confidence bounds, the results can be

described much more accurately as shown in Figure 6-1 [139].
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Figure 6-1 Example of Weibull distribution of AC breakdown strength with

confidence bound [4].
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6.2 AC Breakdown Experiments

6.2.1 Results by Weibull 7++

The Weibull distribution plots for epoxy nanocomposites filled with untreated
nano-SiO,, C8-treated nano-SiO, and nano-hBN are shown in Figures 6-2, 6-3 and
6-4 respectively. Moreover, the results of pure epoxy resins are also shown as a
control group in each plot. The maximum likelihood estimation (MLE) is used as
the parameter estimator for the breakdown data, and the parameters of the Weibull

distribution of nano-SiO, and hBN-based samples are also shown in Table 6-1.

AC Breakdown Test for untreated silica based Epoxy Nanocomposites

93.000

0.5 wi%h\Data 1
Weibul-2p

MLE SRM MED LRE
F=25/5=0

® Dais Points
—— Probsbility Line

£
g

1 wite\Data 1

Weibul-2p

MLE SRM MED LRE

F=15/5=0

= Dats Points
Probahilty Line

5

3 wite\Data 1
Weibul-2p

MLE SRM MED LRE
F=25/5=0

& Data Points
—— Probability Line

10.000

5 wi%h\Data 1
Weibul-2p

MLE SRM MED LRE
F=125/5=0

% Data Points
—— Probability Line

Weibull Cumulative Failure Probability of DC Break down (%)

Pure E \Datz 1

Woeibul ?-ZP

MLE SRM MED LRE

F=25/5=0

@ Data Points
Probahility Line

1.000
100.000 300.000

AC Breakdown Strength (EV/mm)

U AT OEE I p=13. 9851, 11853547
1wi%\Data 1 B=13.2636, n=184.0053
3wA%\Data 1t [-11.5268, n-183.5003
5 wi%h\Datz 13 [=15.2732, n-171.1544
Pure Epoxy\Data 13 B=12.5041, n=222 6513

Figure 6-2 Weibull plot of EPS samples in different filler loading concentrations on

AC breakdown strength.
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AC Breakdown Test for C8 treated siica based Epoxy Nanocomposites
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Figure 6-3 Weibull plot of EPST samples in different filler loading concentrations
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Figure 6-4 Weibull plot of EPB samples in different filler loading concentrations on
AC breakdown strength.
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According to the testing results, the AC breakdown strength of EPO is
222.7 kV-mm?. For EPS samples, a decrease in breakdown strengths with the
growth of the loading concentration is observed, and EPS show an obvious
reduction in breakdown strength when compared to EPO. As shown in Figure 6-2,

EPSO5 shows a significantly lower breakdown strength () and slightly lower scatter
(B). The BD further decreases with the increase in filler loading concentration. The

reduction in the breakdown strength of EPS samples is at least 37.7 kV-mm™, and
EPS5 shows the worst characteristics that BD strength is 51.5 kV/mm lower than
EPO at 171.2 kV-mm?, which is much lower than samples with other filler loading
concentrations. Compared to EPS, EPST shows lower AC breakdown strength in
samples with low filler loading concentrations but the enhanced value in ones with

higher filler loadings.

Table 6-1 Weibull parameters of epoxy and its nanocomposites, AC BD tests

Scale
Sample code Parameter Shape Parameter
(n) (KV-mm") @
EPO 222.7 £ 6.1 12.9
EPSO5 185.4 +4.9 13.5
EPS1 184.0 £5.0 13.2
EPS3 183.9 5.5 11.9
EPS5 171.2 £4.0 15.3
EPSTO5S 165.9 + 5.8 10.2
EPST1 170.6 £ 2.5 24.1
EPST3 166.9 + 3.4 17.4
EPSTS 182.0 £ 4.1 15.9
EPBO5S 177.6 + 3.8 16.8
EPB1 165.1 + 3.2 18.6
EPB3 158.2 £ 2.7 20.6
EPB5 150.0+1.9 27.5
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As shown in Figure 6-4, EPB samples exhibit a reduction in breakdown strength.
The lowest reduction in the breakdown strength of EPB is at 45.1 kV-mmin EPBOS5,
and EPB5 samples show the worst properties with 72.7 kV-mm™ lower than EPO, at
150.0 kV mm™.

Moreover, as shown in Figures 6-5, 6-6 and 6-7, the shape parameters of EPO and
EPS samples are at a low level. EPST samples show a reduction with the growth of
filler loading concentration, whereas the EPSTO5 shows the lowest value. In
addition, EPB samples exhibit an increase with filler loadings. Thus, it seems the
filler type and surface treatment have a significant influence on the shape

parameter of AC breakdown results.
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Figure 6-5 Shape parameter B of EPS in different filler load concentrations.
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Figure 6-6 Shape parameter B of EPST in different filler load concentrations.
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Figure 6-7 Shape parameter B of EPB in different filler load concentrations.
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The shape parameter reflects the consistency degree of AC breakdown strength.

Some studies also state that variations of § reflected cavities and impurities, and

in samples, the large agglomeration of particles could act as impurities [38].
Therefore, based on the higher values in EPST samples than EPS samples, the
surface treatment can help the nano-SiO, particles to achieve better dispersion and
distribution in samples, which has already been observed in SEM results. However,
with an increase in filler loading concentrations, the dispersion in EPST samples
becomes worse. Moreover, the presence of nano-BN fillers enhances the
consistency of the resulting AC breakdown strengths, which are worse, of epoxy
composites and the effect grows with the filler loading concentration. As most of
the AC BDs of hBN-based samples are at low values, the increasing shape parameter
indicates the detrimental effect of hBN particles on morphology and the AC BD of

composites becomes more and more obvious.

Above all, the presence of nanofillers shows no obvious improvement in epoxy
composites’ AC breakdown strength. Similar results were also observed by
Imai et al. [46] and Singha et al. [34]. This should be because of the role of
nanoparticles as impurities and the agglomeration that deteriorated the conditions.
The addition of treated SiO, and hBN nanoparticles into epoxy resin relatively

improve the shape parameter (3), which was shown in several other studies,

including ones from Singha et al. and Hu et al. [140].

6.2.2 Effect of Filler Loading Concentration and Filler Type on AC
Breakdown Strength

6.2.2.1 Effect of Filler Loading Concentration on AC Breakdown Strength

In order to understand how filler loading concentration influences the AC
breakdown of EPS, EPST and EPB samples, Figures 6-8 to 6-10 are given below.
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The results of the AC breakdown in EPS and EPB samples show similar trends. There
are two possible reasons why AC breakdown strength in epoxy nanocomposites

reduces with the growth of filler loading concentrations.

First, spherical nanoparticles can sometimes play a role as recombination centres
[105], and with the growth of filler loadings, inter-particle/aggregate distances, or
in other words, these ‘recombination centres’, will decrease, as shown in the SEM
analysis result. Thus, the transport of positive charges along the long chains and
electrons transported via inter-chain spaces [105] become easier from one centre
to another. In early studies, it also showed that mobile charge carriers could travel
easier through the loosely bound region. Therefore, once applying the electric field,
charge carriers are more likely to travel in the bulk of polymer nanocomposites
[141]. All these phenomena will result in lowering the percolation threshold of
nanocomposites [142] and lead to the final reduction in BD strength when
compared to pure samples. However, according to a study by Zhou et al. [143], AC
breakdown happens, most of the time, at layers near the surfaces of film samples
rather than going through the whole bulk. Thus, the observed reduction in inter-
particle/aggregate distances with filler loadings, based on a study of the whole

material, cannot be directly related to the AC BD behaviour of SiO, particles based
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epoxy nanocomposites but the local dispersion and distribution in the BD regions
instead. This should be the reason why there is no significant difference in AC BD

strength with the growth of filler loadings.

Second, once the applied electric field and the bulk of samples are injected with
charges, due to electrostatic Coulomb forces and Van der Waals forces,
nanoparticles will attract ions with opposite charges around them and form EDL in
the range of the Debye shielding distance, as discussed in section 2.4.2. The
presence of EDL will lead to a strong inner field in the tightly bound region.
Furthermore, the agglomeration of nanoparticles could further enhance the
reduction in breakdown strength. As the aggregates of nano-SiO, and nano-hBN
would act as impurities in the samples, the enhancement of a field can be observed
around the particles, which has also been observed in studies by T. Andritsch and
illustrated in Figure 6-11 [3, 41, 144, 145]. In addition, the presence of voids and
defects, caused by the process of sample preparation, will further lead to field
enhancements. Such field enhancements thus result in an overall reduction in the

breakdown strength compared to pure resins.
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Figure 6-11 lllustration of the enhancements of the electric field caused by
agglomerations of nanoparticles, compared with the situation without

agglomerations [3].

In addition, in EPST samples, there is a small increase with the growth of filler
loadings, which could be due to the presence of additional traps resulting from the
functionalised surface at interphase [17, 146], and the density of traps at the

interphase would increase with loadings and then impairs the mobility of charge
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carriers. According to the results, agglomerations should have no significant effect
on the AC breakdown strength of nanocomposites, which was also reported in
[147]. Thus, it could be further concluded that reduction with the growth of filler
loadings and the main differences between pure and nanocomposites are mainly

due to the increase in the mobility of charge carriers.
6.2.2.2 Effect of Filler Type on AC Breakdown Strength

According to the BD strength in different filler loading concentrations in
Figures 6-8 to 6-10, it can be observed that all BD strengths of the SiO, epoxy
nanocomposites are higher than those of nano-hBN samples in each loading
concentration. The differences between the two types of nanofillers is, first, caused
by the different shape of particles. According to the modelling by Lau et al. and
Sharip et al. [148, 149], the spherical particles have about 3 to 4 orders of lower
electrical intensity around than that of plate-like particles. Thus, the higher value
will deteriorate the breakdown strength. And based on the data shown in
Table 6-2, it is hard to say if there is any relationship between permittivity of the
two types of nanofillers and AC breakdown strength of resultant epoxy

nanocomposites.

Table 6-2 Particle information

Type Size (nm) Structure Shape g References

Sio, 10-20 (BET) Crystalline Spherical 3.8-7.0 [77, 150, 151]
900 (APS)

hBN 200-500 Hexagonal b telets 4.0-45  [78,152,153]

crystalline
(Crystal Size) Y I

The main reason why EPST samples show worse AC BD than EPS samples would be
caused by the residues of solvents introduced via surface treatment which could
provide more charge carriers and was also reported in [10]. Moreover, as the
surface treatment applied to nano-SiO, was not suitable for epoxy and could only
get rid of the hydroxyl groups on the surface of particles, it was not able to form a
tight bond in the interphase and did not modify the interphase behaviour. However,
the higher BD strength in 5 wt% loading concentration is due to the better
dispersion of particles and acts as the dominant mechanism instead of as described
in the SEM results in section 4.3, to which the surface treatment contributed. This
means the surface treatment can help SiO, particles disperse better and improve

the AC breakdown strength in samples of high filler loading concentrations.
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6.3 DC Breakdown Experiments

The data was analysed by Weibull 7++ software. In this project, the measurements
of the DC breakdown strength of an epoxy and its nanocomposites shared the same

purposes of AC breakdown tests, besides the effects of moisture.

6.3.1 Results by Weibull 7++

The Weibull distribution plots for epoxy nanocomposites filled with untreated
nano-SiO,, C8-treated nano-SiO, and nano-hBN are shown in Figures 6-12, 6-13 and
6-14 respectively. The results of pure epoxy resins are also shown as a control
group in each plot. The maximum likelihood estimation (MLE) was used as the
parameter estimator for the breakdown data, and the parameters of the Weibull

distribution of nano-SiO, and hBN are also shown in Table 6-3.
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Figure 6-12 Weibull plot of EPS samples in different loading concentrations on DC

breakdown strength, dry.
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DC Breakdown Test for C8 treated silica based Epoxy Nanocomposites
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Figure 6-13 Weibull plot of EPST samples in different loading concentrations on

DC breakdown strength, dry.
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Figure 6-14 Weibull plot of EPB samples in different loading concentrations on DC

breakdown strength, dry.
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Table 6-3 Weibull parameters of epoxy and its nanocomposites, DC BD tests, dry

Scale Shape Parameter
Sample code Parameter B)
(n) (kV-mm)

EPO 502.1 +£17.3 10.4
EPSO5 402.7 £ 14.9 14.0
EPS1 436.2 £ 14.8 20.5
EPS3 410.7 £ 6.7 21.0
EPS5 366.2 + 3.7 26.2

EPSTO5 4243 £10.3 10.2
EPST1 4414+ 7.6 10.6
EPST3 373.3+7.0 20.0
EPST5S 332.2+5.0 32.4
EPBO5S 364.8 £ 7.4 17.6

EPB1 403.3 £ 8.6 16.9
EPB3 4109+ 12.2 12.0
EPB5 423.3 £ 8.9 16.9

As shown in Table 6-3, the DC breakdown strength of EPO is 502.1 kV-mm. For
epoxy nanocomposites, an overall reduction of DC breakdown strengths is
observed, which was also reported in [17, 146, 154]. The DC breakdown strength
of both SiO, samples decreases with the growth of filler loadings, whereas BN
samples show a slight enhancement. The overall deterioration effect on DC BD of
the presence of nanofillers is due to the role of impurities/defects [147]. Moreover,
the presence will also lead to the accumulation of space charges and consequently
lower the DC breakdown strength [155].

Moreover, as shown in Figures 6-15, 6-16 and 6-17, the shape parameters of EPO
and EPB samples are at a low level. EPS and EPST samples exhibit an increase in
filler loading concentrations. It seems the filler type has a significant influence on

the shape parameter of DC breakdown results.
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Figure 6-15 Shape Parameter B of EPS in different filler load concentrations, dry.
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Figure 6-16 Shape parameter B of EPST in different filler load concentrations, dry.
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Figure 6-17 Shape parameter B of EPB in different filler load concentrations, dry.

6.3.2 Effect of Filler Loading Concentration and Filler Type on DC
Breakdown Strength

6.3.2.1 Effect of Filler Loading Concentration on DC Breakdown Strength

In order to understand how filler loading concentration influences the DC
breakdown of EPS, EPST and EPB samples, Figures 6-18 to 6-20 are plotted as below.
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Figure 6-18 Scale parameter n (kV-mm™) of EPS in different filler load
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Figure 6-19 Scale parameter n (kV-mm™) of EPST in different filler load

concentrations, dry.
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Figure 6-20 Scale parameter n (kV-mm™) of EPB in different filler load

concentrations, dry.

The results of DC breakdown in EPS and EPST samples show very similar trends,
whereas the results from the EPB samples were quite different. The higher DC BD
of EPS1 and EPST1 than EPSO5 and EPSTOS5, respectively, could be mainly caused by
the presence of more nano-SiO, particles introducing more traps, especially traps
near the surface acting as a barrier and thus hindering the injection of charges,
consequently increasing breakdown strength. However, in higher loadings, the
enhancement of electrical intensity caused by aggregates and agglomerations
leads to a deterioration performance of BD strength. Due to the presence of
particles/aggregates, charge accumulation would happen around them. Second,
the growth of loadings will lead to a decrease of inter-particle/aggregate that can
be proved by SEM results in section 4.3; the percolation of charge carriers in the
whole bulk become easier with increasing loadings. In other words, the mobility of

charge has been increased [147].

However, there is an increase in the breakdown strength in the hBN-based samples.
As discussed in section 4.2 regarding morphology of EPB, which was also
considered as an influence of microstructures by Tanaka et al. [156], the presence
of hBN particles could create very complex microstructures in epoxy resins and

would result in many deeper or shallow traps near the surface and inner the bulk
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of nanocomposites. Thus, this could reduce the injection of charges due to the
formation of trapped charges near the surface and then act as a barrier, which
becomes more obvious in higher filler loading concentrations. These analyses are

supported by further investigations in later chapters.
6.3.2.2 Effect of Filler Type on DC Breakdown Strength

Based on a comparison of BD strength in different filler loading concentrations
shown in Figures 6-18 to 6-20, the lower BD strength of EPST and EPB samples in
0.5 wt% and 1 wt% than EPS samples should mainly result from the solvent residues
of surface treatment and particle shape respectively as discussed in the
section 6.2.2.2. However, with the growth of loadings, the better the dispersion
and distribution of EPST samples, compared to EPS, the better performance in DC
breakdown strength. In all, it could be concluded that the dispersion and
distribution of particles is the main factor that influences the DC breakdown
strength in epoxy nanocomposites. Moreover, as it is hard to identify the dispersion
of hBN particles, the better performance of EPB samples than silica-based ones is

more likely because of the microstructures mentioned before.

6.3.3 Effect of Moisture on DC Breakdown Strength

As there are few investigations of the effect of moisture on the DC breakdown
strength of an epoxy and its nanocomposites, this will be discussed in this section.
All the samples were treated in different moisture conditions, as outlined in
section 3.4.1 and tested with the same technique in the section 6.3.2 for dry
samples. The Weibull plots are shown in Appendix C and their scale and shape

parameters are summarised in Table 6-4.
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Table 6-4 Weibull parameters of epoxy and its nanocomposites, DC BD, 60RH and

saturated
60RH Saturated
Sample code Scale Shape Scale Shape
Parameter Parameter Parameter Parameter
(n) (kV-mm) (B) (n) (kV-mm) (B)
EPO 345.7 + 9.6 13.1 287.7+11.7 8.7
EPSO5 326.0+11.0 10.8 288.1 + 8.9 11.1
EPS1 3173+ 12.4 9.1 247.1 £ 9.1 9.4
EPS3 282.4 + 8.3 12.1 218.2 +4.3 17.9
EPS5 271.6 + 4.6 20.8 193.5+5.6 12.2
EPSTO5 320.0 £ 6.7 18.8 256.3 + 8.2 10.9
EPST1 275.2 + 6.6 14.8 195.1 £6.5 11.0
EPST3 269.5+7.7 12.4 189.5+5.6 12.0
EPST5 262.9 + 4.5 20.8 183.1 £ 6.1 10.2
EPBO5S 332.0 £ 13.1 9.0 302.1 £ 16.6 9.6
EPB1 300.4 £ 19.1 5.6 273.2+11.4 8.4
EPB3 322.2+9.3 12.4 281.0+ 14.6 6.6
EPB5 296.7 £ 14.9 6.7 291.4 + 8.9 11.9

In order to give a more direct view of the moisture effect, these two parameters in
60RH and saturated conditions are plotted in Figures 6-21 to 6-25 as well. As shown
in Figures 6-21 and 6-23, both SiO, samples show the decrease of BD strength with
increasing filler loadings. First, the overall reduction of breakdown strength
including pure samples is mainly caused by the presence of water in the matrix,
which enhances the mobility of charges in bulk. Second, as the water shells form
around spherical particles [48], if it is assumed, under a certain RH condition, the
average thickness is the same in EPS or EPST according to research by Hosier et al.
[19] and water uptakes in the matrix of all kind of samples reach a same quasi-
equilibrium state, more water uptake will indicate the number/percentage of
particles/aggregate surrounded by water shell will become larger with the growth
of filler loadings as discussed in section 3.4. That is to say the average inter-
particle/aggregate distances will decrease and be more obvious in samples of the

higher filler loadings. Thus, the percolation of the bulk should become easier [15],
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as lower distance will help charges hop/ tunnel from one to another if they are
regarded as recombination centres, and will finally be reflected in the DC
breakdown strength. This analysis can be further proved by the values in
Table 6-5. Compared under same RH condtions, the reduction percentages of BD
strength are highly related to the variation of filler loadings. The less influenced
value of EPST could be because of its better disperison and distribution of particles
than that of EPS. Moreover, in EPB samples, which microstructures were discussed
in section 6.2.2.1 would impair the injection of charges and thus lead to an increase
in breakdown strength with the growth of filler loadings with moisture inside.
Another reason could be the non-formation of the water shell around hBN particles.
However, there is a reduction in EPB5 samples; it is assumed to be caused by the
poor morphology in bulk due to filler loadings of 5 wt%, which can be proved by

its much lower shape parameter in Figure 6-22.

Table 6-5 Reduction percentage of DC breakdown strength

Dry 60RH Saturated Dry 60RH Saturated
From 0.5 wt% to 3 wt% From 0.5 wt% to 5 wt%
EPS 12.02% 13.38% 24.25% 21.71% 16.69% 32.82%
EPST -1.99% 15.76% 26.07% 9.06% 15.12% 28.56%
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Figure 6-21 Scale parameter n (kV-mm) of EPO, EPS, EPST and EPB in different

filler load concentrations, 60RH.
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Figure 6-22 Shape parameter B of EPO, EPS, EPST and EPB in different filler load
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Figure 6-23 Scale parameter n (kV-mm™) of EPO, EPS, EPST and EPB in different

filler load

concentrations, saturated.
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Figure 6-24 Shape parameter B of EPO, EPS, EPST and EPB in different filler load

concentrations, Saturated.

Moreover, according to Table 6-5 and Figure 6-25, there are significant increases
in reduction percentages once RH varies from 60RH to the saturated condition. If
the assumption of EPS/EPST sharing the same thickness of water shell in different
loadings under a certain RH condition is correct, the thickness of the water shell
may be different and become larger with the growth of humidity, which will be

proved in the next chapter.
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Figure 6-25 Scale parameter n (kV-mm™) of EPO, EPS, EPST and EPB in different

relative humidity conditions, 3 wt%.
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Chapter Summary

Dielectric breakdowns (AC and DC) of epoxy and its nanocomposites were

investigated and analysed by two-parameter Weibull distribution. According to the

work in this chapter, the following conclusions can be made:

1.

In AC breakdown tests, agglomerations of particles/aggregates, observed in
Chapter 4, have little influence on the reduction of AC breakdown strength.
The presence of particles led to the enhancement of the mobility of charge
carriers and thus a reduction of breakdown strength, which became more
obvious with the growth of filler loadings. Moreover, the shape of particles
also had a significant impact on the AC breakdown strength and that was why
the plate-like BN particle based nanocomposites showed the lowest

breakdown strength value.

In DC breakdown tests, the accumulation of charges around aggregates and
resulting enhancement of electrical intensity is the main reason why the BD
strength became worse. The growth of filler loadings led to a decrease of
inter-particle/aggregate distances. Thus the percolation of charge carriers in
the whole bulk could become easier and resulted in the reduction of DC BD
strength, of which the dispersion and distribution of particles/aggregates in
Chapter 4 supply qualitative support. Last, the presence of moistures resulted
in an overall reduction of DC breakdown strength, which deteriorated with the

growth of RH conditions.
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Chapter 7 Dielectric Spectroscopy of Epoxy

Nanocomposites

7.1 Dielectric Spectroscopy Technique

7.1.1 Dielectric Spectroscopy

Dielectric spectroscopy is a commonly used method for evaluating the effect of
using dielectric materials in a circuit, an electronic circuit or a high-voltage
transmission system, and to help investigate the dipolar process [90]. The
processes include very low-frequency processes, dipolar or orientation relaxation
processes, and electronic and atomic polarisation. The very low-frequency
processes can provide information about charge transport processes while

relaxation processes are associated with dipole reorientation.

The first study on dielectric materials was presented by Debye in the 1910s. Debye
introduced a theory based on the dielectric losses that are related to the relaxation
of dielectric polarisation. However, later studies show that the model is not able to
explain the case of solid materials [157]. Instead, Dissado-Hill theory has been
developed to analyse the dielectric response so as to investigate the interaction
between the material and the applied electric field. In many studies, the
measurement results are shown in response to time-dependent signals, because
this approach is better able to facilitate understanding of the results, particularly
where non-linear processing is involved [158]. However, there is also another
method, which is based on the response to harmonic excitation [159]. Such
research can provide theoretical and practical advantages. Considering frequency-
dependent response, the mathematical expression of a given function of time-
based on the Fourier transformation can be written as a Fourier transform, as

shown in Equation 7.1 [157]:

1

FIGt)] =¢p(w) 2%2/OOG(t)eXp(i - wt)dt (7.1)

—00

where ¢(w) is the frequency spectrum of the time-dependent function G(t). The i

inclusion of in the equation means that both real and imaginary parts are taken
into account. In this case, both the magnitude and phase behaviour of the material

sample have been considered.
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7.1.2 Dielectric Response

7.1.2.1 Dielectric Polarisation

When an electric field is applied to a dielectric material, instead of flowing through
the dielectric material, the charges will tend to move a little bit. This is called
dielectric polarisation. All the investigations of dielectric properties are based on
the dielectric polarisation inside the material. Owing to such polarisation, the
positive and negative charges move along the electric field in the opposite direction.
This movement will produce an internal electric field with a direction opposite to

the external electric field.

Different polarisation mechanisms have been used to study the reactions of
materials to the applied electric field. The main types are electronic polarisation,
ionic polarisation, orientation polarisation and interfacial polarisation as shown in
Figure 7-1. Those dielectric mechanisms can be classified into either relaxation or

resonance processes.

orientational polarization ionic olarlzation electronic
P P polarization
‘T C*' -/ PR
A , t ) Where £ varies rapidly (O
N 2 we can observe a peak
€ Strong increase in the £ curve
in £” due to DC =1 means no
conductivity polarization at all
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Figure 7-1 The polarisation spectrum with orientation, ionic and electronic

polarisation mechanisms [3].

Orientation polarisation is the primary mechanism in the low-frequency range. In
general, orientation polarisation is a slow process in solid dielectric material, as a
dipole motion will be restricted by potential barriers from the inner structures of
the dielectric material. Some changes can be observed as well, for example,
because of the adding fillers; moreover, it is influenced by the frequency and its
effect will be reduced at higher frequencies. The orientation polarisation under the

application of an electric field is shown in Figure 7-2.
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Figure 7-2 lllustration of orientation polarisation: (a) without electric field; (b)

after applying electric field.

As the name suggests, ionic polarisation happens in ionic materials. Assume there
is @ molecule consisting of two atoms, Red and Blue, as shown in Figure 7-3. The
red atom is ready to give some of its valence electrons to the blue one in order to
make the outermost shells of both atoms more fully completed. This tendency is,
in fact, the force that produces the so-called ionic bond. In this case, the red atom
is more electropositive and the blue one more electronegative in term of ions. In

the absence of an electric field E, the distance between the ions is d,. When an

electric field is applied to such a molecule, their positive and negative ions displace
further in the opposite direction and the interionic separation increases until the
bonding force stops the process.
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-4

®°-@® ¢

L . d do

Figure 7-3 lllustration of the ionic polarisation.

The electronic polarisation is based on a resonance mechanism. The length of time

it takes for these two processes to occur is very short and about 10'°~10"2 s,

As mentioned above, the total polarisation of the material will be the sum of
electronic polarisation, ionic polarisation and orientation polarisation. The total

polarisation P can be written as Equation 7.2:
P=N-aFE; (7.2)

where N is the number of dipoles per volume, « is the charge polarizability, and
E; is the inner electric field which is caused by injected charges and other dipoles,

resulting from the total electric field.
7.1.2.2 Interfacial and Maxwell-Wagner-Sillars (MWS) Polarization

There are two aspects of the induced polarisation that may help to facilitate people
understanding of and explain the experimental results: the first one is electrode
polarisation, which is due to the accumulation of ions at the interface between
polymer and electrodes, while the second is the polarisation caused by the
accumulation of charge in the interphase or at the interface between components
that share different characteristics. This polarisation is termed ‘interfacial’ or
‘space charge’ polarisation, and arises due to the local accumulation of charges
and their drifting through the material. Thus, interfacial polarisation is different
from the three forms of polarisation discussed in the previous section that are due

to the displacement of bound charges.

Maxwell [160] was the first to develop a theory to explain the properties of

materials containing filler particles with a volume fraction ¢; and a frequency-

independent dielectric constant ¢;, which is dispersed into a matrix medium with
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a dielectric constant ¢, (c.f. Figure 7-4). This approach was later generalised by

Wagner [161], who considered the effects of conducting phases. Finally, Sillars
[162] extended the theory to filler particles of a more general, ellipsoidal shape.
The resulting theory, which is known as the Maxwell-Wagner-Sillars (MWS) theory,
predicts the polarisation process resulting from the difference in the conductivity
and dielectric constant of the components. Therefore, interfacial polarisation is

commonly called MWS polarisation.

*
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Figure 7-4 Heterogeneous material contains the matrix and fillers, which both

have complex permittivity.

— o — experimental data
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Figure 7-5 Curve fitting of the experimental " to the sum of the a relaxation,

MWS relaxation, and the DC conductivity [163].
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7.1.2.3 Alternating Electric Field-Dependent Dielectric Response

When an external electric field is applied to the dielectric material, the bound
charge will be separated slightly under the applied field. The dielectric

displacement D under a small electric field can be written as Equation 7.3:
D:6*60'E (7.3)

where ¢, is the permittivity of vacuum and ¢" is the complex relative permittivity

[164]. Moreover, a periodic electric field can be defined via Equation 7.4:

E(t) =E, -exp(-i-wt) (7.4)

where E,, is the amplitude of the applied field and w is the angular frequency.
Owing to relaxation polarisation, there is a phase difference § between the electric
displacement D and the applied electric field E: the electric displacement D can

be described using Equation 7.5:
D=D,, e« 9 (7.5)

where D,, is the amplitude of displacement. Hence its complex relative

permittivity:

e =D/(eyE) =D,,/(eoE,) -e®=¢ - (cosé —isiné)

=gl — e

(7.6)

where ¢’ is the real part of complex relative permittivity, which is the lossless
permittivity and " the imaginary part of the complex relative permittivity due to
bound charge and dipole relaxation phenomena, which results in energy loss. The

dielectric displacement, which is due to the response of dielectric materials under

the external applied electric field only, is known as the polarisation.

Dielectric spectroscopy is used to measure the response of materials under an
externally applied field with varying frequency. When an external AC field is applied
to the material, polarisations due to different mechanisms occur in the material.
The direction of polarisation changes as the applied field changes. There is a delay
between the change of the field and the change of polarization direction. This

phase-lag is known as the phase angle ¢ . The dielectric loss tangent, which can be

defined as the ratio of energy loss, can be written as Equation 7.7:
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tand ~ " /e (7.7)

Figure 7-6 shows that a real capacitor can be treated as a lossless capacitor in series
with an equivalent series resistance (ESR). The dielectric loss angle can be defined

as the angle between the impedance of the capacitor and the negative reactance.

C'.({ic: al E SR

—n—

Impedance plane

- j3X.

Figure 7-6 lllustration of loss tangent.
7.2 Dielectric Spectroscopy Measurement Results

7.2.1 Dielectric Response of Pure Epoxy Resin and Temperature Effect

Both of the relative real and imaginary permittivity values of pure samples (EPO) are
shown in Figures 7-7 to 7-9. It can be observed from Figure 7-7 that the real relative
permittivity has higher values at a low-frequency range for three different
temperatures. There is a continuous drop in relative permittivity as the frequency
increases to 0.1 MHz. The results show that the pure epoxy resin is frequency

dependent at the measured frequency range (0.01 Hz - 0.1 MHz).
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Figure 7-7 Relative permittivity (real) of pure epoxy resins, 293K-333K.
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Figure 7-8 Relative permittivity (imaginary) of pure epoxy resins, 293K-333K.
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Figure 7-9 tané of pure epoxy resins, 293K-333K.

The tané is used to describe the dielectric materials’ ability to dissipate energy.

The permittivity of dielectric materials under time-varying fields has both real and
imaginary components, and it can be written as Equation 7.7 in section 7.1.2.2.

The real part of permittivity &' is the lossless permittivity that is given by the
product of relative permittivity €, and permittivity in free space ¢,. The imaginary
part of permittivity €”, on the other hand, represents the energy loss. When an
alternating electric field is applied to the sample, the value of tané can also be

defined as follows:

e =e+ (e,—e)/[1+ (wr)?] (7.8)

e" =7/ (weo) + (6, ) - wr/[1+ (wr)?] (7.9)

-B/T

where w is the phase, v= Ae refers to the relationship between conductivity

and temperature, 7 is the relaxation time, ¢, is the static permittivity of samples,
€s IS the permittivity of electronic polarisation, and ¢, is the permittivity of

vacuum.
Moreover,

g=¢o Wt (6,—¢€.)/[1+ (w7)?] (7.10)
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where ¢ is the conductivity of the sample. Thus, it can be seen from the above
equation that under the alternating electric field, the tané of polymer materials
depends on not only the frequency and temperature, but also the conductivity and
the relaxation time of large molecular chains. The dielectric loss of polymer
materials could be due to both conductivity losses when the charge carriers travel
across the materials under the applied field and the orientation polarisation of large
molecular chains under the applied field. The resistivity of the epoxy resin is
approximately 10*~10'* {2 - m: thus, the conductive epoxy loss is small. Moreover,
the epoxy resin tends to form a large three-dimensional cross-linked network
during the curing process, and leading to a large number of large molecules. The
orientation polarisation is mainly caused by the direction of polar groups and this
three-dimensional network structure limits the orientation polarization. Therefore,

relaxation loss will be mainly caused by such a polar group in epoxy resin [4].

Considering the influence of temperature upon permittivity, the temperature will
influence the movement of molecules, which can determine the foundation of
relaxation polarisation (which is dominant in the low-frequency range). That is to
say, higher temperature will result in a shorter relaxation time. However, the
electronic polarisation does not respond to temperature that is dominant in the

high-frequency range. Permittivity will present as e, and ¢, at high and low-

frequency ranges respectively. Thus, as shown in Figure 7-10 (a), with increasing

temperature, both ¢’ and &” will move towards the high-frequency range with a
small decrease of ¢, (at the low-frequency range) and ¢.... As it is easier to form
electronic polarization at a higher temperature, ¢’ (act as ., at high frequency)

increases as the temperature rises. Both are also reflected in the experimental

results shown in Figures 7-7 and 7-8. Moreover, as shown in Figure 7-10 (b), &'
reflects the changes in ¢, and ¢, versus temperature at low and high frequencies
respectively. In addition, ¢ will show growth at the mid-frequency level

(0.1~100 Hz) with increases in temperature.
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Figure 7-10 Real and imaginary relative permittivity curve versus frequency and

temperature [165].

Considering the influence of temperature, tand can be written via Equation 7.11:
tand =y/(eeo - w) = A/(ego - w) e &/ (7.11)

Thus, tané can be shown as in Figure 7-11, where w,>w; . Under different
temperatures, the relaxation time will be different. The increase and decrease of
temperature will lead to reduction and growth of relaxation time, as represented

by the fact that the peak of tané will move towards higher and lower frequency

ranges, respectively, which is shown by the movement of the curves as in
Figure 7-11.

tand ——

Figure 7-11 tané curves versus frequency and temperature [165].
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It can be seen from Figure 7-9 that tané decreases as the frequency decreases. The
rapid decrease in value of tané in the high-frequency range is believed to be due

to the increase in relaxation loss of polar groups of epoxy resins under the high-
frequency field. Moreover, the increase in the tané value at the low-frequency
range is believed to be due to the dipole and space charge polarisation discussed
earlier. Orientation polarisation occurs in the high-frequency range and leads to an

increase in tand.

7.2.2 Dielectric Response of Epoxy Nanocomposites and Temperature
Effect

7.2.2.1 Effects of Nanofillers, Filler Types and Filler Loading Concentrations

Real and imaginary relative permittivity are plotted in Figures 7-12, 7-13 and 7-14
as a function of frequency, filler types in different loading concentrations at 293K.

There is a clear reduction in &' with the increase in frequency in the range of this
study, as shown in Figure 7-15. In a typical resin system, the ¢ of epoxy is
determined by the number of orientable dipoles within the system and their ability

to orient under an applied electric field [14, 166]. It can be seen from figures that

the &' of most nanocomposites is lower than that of the unfilled epoxy resin with

the loading concentration up to a certain value when the nano-sized fillers are

added, and that ¢’ of EPS and EPST samples seems to decrease as the loading

concentration increases, however, as the filler loading concentration increases
further, the permittivity then begins to increase. There are also similar observations

in the literature [34, 167, 168]. Such reduction of ¢ with the increase in filler

loadings means that the polarisations inside the composites are decreased. It is

known that the & of the epoxy and its nanocomposites is governed by the

polarisation associated with epoxy and nano-SiO,/hBN particles and is strongly
influenced by the interfacial polarization at the interface between the matrix and
nanoparticles. Thus, when a small amount of nanofillers is loaded into epoxy, due
to one of the two effects introduced in [167] and corresponding to the inner layer
of the multi-core model [56], the interaction between nano-filler and polymer
chains restricts the chain mobility of epoxy in the vicinity of nanoparticles and thus
reduces the polarisation within the composites [169]. As the loading concentration
increases, more immobile layers are formed and the mobility of epoxy chains

decreases continuously, resulting in a reduction of permittivity of nanocomposites
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as shown in Figures 7-12 (a) and 7-13 (a). According to another effect discussed in
[167], the presence of more nanoparticles with higher permittivity (3.5-7.0 of SiO,)
than the matrix leads to the increase in ¢', as shown in Figure 7-14 (a). Moreover,
EPST shows higher ¢' than EPS in all loading concentrations. This is firstly due to

the additional mobile charges introduced by surface treatment which increases the
polarisation in bulk [68]. Secondly, as C8 chains on the particle surface are not
firmly bonded to matrix structures, the higher mobility of chain segments at

interphase could further lead to higher ¢’ than that of EPS.

However, the EPB samples do not show similar results. The ¢’ of EPB decreases with

the growth of filler loading concentrations, whereas the EPBO5 sample has a higher
¢’ than EPO. According to the discussion in SEM characterisation, the presence of
layered structures would result in many shorter chains. Under same applied
voltage, these chains more easily become polarized than those in EPS and EPST
samples, even in EPO, thus leading to a higher ¢’, which was also found in [167].
However, with an increase in filler loadings, the effect of intercalated macroscopic
layer structures becomes more and more obvious and restricts the mobility of chain
segment in the vicinity of particles. Thus, the ¢’ of EPB undergoes a reduction, as
shown in Figures 7-12 (a) and 7-13 (a). Moreover, due to the similar ¢’ of hBN (4.0-

4.5) itself compared to the matrix, the result of the second effect is not obvious.
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Figure 7-12 Relative permittivity in EPO, EPS, EPST, and EPB samples, filler loading
concentration of 0.5 wt%, dry, 293K: (a) real part; (b) imaginary part.
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Figure 7-13 Relative permittivity in EPO, EPS, EPST, and EPB samples, filler loading
concentration of 1 wt%, dry, 293K: (a) real part; (b) imaginary part.
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Figure 7-14 Relative permittivity in EPO, EPS, EPST, and EPB samples, filler loading
concentration of 3 wt%, dry, 293K: (a) real part; (b) imaginary part.

In the high-frequency range, it shows a typical B relaxation of local motions of
epoxy chains/dipoles in the vicinity of particles. The higher mobility will lead to the
movement of the peak to the high-frequency range [165]. Thus, within
nanocomposites, it can be obviously seen that the mobility of chain segments in
the vicinity of particles is highest in EPST samples followed by EPS and EPB samples
as shown in Figures 7-12 (b), 7-13 (b) and 7-14 (b). This is consistent with the

analyses in the previous part. In the low-frequency range, the ¢&" of

nanocomposites shows different levels of increase at the low-frequency area which
is always, reported as a “surge”, especially in EPST, due to the surface treatment (as
discussed before). It is noted that the surge of SiO,-based composites becomes
obvious with the increase in filler loading concentration. This may be caused by the

overlapped third layer containing shallow traps, which could lead to an increase in

142



Chapter 7 Dielectric Spectroscopy

the electrical conductivity of nanocomposites and result in an increase in " [164]

as shown in Figures 7-13 (b) and 7-14 (b). However, hBN platelets seem to restrict
the motions of charges within bulks when compared to SiO, of spherical structure,
thus leading to the small increase in the surge of EPB samples due to the introduced

charges with lower mobility.

- - -EPO
5 - —e—EPS
—a— EPST
—+—EPB

B
1

Relative Permittivity (real part)

T T T T T T T T T T T T T T T 1
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
Filler Loading Concentration (wt%)

Figure 7-15 Comparison of real relative permittivity between EPO, EPS, EPST, and
EPB samples at 50Hz, filler loading concentrations of 0.5, 1 and 3 wt%,
dry, 293K.

7.2.2.1 Effects of Temperature

Considering the influence of temperature upon ¢’ and &”, the results of EPS, EPST

and EPB samples of 3 wt% at different temperature are shown in Figures 7-16, 7-17
and 7-18. Given that the surge of ¢/ of EPS and EPST in the low frequency range at
293K should be related to introduced charges, this seems to be further proved at
higher temperatures where charges have higher mobility (see in Figures 7-16 (a)

and 7-17 (a)). The process of " can be seen to be related to temperature as well,

as shown in Figure 7-16 (b) and Figure 7-17 (b). For both EPS3 and EPST3 at 333K,
composites filled with 0.5 wt% particles do not exhibit any peak as presented in
samples of 3 wt%. It can be concluded that the relaxation in 3 wt% of SiO,-based
nanocomposites is related to the volume fraction of nanoparticles/ interfacial areas
and can be further proved to be Maxwell-Wagner-Sillars (MWS) polarisation. As there
are a number of deep/shallow traps located at the interface, the charges inside will

be thermally activated and show higher mobility. Thus, the shifting of the
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relaxation peak towards the high-frequency range of EPS and EPST is easy to
explain. Moreover, according to the differences between the activation energy of
EPS3 and EPST3 in Table 7-1 that result from the Arrhenius plot, 0.6 eV higher value
of EPST3 may indicate that additional traps have been introduced in the interfacial
layers due to the presence of C8 chains, as this value is equal to the trap depth w
for the hopping mobility of charges in polyethylene [10]. However, EPB3 exhibits

anomalous behaviour of &' at 333K.

Table 7-1 Charge transport activation energy.

Sample Activation Energy (eV)
EPS3 2.07
EPST3 2.67
6 EPS, 3wt% 10" 5 EPS, 3wt%
—e— 293K —e— 293K
—— 313K —a— 313K
+— 333K +— 333K
—— EPS05, 333K

Relative Permittivity (real part)
Relative Permittivity (imaginary part)

Frequency (Hz) Frequency (Hz)
@ (b)

Figure 7-16 Relative permittivity in EPO, EPS samples, filler loading concentration
of 3 wt%, dry, at 293, 313, 333K: (a) real part; (b) imaginary part.
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Figure 7-17 Relative permittivity in EPO, EPST samples, filler loading concentration
of 3 wt%, dry, at 293, 313, 333K: (a) real part; (b) imaginary part.

144



Chapter 7 Dielectric Spectroscopy

6+ EPB, 3wt% 10 EPB, 3wt%
—— 293K —e— 293K
—+— 313K £ —— 313K
= +— 333K| a +— 333K
s f
_ @
[ £
g g 'y
25 E
2 z
= =
‘% ;,::W"“tm £
asittess, £
2 iaistteressi E .o
2 e, o o
kS It M g o
44 e ] ‘\‘ - ol
o ™ % be L P v ool o P
g o - .oﬂv/.
] 107
10 10 10" 10° 10" 10° 10° 10" 10° 10° 10° 10° 10" 10° 10" 10 10° 10" 10° 10
Frequency (Hz) Frequency (Hz)
@ (b)

Figure 7-18 Relative permittivity in EPO, EPB samples, filler loading concentration
of 3 wt%, dry, at 293, 313, 333K: (a) real part; (b) imaginary part.

7.2.3 Effect of Moisture on Dielectric Response of Epoxy Nanocomposites

The real and imaginary relative permittivity of 3 wt% are plotted in Figures 7-19 and
7-20 as a function of frequency, filler types in different RH conditions at 293K. As
shown in Figure 7-14 (a), Figure 7-19 (a) and Figure 7-20 (), as relative humidity

increases, the ¢ of EPS, EPST and EPB samples also shows an increase, which is

caused by the resultant growth of the volume fraction of water, itself related to the
growth of water uptake. Moreover, it is noted that a large increase in the ¢’ of EPS
and EPST at low frequencies, which becomes more obvious with the growth of RH
value. However, this is not shown in the results for EPB. This is likely due to the
increased movement ability of charges through the water shell/matrix in SiO,-based
nanocomposites, whereas hBN acts to impair the motions of charges as discussed
above. Moreover, the ¢’ of EPS is higher than that of EPST under 60 RH conditions,

which is contrary to saturated samples. Similar phenomena were also observed in
filler loadings of 0.5 and 1 wt%.
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Figure 7-19 Relative permittivity in EPO, EPS, EPST, and EPB samples, filler loading
concentration of 3 wt%, 60 RH, 293K: (a) real part; (b) imaginary part.
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Figure 7-20 Relative permittivity in EPO, EPS, EPST, and EPB samples, filler loading

concentration of 3 wt%, saturated, 293K: (a) real; (b) imaginary part.
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Figure 7-21 Relative imaginary permittivity in EPO, EPS, EPST, and EPB samples,
filler loading concentration of 1 wt%, 293K: (a) 60 RH; (b) saturated.
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There are obvious relaxation peaks in the results of ¢” shown in Figures 7-19,

7-20 and 7-21. As seen in Rectangle A of Figure 7-10 (b), EPB shows a similar
relaxation peak compared to EPO under 60 RH, which is also evident in 0.5 wt% and
1 wt% as shown in Figure 7-21 (a) but different in magnitude. It may be concluded
that they both have similar structures of bonded water on the matrix chains.
However, this type of peak disappeared in the saturated samples as shown in
Figures 7-20 (b) and 7-21 (b). This is believed to be due to the shifting of the
relaxation peaks towards high frequencies [96] and merging into the B relaxation
peaks. Moreover, the responses of EPS and EPST are quite different. These peaks
should be related to the bonded water reported in [18, 70, 96, 170, 171]. The
observed loss peaks are probably due to Maxwell-Wagner-Sillars (MWS) losses from
water at interface acting as a conducting layer [172, 173]. At this moment, it can
be regarded as an interfacial layer between the fillers and matrix according to the

interlayer model [174]. Thus, the & of composites can be expressed by

Equation 7.12 [174]:

g te (WeR +e,(We,S
eo(w) = Py S (7.12)

with

[A—n)e + ne;]

R*: E* (7]3)
l
g [(1—n)e, +ne ] [A—n)e +Za,;] +dn(1—n) (e —€n.) (g — &) (7.14)
I Sm
:ﬁ (7.15)

where e(m, f, 1) and ¢(m, f, I) represent the ¢ and volume fraction of the

matrix, filler and interfacial layer respectively. n is the depolarisation factor of
particles in the direction of the field related to the filler shape. When the particle is

spherical, n is equal to 1/3. Once ¢, is small enough, Equation 7.12 can present a
Debye-like relaxation according to Equations 7.16 and 7.17 [175]:

€s — E€x

e (w) =ext 1+ swr

(7.16)
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where

= 2 >< g0 ) ne;,+ (1—n)e,) —n(e;—e 7.17
T (130f n(lfn)(flgo, [( f ( ) m) ( f m)(Pf] ( )
According to Equation 7.17, the frequency of the peak of the relaxation process is

proportional to the volume fraction ¢, of the interfacial layer [175]. This explains

the difference between Figures 7-19 (b) and 7-20 (b), which is due to the increase
in RH. Moreover, the surge of £"” in all epoxy nanocomposites is found to be due
to an increase in the motion of charges while water is present, especially in high
RH conditions. The overlapping of the water shell and resultant conductive path

should also contribute to the surge in €” of EPS and EPST [70].

In order to further understand the influence of the water shell, which is calculated
based on Equation 7.17, the Monte Carlo method is used to calculate the average
thickness of the water shell of epoxy SiO, nanocomposites in all filler loadings
under 60 RH and saturated conditions with 100 runs. If it is assumed that all the
particles in saturated EPS/EPST samples are surrounded by water shells and only
part of the particles in the samples under 60 RH conditions have water shells
around, the ratio between them can be reflected by introducing an index k (k=1 in
saturated samples) which is calculated based on water uptake results in section
3.4, as expressed by Equation 7.18:

M i 60 M, 0_60

k=
M; s— M, s

(7.18)

where M, 45 and M, q0s are the water uptake of epoxy nanocomposites and pure
resins under 60 RH and saturated conditions respectively, and i refers to the filler
loading concentration of EPS/EPST samples. Then, kX, is used to represent the

volume fraction of water shells of nanocomposites under 60RH/saturated

conditions. The conductivity here is 0.01 S -m™, which was also used in [174, 175].

The resultant is Equation 7.19 as shown below:

T <1 ww) <273ciosoz> [(e+2e,) — (g5 —en)epy] (7.19)

According to Equation 2.11, the volume fraction of particles ¢, can be obtained,
and then volume fraction of the water shell ¢, in EPS/EPST of different filler

loadings can be calculated via Equation 7.19 based on the relaxation time extracted
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from experiment results in Figures 7-19 to 7-21, which is used to generate the
average thickness of water shell (ATWS) under 60RH/saturated condition, as shown
in Table 7-2. It is noted that ATWS is revealed to be much higher in saturated
samples, where 53.4 nm is very close to the simulation result of 50 nmin [15, 19].
Thus, it can be concluded that ATWS in EPS/EPST will increase obviously under RH
conditions, which was qualitatively reported in [176]. Moreover, based on
Equation 7.19 and the results presented in Table 7-2, plots of filler loading
concentration versus relaxation time for silica nanocomposites are shown in

Figure 7-22, in which 7(m) and 7(c) are measured and calculated (using ATWS)

relaxation time respectively. From the figures, here could propose this method to
be a relatively reliable way to estimate the ATWS or related relaxation peak of epoxy

nanocomposites with spherical particles.
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Figure 7-22 Measured and calculated relaxation time of silica nanocomposites:
(@) 60 RH; (b) saturated.
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Table 7-2 Average thickness of water shell under different RH environment

Sample Thickness(nm)/60RH Thickness(nm)/Saturated
EPS 23.7+4.6 53.4+10.3
EPST 21.4£4.3 42.1 £+ 8.4

The difference in ATWS between EPS and EPST samples conditioned under a 60RH
environment is found to be 2.3 £ 0.3 nm in value, which is almost the same as the
average thickness of the surface-treated layer at ~2.13 nm calculated in
section 5.1.1. However, this increases to 11.3 + 1.9 nm. The major difference
between these two particles is believed to be due to their surface characteristics as
bonded water and hydrophobic treated layer. In saturated samples, the bonded
water on the particle surface of EPS seems to attract more water molecules via Van
de Waals forces [15]; accordingly, ATWS in EPST is much smaller due to the lack of
hydroxyl groups, tightly bonded water and corresponding attracting ability.
Therefore, the existence of two layers of tightly and loosely bonded water could be
demonstrated, and the former can be removed by surface treatment. However, the
second layer of water still exists due to hydroxyl groups on polymer chains and
free volume in this region [70]. Thus, although surface modification could remove
the hydroxyl groups and does reduce water uptake, the influences of water shell
still exist, although they are mitigated. The schematic diagram shown in
Figure 7-23 aims to illustrate the water shell around the particles. The dashed circle
represents the average thickness of the water shell in 60RH conditioning samples;
owing to the higher RH conditions, the ATWS of saturated samples increases and
is shown by the dotted circled area. There is a tightly bonded layer in both EPS and
EPST samples, with tightly bonded water via hydroxyl groups acting as the first
layer of water shell and hydrophobic C8 chains respectively. Under the 60RH
condition, the difference between EPS and EPST samples is dominated by the tightly
bonded layer as discussed above. Although there should also be some water
located beyond the dashed boundary, it is not able to show conductive behaviour
and thus not to be regarded as part of the water shell. Once more moisture appears
due to higher RH conditioning, the areas between dashed and dotted circles

become conductive.
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Figure 7-23 Illustration of water shell under different relative humidity conditions.

Regarding the EPB samples, despite the fact that the depolarisation factor n of BN
particles is hard to determine at this point, if there is a conductive layer of water
formed around its particles, the similar Debye-like relaxation processes of silica
nanocomposites should appear. However, only a relaxation of bonded water similar
to that in pure samples can be observed, thus, it could be concluded that there is
no water shell formed in hBN-based nanocomposites. This should, first, be due to
that there are only a very small amount of hydroxyl groups on hBN particles located
on edge planes with [177] rather than upper/lower sides of the plates; secondly,
as the molecule structures of interphases in the parallel and vertical direction of
particle planes is different [178], there would be no similar continuous structures
to form the water shells that are present around spherical particles. Additionally,
the increase in water uptake with filler loading concentrations in saturated EPB

samples may mainly result from the growth of cracks/voids [98, 178].
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7.3 Chapter Summary

The work presented in this Chapter can be summarised as follows:

1. Water absorption was highly influenced by the surface of and structure around
particles. The surface treatment reduced the water uptake and introduced
deeper traps in the interfacial layers when compared to the untreated
samples. However, there was no obvious impact on modifying the dielectric
properties, owing to the limitation of the thickness of the tightly bonded layer
and water in the second layer of the multi-core/water shell model. Moreover,
the frequently reported relaxation peaks due to bonded water that appeared
in the mid-frequency range were proven to be related to Maxwell-Wagner-
Sillars polarisation within water shells around spherical particles rather than
to bonded water on the particle surface as reported in the previous literature
[19, 48].

2. The addition of inorganic nanoparticles is a solution to modify the dielectric
properties of epoxy composites. However, absorbed moisture is a problem
that is difficult to solve. While getting rid of hydroxyl groups on the surface
of silica particles, water shells still appeared and led to similar dielectric
properties as those for composites filled with untreated particles. Moreover,
the “hydrophobic” performance of BN nanocomposites was found to be much
better than for silica ones, especially as concerns the lack of formation of a
water shell around the particles. It can thus be concluded that hBN-filled
epoxy nanocomposites would be suitable for an environment with moisture;

however, other demands of the application should still be considered.
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Chapter 8 DC Conductivity and Space Charge

Behaviour of Epoxy Nanocomposites

8.1 DC Conductivity of Epoxy Nanocomposites

8.1.1 DC Conductivity

8.1.1.1 Concept of Conductivity

When a voltage V is applied between two sides of a material, an electric field is then
established. The electric field may or may not be uniform depending on the
geometry of the electrode and other factors. Charged carriers/particles will be
forced under the electric field by an electrostatic force that is the product of their

charge, e (in Coulombs, C) and the electric field. This force shares the same

direction as the electric field. Once carriers/particles are forced, this results in the
movement (so-called ‘drift’) and they transport in the material, though this

transport could also be caused by the random diffusion of carriers/particles. The

rate of charge carrier transporting (C - s™') is named the electric current, I(A), and
its equivalent system property in the material is the current density, J (4-m?).
Due to Ohm's law, the current I through a conductor based on the drift to the

applied voltage can be expressed as Equation 8.1:

v
I=2 (8.1)

where R(£2) is the resistance of the conductor. Moreover, Ohm’s law can also be
expressed according to the properties of the material, the applied field £ and

current density J as Equation 8.2:
1
J= () -E=0F (8.2)

where p is the resistivity of the material ([{2-m]) and 0 =1/p is the conductivity

([£2-m] 'or §-m™). Equation 8.2 expresses the proportional relationship between

the average velocity of the charged carriers/particles (called ‘drift velocity’) and the
applied field E.
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Materials exhibit a very wide range of conductivities, and some typical polymers

(as good insulators) are in the approximate range 10'°~102° S -m™" [179]. Thus,

the current in these insulators may be extremely difficult to measure. Moreover,
their conductivity also depends on temperature, sample preparation and some
other parameters. Therefore, the factors affecting the conductivity of materials will
be introduced here. The conductivity of a material due to charge carriers in a

material can be expressed as Equation 8.3:

where n; is the concentration (m?) of the charge carrier type i, ¢ is the electric
charge (C) on each carrier, and u; is the mobility (m?V *s™), which is defined as

the drift velocity per unit field:
_ Ya

Generally, there will be more than one type of charge carrier contributing to the
conductivity of the material. Thus, if there are N types of carriers, the resulting

conductivity can be expressed as Equation 8.5:

N N
o= Zai = Zlnieiﬂil (8.5)

The concentration of charge carriers n is in the range from almost zero to more
than one per atom (<~10% m?). This should result in a large range of conductivities
[179]. Moreover, the value of mobility x may only have very small magnitude;
however, under certain conditions, n X i will vary significantly. Based on this, it is
thus possible to assume a constant carrier concentration n. In addition, the energy
band theory has been introduced to provide insight into the carrier concentration
of polymers, as well as, the band transport of carriers of materials [165, 180, 181].

8.1.1.2 lonic and Electronic Conduction

The band theory may be able to explain charge transport along all or part of the
polymer chains, both as holes and electrons. This section aims to provide an
overview of the types of carriers and typical conduction mechanisms in solid
materials. Charge transport may be classified based on the type of charge carrier

[179]. Two main types are ionic (including protonic) transport and electronic
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(including hole) transport. Moreover, the type of charge carrier (in terms of
conduction phenomena) mainly depends on the chemical and physical properties

of the materials, the applied field’s frequency and the temperature.

lonic transport is mass transport, and metallic electrodes can only provide
electrons or recombination sites for holes. lonic transport depends primarily on the
creation, movement and destruction of ions, although there are already some ions
existing in the material. All of these ions could be generated by electrolytic action
at interface of the electrode and the insulating material or by decomposition of the
material. The movement of ions and resulting current flow will form the ionic
conduction. Moreover, ionic transport can be further divided into two types of ionic
conduction: first, intrinsic ionic conductivity is carried out along the dissociated
main chain or side groups and is followed by a proton and/or electron transfer
through the hydrogen bond network; second, extrinsic ionic conduction is caused
by ions that are not part of the chemical structure (most exist as additives or

impurities).

Electronic transport through a band structure is also known as electron and hole
transport. This transport of carriers can proceed along the length of the polymer
chain. Electrons and holes are likely to be trapped in a localised state between the
molecular and chain defects. Electrons/holes can be trapped by acceptors/donors
or ionised donors/acceptors. Once the charges have been trapped, this may lead
to the local polarisation and distortion of the lattice structure, which will further
result in the deformation of the local energy band and makes it hard for trapped
charges to escape. Therefore, the carriers must overcome the large potential
barriers with the help of thermal/phonon excitation to leave the traps. Moreover,
this process may also be affected by applying high electric fields and other factors
[179]. Once the carriers become free, they will be attracted and then enter its

"potential well."

One of the mechanisms for electronic transport is known as thermally activated
hopping from one trap to another, where the electron/hole gained sufficient energy
could overcome the potential barrier by thermal fluctuations to reach. Another
mechanism is that an electron/hole can move from one trap to a close adjacent one
by means of quantum mechanical tunnelling, as an electron is not only well-defined
as a particle and the electron-wave can tunnel through narrow barriers by simply
‘appearing’ to a nearby trap [182]. Regarding conduction in polymer insulators,

taking PE as an example, it is believed to be dominated by electrons and the
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transport of carriers takes place along the amorphous regions and is limited by
whereby traps [183, 184].

8.1.2 DC Conductivity Measurement Results and Analysis

8.1.2.1 Effects of Filler Loading Concentration

The DC conductivity of pure, EPS, EPST and EPB samples in each loading
concentration at 293K are plotted in Figures 8-1 to 8-3 as a function of time. All
the data in the last 600s of each curve are plotted, with an error bar also included.
It is noted that, in all kinds of nanocomposites, conductivity increases with the
growth of filler loading concentrations. EPSO5 shows slightly lower conductivity
than pure samples; this is likely due to morphology changes caused by the
presence of nanoparticles, as discussed in section 4.2 and [147]. Changes in the
chemical structures of polymers may lead to an increased presence of traps in bulk,
especially near the surface [165]; this could hinder the charge injection, thus
reducing the mobility of charge carriers and finally resulting in a reduction in
conductivity [185]. However, with an increase of filler loadings, more nanofillers
will lead to a far greater impact on polymer structures and thus a higher density of
traps; this means the average distance between arbitrary traps should be lower in
samples with higher filler loadings and that charge carriers will require less energy
when moving from one to another. The resulting increased carrier mobility will lead

to higher conductivity.

Moreover, if regarding nanofillers as recombination centres [105], the shorter
average surface distance between nanoparticles (shown in Table 4-2 in section 4.3),
should also result in a higher conductivity value. EPST and EPB samples should
share the similar mechanism. However, it should be noted that the variation of EPB
samples is obvious smaller than that of SiO, samples. This is likely due to the vastly
more complex morphology in bulk (as has been shown in section 4.2) and the
enormous traps adjacent to the surface, which significantly reduce the amount of
injected charges.
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Figure 8-1 DC conductivity of EPO and EPS samples in each filler loading

concentration, dry, 293K.

1E-14
1E-15 Lasa
—_ 'v'
& Do
0 1E-16 ., TEen
&
=
é 1E-17 = Pure
g e EPSTO5
(&) x  EPSTA1
v EPST3
1518 - EPSTs
1E-19 + T T T T T T T 1
1 10 100 1000 10000

Time (s)

Figure 8-2 DC conductivity of EPO and EPST samples in each filler loading

concentration, dry, 293K.
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Figure 8-3 DC conductivity of EPO and EPB samples in each filler loading

concentration, dry, 293K.

8.1.2.2 Effects of Filler Type

The DC conductivity of pure, EPS, EPST and EPB samples in 1 and 3 wt% are shown
in Figures 8-4 and 8-5. It is noted that EPST1 samples have similar, slightly higher
conductivity when compared to EPS1 samples, which becomes more obvious at
3 wt%. This is likely to be caused by the residues of solvents from the surface
treatment, which acts as additional charge carriers, resulting in high conductivity.
The samples with higher loading concentrations clearly contain larger amounts of
this kind of carrier; our experiment is consistent with analysis, which is also
reported in [10]. However, water absorption should cause an increase of
conductivity after 1000s in EPST and EPS3 samples during the test, that is the
reason why the conductivity of EPS in the last 600s is higher than that of EPST in
both 1 and 3 wt%. Moreover, morphology and more traps as mentioned in section
5.2.2 and 6.3.2.1 respectively due to the presence of plate-like nano-hBN fillers

seem to act as barriers for charges, leading to lower conductivity.
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Figure 8-4 DC conductivity of epoxy and its nanocomposites (1 wt%), dry, 293K.
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Figure 8-5 DC conductivity of epoxy and its nanocomposites (3 wt%), dry, 293K.

8.1.3 Effects of Moisture on DC Conductivity Measurement and Analysis

The effect of moisture on pure epoxy samples is shown in Figure 8-6. The
conductivity rises with the increase in filler loading due to the enhancement of the

mobility of charge carriers. The ratios of conductivity in A. RH, 60RH and saturated
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samples appear similar to that of the water uptake percentage measured in section
3.4, as they are 0.40%, 0.52% and 1.86% respectively.
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Figure 8-6 DC conductivity of pure epoxy resins in each RH condition, 293K.
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Figure 8-7 DC conductivity of EPO and EPS samples in 1 and 3 wt%, 60RH, 293K.
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Figure 8-8 DC conductivity of EPO and EPST samples in 1 and 3 wt%, 60RH, 293K.

Regarding the moisture effect on EPS and EPST samples at different filler loadings,
increased conductivity is evident in samples of higher filler loadings. Firstly, this is
due to the presence of more water, leading to higher mobility values of charge
carriers in both base materials and within traps/particles. Secondly, to consider the
effect of the shorter distance between particles, the surface distances of EPS and
EPST samples in each RH condition based on the water-shell model and shell
thickness analysis in section 7.2.3 are presented in Table 8-1. It is obvious that
shorter average surface distance is evident in samples with higher water content
and filler loadings; this will make it easier for carriers to move from one to another
if particles are regarded as recombination centres [105]. Moreover, because the
presence of particles could create traps at interphases coming from the end of
chains [105], the effect of hopping and quantum tunnelling processes may be more
obvious in higher RH conditions, as hopping distance may be larger than the
distance stated in Table 8-1. Thus, it is assumed that the tunnelling effect may
become much more significant due to the presence of moisture. Some researchers
have reported various tunnelling distances between traps, and one has quantified
it as ~10 nm [186]. If this value is taken as the threshold of tunnelling, the
percentages of the surface distances between one particle and the closest one that
are smaller than 10 nm in each RH condition are listed in Table 8-2; this is based

on the proposed quantification method in Chapter 4.
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Table 8-1 Weighted surface distance of EPS and EPST samples in 1, 3 wt% in each

RH condition.

Sample Code Dry (nm) 60RH (nm) Saturated (nm)
EPS1 180.43 157.93 137.09
EPS3 155.27 134.92 115.50
EPSTI 257.35 239.58 224.29
EPST3 200.08 178.22 155.31

Table 8-2 Percentage of weighted surface distance <10 nm of EPS and EPST

samples in 1, 3 wt% in each RH condition.

Sample Code Dry (%) 60RH (%) Saturated (%)
EPS1 17.25 48.61 65.57
EPS3 18.50 49.73 70.32
EPSTI 14.57 40.13 51.79

EPST3 16.54 48.48 62.88

As shown in Table 8-2, it is noted that, under the dry condition, the percentages of
both EPS and EPST are lower than 20% and increase slightly with the growth of filler
loadings. Moreover, the slightly smaller ones in the EPST samples are likely due to
the surface treatment. With the presence of moisture, the percentages show
significant increases of ~30% in samples under 60RH condition and a further
increase ~10-15% in saturated ones. A similar ratio is also found in the
experimental results of the conductivity of 3 wt% samples, as is shown in
Figures 8-8 and 8-9, rather than the ratio of water uptake between these two RH
conditions. Results for 1 wt% show similar trends. Thus, the tunnelling effect may
become more obvious in samples with moisture, thus increasing the conductivity

of epoxy SiO, samples.
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Figure 8-9 DC conductivity of EPO and EPS3 in each RH condition, 293K.
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Figure 8-10 DC conductivity of EPO and EPST3 in each RH condition, 293K.

However, EPB samples in all RH conditions (with samples in 60RH shown in
Figure 8-11 as an example) exhibit opposite trends when compared to EPS and EPST
samples, showing lower conductivity in 3 wt% even though conductivity still
increases under RH conditions. This behaviour could be due to the fact that the
barrier effect of resulting morphology from the presence of nano-hBN particles is

more dominant than moisture on the conductivity of EPB samples.
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Figure 8-11 DC conductivity of EPO and EPB samples in 1 and 3 wt%, 60RH, 293K.
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Figure 8-12 DC conductivity of epoxy and its nanocomposites (3 wt%), 60RH.

As shown in Figure 8-12, the difference between EPS3 and EPST 3 samples is likely
to primarily result from the inter-particle surface distance (see also Table 8-1). If
nanoparticles are regarded as recombination centres [105], the shorter distance in
EPS samples would allow charges to transport from one to another, thus leading to

higher conductivity. BN particles and the resulting morphology seem to act as
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barriers or to play a role in hindering the injection and formation of channels for
charges and carriers in each RH condition, which are consistent with the analysis
in previous part of this section. The same trend seen in Figure 8-12 is also observed

in A.RH and saturated samples’ results.
8.2 Space Charge Behaviour of Epoxy Nanocomposites

8.2.1 Space Charge and Measurement Method

When a sufficiently high electric field is applied to epoxy resins, charges can be
injected into the bulk of materials, and these could also travel across the material
under an external electric field. In this case, the electrical properties of the epoxy
resin would also be changed. This change is not only due to the high applied field,
but also the temperature, the electrode and polymer interface. For example, earlier
studies have shown that many phenomena are observed in the polymer insulator
[187]. Earlier studies have also found that charge trapping, tunnelling and hopping

conduction determine the charge transport in polymer materials [188-190].
8.2.1.1 Concept of Space Charge

As space charge has significant effects upon solid dielectric materials, studies on
this subject have been carried out continuously. Space charge is a surplus of charge
carriers, including electrons, ions and holes distributed into the polymer material.
These charges are moving around and trapped in the material. The trapped charges
could lead to space charge limited current (SCLC), which causes electrical
breakdown or aging problems of the polymer when the applied electric field is high
enough [188]. Space charge usually occurs in dielectric material and is one of the
most important factors that will decide the dielectric properties of the material
[190]. Earlier studies have also shown that the presence of nanofillers in the epoxy
resin influences the accumulation of space charge. When compared to pure epoxy,
epoxy nanocomposites with nanofillers seem to have less accumulated charges. It
has also been reported that the dynamics of charges in epoxy nanocomposites
result in faster charging intensity, especially for negative charges. The space charge
injection mainly comes from the electrode and is generated within the polymer
materials [165]. The reasons for the formation of space charge in the polymer can
be divided into the following mechanisms: charge injection from external
electrodes, the orientation of dipole movements inside dielectric materials
resulting from the applied electric field, and ionisation of impurities inside the

dielectric materials resulting from the applied electric field.
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The dominant mechanism for charge emission in most polymer dielectric materials
is the injecting electrons from the cathode and the extracting electrons from the
anode (hole injection). This mechanism, which can also be described as electrons
being injected from the cathode and holes being injected from the anode, is widely
used to explain the movement of charge carriers in polymer dielectric material.
Considering the charge injection from the external electrode, the electrons and
holes will travel through the interface of the polymer and electrodes and be injected
into the bulk dielectric. Thus, defects and impurities in the interfacial areas will
affect the charge injection [191-194].

When an external electric field is applied to the polymer dielectric, the dipole will
be oriented under the field within the polymer dielectric. This is called dipole
polarisation or orientation polarisation. The movement of dipoles will cause space
charge accumulation in a range inside the polymer dielectric material. Moreover,
another reason for the accumulation of space charge is that it is mainly caused by
the ionisation of chemical species in bulk of the dielectric material, such as cross-
linked residues and impurities [193]. The applied voltage and temperature also
have significant effects on the distribution of space charge when applying high
voltage. Thus, the space charge distribution can vary even in the same sample
[191, 193]. Moreover, the space charge density as a combination of both current
density and inhomogeneous resistivity over a range of space, can be summarised
as follows:

C(z) =J- sd’;i"”) (8.6)

where ( is the space charge density, Jis the current density, e=¢, ¢, is the

absolute permittivity and p is the electrical resistivity [195].

8.2.1.2 Homocharge and Heterocharge

Homocharge and heterocharge are usually used to describe polarities when
analysing the formation of space charge. Homocharge is space charge that has the
same polarity as the nearby electrode, while heterocharge is space charge that has
the opposite polarity. Figure 8-5 (a) and (b) depict the homocharge and
heterocharge respectively. As space charge accumulation inside polymer dielectric
material will affect the local electric field, the net space charge distribution within

polymer dielectric material will be important, because the breakdown strength of
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material will change with the variation of the local electric field; this can make it

difficult to predict the lifetime of the polymer insulators.

+
+++++
1111

(a)
Anode Cathode

+
111l
+++++

(b)

Figure 8-13 Illustration of (a) Homocharge and (b) heterocharge.

The charge injection from the electrode will generate homocharges around the
electrode. These charges will increase the electric stress in the bulk of samples,
therefore, electric stress at the electrode interface will be reduced. Heterocharges
may be caused by the ionisation process of small molecules, and are expected to
have the opposite effect when compared to the homocharges. Moreover, PEA
measurement can only measure the distribution of net charges, when both homo-
and heterocharges exist in the material at the same time. That is to say, this
measurement can only observe the net charge presents in the material. Therefore,
homocharges and heterocharges in the results are the net charges of both positive

and negative charges.

8.2.2 PEA Measurement Results and Analysis-Dry

“Volts-on” measurements are taken in the experiments, meaning that the readings
will be taken by applying a pulse when a voltage is applied to the samples. Before
the measurements, a reference measurement also needs to be taken. For the epoxy
resin samples, the voltage for reference measurement is set to 1.5 kV. The applied
voltage during the volts-on measurements is ~5 to 6 kV, while the sample thickness
is 145 + 10 pm. Thus, the applied electric field is maintained at 40 kV-mm™. The
readings are taken using a software package called “Easy Data” at 0 seconds, 120
seconds, 300 seconds, 600 seconds, 1200 seconds, 1800 seconds, 2400 seconds,

3000 seconds and 3600 seconds. After this measurement is complete, a test of
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space charge decay is also processed: data is collected at 0 seconds, 30 seconds,
60 seconds, 90 seconds, 120 seconds, 150 seconds, and 180 seconds. In the
interests of clarity, only selected data are presented in the results. Space charge
formation in the dielectric material is closely related to the applied electric stress.
A typical distribution of space charge measurement when there is no bulk charge
in the sample is presented in Figure 8-6. The space charge will begin to occur if the

applied voltage is high enough.
15 ;
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Thickness (um)
Figure 8-14 A typical waveform of space charge measurement [4].

Moreover, the results of volts-on measurement cannot be used directly. Thus, a
subtraction method can be employed to remove the capacitive charges from the
electrodes. In this method, the reference data is multiplied by the ratio between
the applied voltage and a reference voltage; this can be considered as the charge
density data at the applied voltage without the effect of space charges in bulk. The
actual measured charge density data obtained from the volts-on measurement
minus the multiplied, will reveal the injected charges in the sample and its induced

charge at the electrodes. This can be expressed as [196]:

V.
Pace ('T) :papp (.’IJ) - VPP : prcf(x) (87)
ref

where V,; and V,,, are the reference and applied voltages, p..(z) is the space

charge density after subtraction, and p..(z) and p.;(z) represent the charge

density at the applied voltage and reference voltage respectively. Moreover, the
total charge amount and charge density within the bulk of the sample can be

calculated using Equations 8.8 and 8.9, as follows:
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Q/O'(lnpun 4 Ina(@)]) - Ada (8.8)

n=Q/(A-d-q) (8.9)

where n,(z) and n,(z) are the charge density of positive and negative charges
respectively, A is the electrode area equal to 50.265 mm? (with a radius of 4 mm),
d is the thickness of samples (145 £ 10 pym), @ is the total charge amount,

¢=1.602x10"C and n is total charge density in bulk.

8.2.2.1 Space Charge Built-up—Volts-on”
A. Effects of Filler Loading Concentration

Results of the “volts-on” space charge measurement on pure specimens are shown

in Figures 8-15 and 8-16, which are the original and subtracted data respectively.
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Figure 8-15 Original space charge profile of EPO at 40 kV-mm', dry.

In Figure 8-15, it is obvious that some homocharges present adjacent to the
cathode in pure epoxy and that the amount of homocharges increases with time.
Charges are dictated by homocharges, and the presence can be attributed to charge
injection from both electrodes in the form of electrons and holes [197].
Heterocharges may occur due to the charge separation process in the specimen

but play only a minimal role. However, as the PEA system only measures the net
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charges, this might be covered by the charge injection. Thus, the subtraction
method was applied in an attempt to reflect more details of the charge distribution

in bulk, as shown in Figure 8-16.
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Figure 8-16 Subtracted space charge profile of EPO at 40 kV-mm, dry.

When compared to EPO, the original and subtracted space charge distribution in
the EPS samples are shown in Figures 8-17 and 8-18, while the total charge amount
for each filler loading is plotted in Figure 8-19. The magnitude of homocharges in
EPSO5 near the cathode increases gradually and can be seen to be higher than EPO.
According to the lower total charge amount of EPSO5 in Figure 8-19, fillers in EPS05
samples appear to suppress charge injection which could also prove that the
conductivity of EPSO5 is lower than that of EPO measured in section 8.1.2. As filler
loadings increase, there is an obvious negative charge injection in the EPSI
samples; moreover, EPS3 and EPS5 samples exhibit anomalous charge distribution
behaviour, as there are a large number of heterocharges distributed near both

electrodes.

In the EPS5 sample, as shown in Figure 8-18, a large amount of charge injection
can be observed. First, near the anode, the homocharges moving towards the
cathode indicate the injection of positive charges, although the magnitude first
increases and then decreases (this may be caused by the neutralisation with
negative charges); second, adjacent to the cathode, the magnitude of
heterocharges increases with time, and the peaks move towards the anode, which

may be the result of the continuous injection of negative charges; third, in
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Rectangle A, the peaks decrease as they move towards the cathode and then
increase as they move towards the anode, which may indicate that the charge built
up in this region is first dominated by positive charges and then by negative
charges. Based on this analysis, the heterocharges appearing adjacent to both
electrodes should be the injected charges from the opposite side of the samples
and neutralise the homocharges located at the space they occupied, which does
not happen in EPSO5 or EPS1. A similar observation was made in [20]. According to
Tables 4-1 and 4-2, the inter-particle distances of EPS5 are lower than those of
EPST; this could make the percolation of charge carriers easier, and they may even
reach the other side of the sample. The same phenomena shown in EPS3 should
share the same mechanism due to their very similar behaviour, although the
injection and neutralisation are lesser in the bulk of EPS3, which is qualitatively

consistent with the inter-particle distances of both EPS3 and EPS5.
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Figure 8-17 Original space charge profile of EPS at 40 kV-mm™: (a) 0.5 wt%;
(b) 1 wt%; (c) 3 wt%; (d)5 wt%, dry.
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Moreover, since the PEA technique can only show the net charge distribution in
bulk, the total charge amount of EPS3 before 750s is lower than that of EPSO5 and
EPS1 (as shown in Figure 8-19), which is due to the neutralisation at both
electrodes. The analysis above suggests that samples filled with more untreated
SiO, particles will have a larger charge injection and higher charge mobility in bulk.

In other words, as conductivity is the product of charge carrier concentration n and
mobility u, they will have higher conductivity. This is consistent with the results

observed in section 8.1.2.
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Figure 8-20 Original space charge profile of EPST at 40 kV-mm: (a) 0.5 wt%;
(b) T wt%; (c) 3 wt%; (d)5 wt%, dry.

The original and subtracted space charge distribution in the EPST samples are
shown in Figures 8-20 and 8-21, while the total charge amount for each filler
loading is plotted in Figure 8-22. When compared to the pure sample, the space
charge distribution in the EPSTO5 samples exhibits similar behaviour to that of the
magnitude and charge injection. This is not the same as the behaviour in EPSO5,
which demonstrates the fillers’ effect of suppressing charge injection. In EPST1,
homocharges are present at both electrodes and move towards the middle of the
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sample. Moreover, as shown in Figure 8-22, the lower charge injection rate of EPST1
at the beginning when compared to EPSTO5 may be evidence for deep traps
introduced by the surface treatment, which would restrict the charge mobility in
bulk.
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Figure 8-21 Subtracted space charge profile of EPST at 40 kV-mm™: (a) 0.5 wt%;
(b) T wt%; (c) 3 wt%; (d)5 wt%, dry.

However, reduction in the distance of arbitrary deep traps related to the inter-
particle distance may result in trapped charges passing through the potential well
via the quantum tunnelling mechanism [198], which contributes to the obvious
increase in the initial built-up charge of EPST3. The higher probability of EPST3
relative to EPST1 in Table 8-2 also supports this analysis. Moreover, with the
increase of filler loadings, fast initial charge built-up and similar charge
neutralisation phenomena as in EPS3 and EPS5 are observed in EPST5. However, the
injected charges traveling through the whole bulk are not as numerous as those in
the EPS3 and EPS5 samples, which consequently show heterocharges at both

electrodes.
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Figures 8-23 and 8-24 show the original and subtracted space charge accumulation
in nano-hBN samples for each loading concentration. Obviously, in EPB samples,
charges are dominated by homocharges. It can be seen that the injected negative
charges gradually increase and move towards the middle of the bulk with the
growth of loading concentrations. Figure 8-25 clearly shows suppressed injection
in EPBO5 samples and an obvious increase in initial built-up charge with the growth

of filler loadings, which may refer to the presence of shallow traps in bulk [198].
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Figure 8-24 Subtracted space charge profile of EPB at 40 kV-mm™: (a) 0.5 wt%;
(b) 1T wt%; (c) 3 wt%; (d)5 wt%, dry.
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Figure 8-25 Total charge amount in bulk of EPO and EPB in each filler loading

concentration, dry.
B. Effects of Filler Type and Surface Treatment

Figure 8-26 presents comparisons between all kinds of samples at each filler
concentration. In EPS samples, the low total charge amount in EPSO5 and EPSI
indicates that the presence of nanoparticles could hinder the charge injection to
some extent, although the initial injection rate becomes more rapid than other
kinds of samples from 1 wt%. However, the rate and the total charge amount are
lower at 3 wt% and 5 wt% respectively. This is believed to be caused by large
numbers of heterocharges traveling from the opposite electrode across the bulk.

As a result, the amount of net charges becomes smaller, and most are neutralised.

Compared to EPS samples, EPST samples show an overall higher total charge
amount at each filler loading and an injection rate increase along with the filler
loading increase. First, this is consistent with the conductivity being higher than
EPS, as measured in section 8.1.2, due to the solvent residues. Second, more
charges in bulk may imply that there are more traps in the bulk of EPST samples.
As mentioned in section 7.2.2, the surface treatment should lead to additional deep
traps at interphase and thus result in a higher total charge amount in EPST samples.
Third, these additional deep traps could make it difficult for the trapped charges
to overcome the potential barrier, thus influencing their mobility and leading to a

lower rate of initial charge injection compared to EPS samples (see Figure 8-26 (b)).
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In EPB samples, charge injection and distribution behaviour are very similar to that
of EPST, though their amounts are smaller in each filler loadings. This may indicate
that there are a large number of traps in bulk of EPB samples; however, it is hard

to determine whether they are shallow or deep ones at this point.
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Figure 8-26 Comparison of total charge amount in epoxy and its nanocomposites
samples at 40 kV-mm™: (@) 0.5 wt%; (b) 1 wt%; (c) 3 wt%; (d) 5 wt%, dry.

8.2.2.2 Space Charge Decay

The space decay of pure, EPS, EPST and EPB samples is presented in Appendix D.
The total charge amounts are then summarised in Figures 8-27~8-30, while space
charge decay rates are calculated and shown in Table 8-3. Among all types of
samples, the residual charges increase as filler loading concentration increases and
could indicate more traps in samples due to the addition of more fillers. EPS
samples show a gradually rising decay rate as loadings increase, which provides
evidence for the existence of traps due to the presence of nanofillers. However,
EPST samples show a contrary trend: the decay rate decreases, while the residual
charge amount in bulk is the highest among all samples types for each filler loading.

This is caused by the additional deep traps in the EPST samples, since charges

178



Chapter 8 DC Conductivity and Space Charge Behaviour

decay slower from deep traps, which are usually related to chemical changes in
bulk, than from shallow traps, which are caused by the physical defects [199], Thus,
it can be concluded that the presence of nano-SiO, fillers could lead to physical
changes and resultant shallow traps in bulk, while surface treatments act as

chemical changes that will introduce deep traps.
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Regarding the EPB sample, residual charge amounts in bulk are the lowest
compared to EPS and EPST (shown in Figure 8-30), and the space charge decay rates
increase with the growth of filler loadings, especially in EPB5 (shown in Table 8-3).
Thus, according to the previous analysis, the traps in EPB samples are likely to be
shallow traps. As mentioned in the above discussion of the morphology of EPB
samples (see Section 4.2), these traps are due to the presence of hBN particles,

which result in physical defects [199] such as layered structures/cracks.

Table 8-3 Space charge decay rate (C - s™') of epoxy and its nanocomposites, dry.

Filler Loading Concentration

Sample
Code 0 Wt% 0.5 Wt% 1 wtd 3 Wt% 5 Wt%
EP 1.13E+23 _ _ _ -
EPS _ 0.99E+23 1.18E+23 1.36E+23 1.75E+23
EPST _ 1.25E+23 1.13E+23 1.47E+23 1.09E+23
EPB _ 1.01E+23 1.41E+23 1.2T1E+23 2.58E+23
8.2.3 Effects of Moisture on PEA Measurement and Analysis

8.2.3.1 Space Charge Built-up—*“Volts-on”

The “volts-on” PEA measurement results, along with the total charge amount of
epoxy and its nanocomposites under ambient and 60% relative humidity
conditions, are shown in Figures 8-31 to 8-39. In Figure 8-31, EPO show that the
homocharge injection and initial charge build-up rate significantly increases with
moisture. However, the magnitude near the cathode decreases and shows an
increase at the anode with the growth of the RH condition. In Figure 8-32, it is
explicitly noted that more charges are injected into bulk, and that the presence of
moisture results in the injected charge amounts and mobilities. Moreover, negative
charges present in the middle of samples under both RH conditions and seem to
contain more in bulk of samples under 60RH. This should first be attributed to the
water molecules that produce ions (OH-, H;0*) and holes coming from the anode
[15, 200]. More water content means that more ionised charges will be present in

the bulk of samples. Second, as electrons can travel through inter-chain spaces
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[105, 192] where water could locate, negative charges obviously appear in the bulk
of RH conditioned samples and even neutralise some positive charges at the anode
from 600s onwards (see Figure 8-31 (b)), which could indicate that negative charges
are more dominant in samples with water uptake. Moreover, there is also a
presence of neutralisation near the cathode at later times, indicating the movement
of positive charges. The neutralisation process of 60RH-conditioned samples at
both electrodes can be further proven by Figure 8-32, in which the pure sample

contains a lower initial injection rate before the 1500s and exhibits a decreasing

trend of the charge amount.
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Figure 8-31 Subtracted space charge profile of EPO at 40 kV-mm™: (a) A.RH;
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As shown in Figure 8-33, for EPS1 and EPS3, the initial injection rate and
neutralisation phenomena become quicker and more obvious with the growth of
RH conditions, indicating the higher mobility of both positive and negative charges.
Moreover, more obvious increases in the magnitude of heterocharges near the
anode than those adjacent to the cathode indicate the dominance of negative
charges (mostly as injected electrons) in the 60RH condition due to the presence
of water in the matrix, which is also found in pure samples and leads to higher
mobility. As shown in Figure 8-34, the charge amount of EPS1 decreases with RH
conditions and is higher than that of EPS3 samples under both conditions. This
provides further evidence for neutralisation. Moreover, heterocharges near the
cathode are more relevant to the filler loadings, while the amount increases with
the growth of the RH condition. As discussed in the previous section, the presence
of untreated SiO, could introduce shallow traps in bulk. Thus, positive charges are
likely to transport along these shallow traps or along conductive percolation

channels due to water uptake in samples with higher filler loadings.
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Figure 8-33 Subtracted space charge profile of EPS at 40 kV-mm™: (a) 1 wt%, A.RH;
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In the case of EPST samples, as shown in Figure 8-35 (a) and (b), the charge
distribution of EPST1 is dominated by negative charges, while positive charge
neutralisation happens in both RH conditions. Unlike the presence of neutralisation
in EPS samples, it appears in the sample with lower filler loadings. As surface
treatment introduces additional deep traps, positive charges can travel along these
traps while becoming more mobile as water uptake increases. To an extent, positive
charges/holes should transport along shallow and deep traps in the bulk of
SiO,-based nanocomposites. EPS3 samples exhibit similar behaviour, and there are
obvious heterocharges near both electrodes. There is also evidence for

neutralisation; see Figure 8-36.
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Figure 8-36 Total charge amount in bulk of EPO and EPST in each filler loading
concentration: (@) A.RH; (b) 60RH.

As can be seen in Figure 8-37 (a) and (c), EPB samples only show homocharge in
bulk, and there is an increase of magnitude near the cathode as water content rises;
this is also reflected in Figure 8-38. Moreover, there are negative charges in the
middle of samples under the 60RH condition. One possible source could be the
ions from water (H;O* and OH), while another more important source is the
increased injection in the form of negative charges. Moreover, when comparing
between Figures 8-37(a) and (c) or (b) and (d), the move-in of the positive peak near
the anode and the neutralisation in samples with higher filler loadings indicate the
increase in mobility of positive charges, a phenomenon also found in EPS and EPST
samples. This is likely to be due to the presence of water and more shallow traps

in bulk, which could contribute to the movement of positive charges [105].
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Figure 8-37 Subtracted space charge profile of EPB at 40 kV-mm™: (a) 1 wt%, A.RH;
(b) 1 wt%, 60RH; (c) 3 wt%, A.RH; (d) 3 wt%, 60RH.
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As shown in Figure 8-39(a), the final charge amount of EPST1 samples is smaller
than that for EPS1, indicating less injection. Due to the surface treatment, there is
less water absorption and more deep traps in the bulk of EPST samples, both of
which will limit the transport of charges; the charges accumulated near the cathode
will then hinder the charge injection and thus lead to the final amount of charges
in bulk [165]. Similar results are also shown in Figure 8-39(b). However, the results
in samples with higher loadings are different, a result likely to be due to the much
more significant neutralisation process. Moreover, in most cases, EPB samples
show the lowest charge amount value and no significant charge injection, as in
SiO,-based nanocomposites under either dry or moisture conditions. This implies
that BN particles could act as barriers for the charge injection. As conductivity is

determined by the product of n X u, at this stage, the space charge behaviour can

be qualitatively consistent with the results and analysis of conductivity presented
in sections 8.1.2 and 8.1.3, where EPB samples exhibit the lowest conductivity

among epoxy and its nanocomposites.
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8.2.3.2 Space Charge Decay

The space charge decay of pure, EPS, EPST and EPB samples is presented in
Appendix D. The total charge amount is summarised in Figures 8-40 to 8-43, while
the decay rates are listed in Table 8-4. The lower decay rate of pure samples in
higher RH conditions may be due to the presence of heterocharges at both
electrodes, which thus form a so-called ‘barrier’ to hinder the decay of charges.
Similar behaviour was also identified in [201]. Among all kinds of nanocomposites,
the behaviour is similar to that in their dry conditions. However, the rate of decay
is larger and increases significantly as water content rises.
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Figure 8-40 Decay of total charge amount in bulk of EPO and EPS in each filler
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188



Chapter 8 DC Conductivity and Space Charge Behaviour

5x107 5x10%
\ N
| ", —---EPQ
4x10% 4 ax10% 4 L - = -EPB1
3 i
_ ! ----EPO ~ W -+ -EPB3
Q \ -+ -EPB1 ) L5
\ . = N
£ aaort = -EPB3 5 aaosf 4N
2 N ] VT
£ \N £ ! R
v ~a
@ o5 \\ M g} 25 “‘ T To=-s
o 2107 : D 2x10% 4 ! .-
= v & ¢ -
= a\\ \ e e\‘ -
& el &) "
5| (R Tt - 25 Tra
1210 G S T = 1x10 R SR S R ¥
i,
A,
0 T T T T T T T T T 1 0 T T T T T T T T T 1
0 20 40 60 B0 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (s)

Time (s)
@ (b)

Figure 8-42 Decay of total charge amount in bulk of EPO and EPB in each filler
loading concentration: (a) A.RH; (b) 60RH.

As shown in Figure 8-43, under the A.RH condition, the deep traps due to the
surface treatment of EPST samples lead to higher residual charge amounts than is
the case for EPS samples. However, in Figure 8-44, 60RH conditioned samples can
be seen to exhibit the opposite results; this mechanism should be the same in pure
samples, in which heterocharges hinder the decay process. The fact that the overall

lowest value is for EPB samples further proves that charges in bulk contain shallow
traps.
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Figure 8-43 Comparison of decay of total charge amount in bulk of epoxy and its
nanocomposites: (@) 1 wt%, A.RH; (b) 3 wt%, A.RH.
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Table 8-4 Space charge decay rate (C -s™') of epoxy and its nanocomposites with
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nanocomposites: (@) 1 wt%, 60RH; (b) 3 wt%, 60RH.

moisture.
Filler Loading Concentration
Sample
A.RH 60RH
Code
0 wt% 1 wt% 3 wt% 0 wt% 1 wt% 3 wt%
EP 2.09E+23 _ _ 1.76E+23 _ _

EPS _ 2.40E+23 1.29E+23 _ 1.80E+23 1.51E+23
EPST _ 2.10E+23 0.87E+23 _ 2.91E+23 2.16E+23
EPB 1.36E+23 1.41E+23 2.20E+23 2.11E+23

190



Chapter 8 DC Conductivity and Space Charge Behaviour

8.3 Chapter Summary

The work presented in this Chapter can be summarised as follows:

1. Combining all analysis on dry samples and samples with moisture gave us a
clear view on the influence of adding nanoparticles to epoxy resins and the
characteristics of the movement of positive and negative charges in bulk.
Based on this analysis, the DC conductivity and space charge measurement
were found to be consistent with each other. The presence of nanoparticles
resulted in morphology changes, mostly in the form of physical defects, as
noted in Chapter 4. These changes in polymers led to an increased presence
of shallow traps in bulk, which hindered the charge injection and reduced the
mobility of charge carriers, and thus contributed to the reduction of DC
conductivity. Moreover, the surface treatment of SiO, particles introduced
deep traps, while hBN particles resulted in shallow traps, with a significant
amount due to the resultant layered structures. In addition, positive
charges/holes will transport along shallow and deep traps in the bulk of
SiO,-based nanocomposites, while plate-like nano-hBN fillers seem to act as

barriers to charge injection and movement.

2. However, with the increase of filler loadings, the addition of more nanofillers
further affected polymer structures and thus caused a higher density of traps,
meaning that the average distance between arbitrary traps (either shallow or
deep ones) should be lowered and that charge carriers require less energy
when moving from one to another by hopping or the quantum tunnelling
mechanism. The resultant higher mobility of carriers consequently led to
larger conductivities. Moreover, if particles are regarded as recombination
centres, the reduction of inter-particle distances in higher filler loadings also

contributed to higher conductivity in silica-based nanocomposites.

3. The presence of water firstly produced more charge carriers as ions (OH-, H;0*)
due to polarisation and led to an increase in charge injection. Secondly, the
presence of water resulted in the higher mobility of charge carriers in both
base materials and within traps/particles, which was based on quantitative
results in Chapters 4 and 7. Moreover, water shells around spherical particles
contributed to a higher probability of the quantum tunnelling process and the
formation of conductive percolation channels. So far, the space charge
resulting under the moisture condition is consistent with that of DC

conductivity.
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Chapter 9 Conclusions and Future Work

9.1 Conclusions

The investigation of this thesis used a range of techniques to chemically and
electrically analyse the properties of epoxy and its nanocomposites. The aim of the
study is first to develop a method to describe the morphology of nanofillers in the
nanocomposites more precisely and find out how presence of these fillers will
influence the physical and chemical properties of epoxy resins. Second, it is to
investigate the effect of presence of nanofillers and resultant interfacial regions
between the matrix and nanofillers on the dielectric and electrical properties of
epoxy nanocomposites. Third, influences of water absorption on the
dielectric/electrical properties of epoxy and its composites are worthwhile to be

thoroughly investigated.

Consequently, the thesis firstly proposed a combined method to quantitatively
evaluate the dispersion and distribution of particles/aggregates in epoxy
nanocomposites, which was based on the Equivalent Diameter and Monte Carlo
Method, 1st Nearest Neighbour Distance Method and Quadrat-Based Method.
However, due to the presence of hBN particles and resultant unclear images of
morphology, it was not possible to quantify the mixing state of nano hBN-based
epoxy nanocomposites; instead, this method was found to be more suitable for
spherical particle-based samples. According to the proposed quantification method,
epoxy nanocomposites with surface-treated particles showed overall better
dispersion and distribution of particles/aggregates than those with untreated
particles. Moreover, the poor mixing state resulted in an adverse impact on the
morphology of the epoxy matrix with creating some physical defects (e.g., cracks
and cavities). In hBN-based samples, particles were more likely to exist individually
and they, therefore, have a larger effect on the matrix. All results were used to help
the investigation of the structural and dielectric/electrical properties of epoxy
nanocomposites. Two modelling methods using Matlab were also proposed, which
aimed to simulate the real dispersion and distribution of particles/aggregates in
polymer nanocomposites based on the quantification method. These methods were
intended to provide a deeper understanding and a foundation of simulation
research for the dielectric properties of nanocomposites informed by measured

morphology.
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The chemical structures and thermal properties of epoxy and its nanocomposites
were also investigated. The presence of nano-SiO, and hBN particles both led to a
decrease in cross-linking density during the curing of epoxy resins, and further
resulted in poorer thermal stability than was the case for the pure samples.
However, the particles acted as flame retardants for polymers and postponed the
initiation of decomposition by hindering/slowing the oxidisation. In two SiO,-based
samples, surface treatment modified the cross-linking density in the interfacial
areas by getting rid of some surface groups, like hydroxyl groups found in EPS
samples; however, unsuitable surface treatment led to the higher mobility of chain

segments at the interface and thus the reduction of Tg. Moreover, the morphology

of hBN-based nanocomposites had a great impact on its thermal properties: in TGA
measurement, shorter chains resulted in better performance while decomposition;
in DSC measurement, the exfoliated and intercalated macroscopic layer structures
of hBN-based nanocomposites, which were observed in Chapter 4, restricted the
mobility of chain segment in the vicinity of particles and led to the increase of Tg
in samples with higher filler loadings. This analysis demonstrates that the cross-
linking density of samples mainly affected the results of TGA, whereas the mobility
of chain segments played the main role in influencing the glass transition

temperature of polymer composites.

In order to relate the characterised morphology to the dielectric properties of epoxy
nanocomposites, dielectric breakdowns (AC and DC) of epoxy and its
nanocomposites were investigated and analysed by means of two-parameter
Weibull distribution. As nanoparticles in bulk mostly acted as impurities, the AC
and DC breakdown strength of epoxy nanocomposites showed an overall reduction
when compared to unfilled ones. In AC breakdown tests, agglomerations of
particles/aggregates, as observed in Chapter 4, had little influence on the reduction
of AC breakdown strength. The presence of particles led to the increase in the
mobility of charge carriers and thus the reduction of breakdown strength, which
became more obvious as filler loadings increased. In addition, the shape of
particles also had a significant impact on AC breakdown strength; thus, plate-like
BN particle-based nanocomposites showed the lowest breakdown strength value.
In DC breakdown tests, the accumulation of charges around aggregates and the
resultant enhancement of electrical intensity were the main reasons behind the
worsening of BD strength. Moreover, as increased filler loadings led to a decrease
in inter-particle/aggregate distances, the percolation of charge carriers in the whole

bulk became easier and resulted in the reduction of DC BD strength, where the
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dispersion and distribution of particles/aggregates investigated in Chapter 4

provided qualitative support.

Furthermore, adding nanoparticles physically and chemically affected the base
material and influenced the dielectric responses; this, it is a solution for modifying
the dielectric properties of epoxy composites. Moreover, as the dielectric response
was affected by the existence of moisture in the sample, this provided a method
for extracting the influence of water absorption on dielectric properties;
subsequently, a relatively reliable method was proposed by using Monte Carlo
simulation to estimate the average thickness of the water shell or the related
relaxation peak of epoxy nanocomposites with spherical particles. This
experimentally demonstrated the existence of a two-layer water shell structure and
calculated the thickness of the water shell of SiO,-based nanocomposites under
different humidity conditions. According to the analysis of the water uptake of
epoxy nanocomposites, surface treatment can reduce water uptake; however, there
was no obvious impact on modifying effects on dielectric properties due to the
limitation of the thickness of the tightly bonded layer. The “hydrophobic”
performance of BN nanocomposites is far better than that of the silica ones,
especially because of the lack of formation of water shells around the particles,
meaning that it could be more suitable for applications in environments with

humidity.

From the combined analysis of DC conductivity and space charge measurements,
the influence of adding nanoparticles in epoxy resins and the characteristics of the
movement of positive and negative charges in bulk were clearly noted. As the
presence of nanoparticles resulted in morphology changes, mostly in the form of
physical defects while the surface treatment introducing deeper traps at the
interface, there were more shallow traps presenting in bulk; this hindered the
charge injection and reduced the mobility of charge carriers, and as a consequence,
reduced the DC conductivity. However, with the increase of filler loadings, there
was a greater effect on polymer structures and thus a higher density of traps,
meaning that the average distance between arbitrary traps (either shallow or deep)
is lowered and, consequently, charge carriers are required less energy when
moving from one to another by hopping or via the quantum tunnelling mechanism.
The resultant higher mobility of carriers consequently led to higher conductivities.
Moreover, if particles were regarded as recombination centres, the reduction of
inter-particle distances in higher filler loadings also contributed to increased

conductivity in silica-based nanocomposites. This also gave support to the concept
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of reduction in DC breakdown strength with the growth of filler loadings. In
addition, the presence of plate-like nano-hBN created complex microstructure in
epoxy resins and acted as a barrier for charge injection and movement. Thus, more
traps near the surface and within the bulk of nanocomposites. This led to the

increased DC breakdown strength as filler loadings rose.

According to the quantitative results in Chapter 4 and 7, the presence of water
caused an increase in charge injection, higher mobility of charge carriers (both in
base materials and within traps/particles) and an obvious reduction in DC
breakdown results. Moreover, water shells around spherical particles contributed
to the higher probability of the quantum tunnelling process and the formation of
conductive percolation channels. Therefore, the DC conductivity and space charge
measurements on dry and wet samples were consistent with each other, which

supported the results of analyses of the dielectric breakdown experiments.

9.2 Future Work

The investigation in this thesis with utilizing a range of analysis techniques has
indicated that epoxy nanocomposite systems are significantly complex, where a
number of assumptions have been made and some work has not been done due to
the limitation of time. Thus, with reference to the present work, some directions

for future work are suggested and listed below:

e In order to arrive at a deeper understanding of the dielectric/electrical
properties of spherical/ellipsoidal particle-based nanocomposites, it may be
possible to link the simulation of dispersion and distribution of
particles/aggregates based on the measured morphology of
nanocomposites to existing models, such as charge transport, percolation

and inner electric field intensity;

e As the surface treatment on nano-SiO, particles in this work is not suitable
without tightly bound to the structures of the matrix, a more appropriate
one must be implemented in the future. The resulting material should be
tested according to the experiments in this work, after which comparisons

can be drawn to find out the differences and mechanisms involved;
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Most of the analyses of DC conductivity and space charge measurements in
this work are qualitative. Future work could provide a quantitative
description and more precise analyses, which may include a study of the
influences of particles and moisture on hopping, tunnelling or the mobility

of charges carriers;
Effects of moisture on thermal and electrical properties, based on the

alternating electric field of epoxy nanocomposites, could also be

investigated in the future.
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Appendix A SEM Image Processing and Histograms

Appendix A SEM Image Processing and

Histograms of Main Data

(b)

Figure A-1 Original SEM images of EPS1 samples, x15000.
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Appendix A SEM Image Processing and Histograms

(b)

Figure A-2 Processed SEM images with highlighted particles of EPS1 samples,
x15000.
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Figure A-3 Histogram of measured particle/aggregate size of EPS1 samples.
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Figure A-4 Histogram of measured 1st Nearest Neighbour Distance of EPS1
samples.
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Figure A-5 Original SEM images of EPS5 samples, x15000.
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Figure A-6 Processed SEM images with highlighted particles of EPS5 samples,
x15000.
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Figure A-7 Histogram of measured particle/aggregate size of EPS5 samples.
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Figure A-8 Histogram of measured 1st Nearest Neighbour Distance of EPS5
samples.
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(b)
Figure A-9 Original SEM images of EPST1 samples, x15000.
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(b)

Figure A-10 Processed SEM images with highlighted particles of EPST1 samples,
x15000.
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Figure A-11 Histogram of measured particle/aggregate size of EPST1 samples.
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Figure A-12 Histogram of measured 1st Nearest Neighbour Distance of EPST1
samples.

207



Appendix A SEM Image Processing and Histograms

(b)
Figure A-13 Original SEM images of EPST3 samples, x15000.
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(b)

Figure A-14 Processed SEM images with highlighted particles of EPST3 samples,
x15000.
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Figure A-15 Histogram of measured particle/aggregate size of EPST3 samples.
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Figure A-16 Histogram of measured 1st Nearest Neighbour Distance of EPST3
samples.
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Figure A-17 Original SEM images of EPST5 samples, x15000.
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(b)

Figure A-18 Processed SEM images with highlighted particles of EPST5 samples,
x15000.
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Figure A-19 Histogram of measured particle/aggregate size of EPST5 samples.
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Figure A-20 Histogram of measured 1st Nearest Neighbour Distance of EPST5
samples.
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Appendix B Particle/Aggregate Dispersion and Distribution Matlab Code
Appendix B Particle/Aggregate Dispersion and
Distribution Matlab Code

The code followed is for Probability Distribution Method while calculating 1st NND
Distribution (from line 43 to 77), which can be replaced by the Matlab code for the
Histogram Method.

1 clear all;

2 clc;

3 warning off;

4 %Define;

5 Vf=1.42; %give value to volume fraction of 3 wt%: 5 wt% is 2.35 and 1 wt% is 0.47;
6 Skewness = [];

7 %Size Distribution;

8 %for u=1:1:100 %Monte Carlo Method for 100 runs;

9 u

10 Diff = [];

11 Vfr = [1;

12 R1 =[I;

13 RNew=[];

14 RMatrix=[];

15 for NumBall = 1:1:500;

16 for j = 1:NumBall

17 x =12.6:7.5:254.9; %radius parameter, min value, interval & max value;
18 | = length(x);

19 fori=1:l

20 y(i) = real(0.9617*exp(-0.0129*2*x(i))); %give the size distribution function of particles;
21 z(i) = sum(y(1:i));

22 end

23 h = sum(y)*rand (1);

24 zz = h*ones(1,l)-z;

25 i=1;

26 while(zz(i)>0)

27 i=i+1;

28 end

29 R() = x(i);

30 R1=[R1,R(j)];%record all random radius;

31 end

32 Vi=4/3*pi*R.A3;

33 Vi=sum(Vi);

34 Vfr=[Vfr;Vt*100/(3000*3000*3000)];

35 Diff=abs(Vfr-Vf);

36 end

37 [minimum index] = min(Diff(:,1));%get the number of particles that can fulfill the volume fraction

the most which is named as INDEX;
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38 Vf_real=Vfr(index);

39 i=index;

40 Al=((i-1)A2+i+1)/2;

41 A2=(iA2+i)/2;

42 RMatrix(1,:)=R1(A1:A2);%get the random radius under INDEX number

43 %1st NND Distribution-Probability Distribution Method;

44 syms x

45 %Give Measured 1st NND Probability Distribution Function;

46 f_x= 0.6568%*exp(-0.00480+*x); %give PDF of 1st NND;

47 xx=28.2:25:1080; % interval of 1st NND;

48 n=length(xx);

49 %Use intergral of PDF to calculate the probability in each interval;

50 for i=1:n-1

51 yy(i)=double(int(f_x,xx(i),xx(i+1)));

52 end

53 %point location given;

54 N=index; %give the number of particles;

55 %caluculate the number of particles in each interval based on their probability;

56 num=round(N*yy./sum(yy));

57 %make sure the number of particles equal to the N;

58 num(1)=N-sum(num(2:end));

59 d=1];

60 %generate a random start point of partcles, distacnes based on the calculated intervals;

61 for i=1:n-1

62 temp=xx(i)+25*rand(1,num(i));

63 d=[d temp];

64 end

65 %searching the particls location fulfill the 1st NND, update, error of 1st NND allowrance within [-1
15

66 for i=1:length(d)

67 xyz=3000*rand (3,1);

68 dis=sqrt(xyz'*xyz);

69 while dis>d(i)+1&dis<d(i)-1

70 xyz=3000*rand (3,1);

71 dis=sqrt(xyz'*xyz);

72 end

73 %generate 1+ NND particles and Point Location Given;

74 xt(i)=xyz(1);

75 yt(i)=xyz(2);

76 zt(i)=xyz(3);

77 end

78 %Skewness;

79 L=3000;H=3000;W=3000;%give definition of scale;

80 V=L*H*W;

81 indexS=20; %give definition of size of each cubic;

82 v=L*H*W/(indexS*indexS*indexS);

83 LO=L/indexS;HO=H/indexS;W0=W/indexS;

84 Count=zeros(indexS*indexS,indexS);

85 for i=1:1:length(xtN)
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86 for n=0:1:indexS-1

87 if n*L0<=ztN(i) && ztN(i)<(n+1)*LO

88 for j=0:1:indexS-1

89 for k=0:1:indexS-1

90 if j*LO<=xtN(i) && XtN(@i)<(+1)*L0 && k*HO<=ytN(i) && ytN(i)<(k+1)*HO
91 Count(j*indexS+k+1,n+1)=Count(j*indexS+k+1,n+1)+1;

92 else if j*LO<=xtN(i) && XtN(i)<(j+1)*L0O && ytN(i)==H

93 Count((j+1)*indexS,n+1)=Count((j+1)*indexS,n+1)+1;

94 else if xtN(i)==L && k*HO<=ytN(i) && ytN(i)<(k+1)*HO

95 Count(indexS*(indexS-1)+k+1,n+1)=Count(indexS*(indexS-1)+k+1,n+1)+1;
96 end

97 end

98 end

99 end

100 end

101 else if ztN(i)==L

102 for j=0:1:indexS-1

103 for k=0:1:indexS-1

104 if j*LO<=xtN(i) && xtN(i)<(+1)*L0 && k*HO<=ytN(i) && ytN(i)<(k+1)*HO

105 Count(j*indexS+k+1,indexS)=Count(j*indexS+k+1,indexS)+1;

106 else if j*LO<=xtN(i) && XtN(i)<(j+1)*L0O && ytN(i)==H

107 Count((j+1)*indexS,indexS)=Count((j+1)*indexS,indexS)+1;

108 else if xtN(i)==L && k*HO<=ytN(i) && ytN(i)<(k+1)*HO

109 Count(indexS*(indexS-1)+k+1,indexS)=Count(indexS*(indexS-1)+k+1,indexS)+1;
110 end

111 end
112 end
113 end
114 end
115 end
116 end
117 end
118 end
119 A=l

120 for i=1:indexS

121 for k=1:indexS*indexS
122 A=[A;Count(k,i)];

123 end

124 end

125 Sum=sum(A);

126 LA=length(A);

127 Aver=Sum/LA;

128 Std=std(A);

129 B=1];

130 for i=1:LA

131 B=[B;(A(i)-Aver) A3/(Std)A3];

132 end
133 Skewness = [Skewness; LA/((LA-1) * (LA-2))*sum(B)];
134 %Plot Drawing of Simulated particles;
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135
136
137
138
139
140
141
142
143
144
145
146
147
148

149
150
151

figure;

[x y z] = sphere (100);

for k=1:index;

RNew(k)=RMatrix(k); %where can define the thickness of water shell;
surf(RNew(k)*x+xt(k), RNew(k)*y+yt(k), RNew(k)*z+zt(k))
colormap([0.5,0.5,0.5]);

hold on;

end

axis equal

axis ([0 3000 0 3000 0 30001])

camlight;

alpha (1);

shading interp;

title ('3 wt% Epoxy Untreated SiO_{2} Nanocomposites Particle Simulated Dispersion and
Distribution');%give the title name;

%close all;

%clearvars -except Skewness Vf u;

%end

1st NND Distribution-Histogram Method Code
d1 = load('data_NND.txt"); % give measured 1st NND data;

N = index; %give number of particles;
k = length(d);

idx = randperm(ceil(N/k)*k,N);

idx = mod(idx,k)+1;

d = d(idx);

n = lengt

h(d);

D = repmat(d,[1 n]);

minErr =

fork=1:

k

inf;
100

for nlter = 1:10

D=
D=

D+k*rand(n,n);
triu(D,0) + tril(D',-1);

fori=1:n, D(,i) =0; end

data = mdscale(D,3, criterion’,'strain’);

mind = computeMinDis(data);

[NT,

X] = hist(d1,10);

N2 = hist(mind,X);
N1 =N1/sum(NT1); N2 = N2/sum(N2);
err = norm(N1-N2,1);

if err<minErr

minErr = err;

bestX = data;
bestK = k;

end
end

end

for niter = 1:1000

218



Appendix B Particle/Aggregate Dispersion and Distribution Matlab Code

niter
D = D+bestK*rand(n,n);
D = triu(D,0) + tril(D',-1);
fori=1:n,D(,i) = 0; end
data = mdscale(D,3, criterion’,'strain’);
mind = computeMinDis(data);
[N1,X] = hist(d1,10);
N2 = hist(mind,X);
N1 =NT1/sum(N1); N2 = N2/sum(N2);
err = norm(N1-N2,1);
if err<minkrr
minErr = err;
bestX = data;
end
end
bestX = bestX-repmat(min(bestX,[],1),[size(bestX,1) 1]);
mind = computeMinDis(bestX);
%Point location Given;
xt=bestX(:;,1);
yt=bestX(:,2);
zt=bestX(:,3);

1st NND Calculation Function in Histogram Method;

function minD = computeMinDis(points)
D = pdist2(points,points);
for i = 1:size(D,1)
D(i,i) = inf;
end
minD = min (D, [],2);
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Figure D-2 Space charge decay in EPS samples at 40 kV-mm™: (a) 0.5 wt%; (b)
1 wt%; (c) 3 wt%; (d) 5 wt%, dry.
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Figure D-3 Space charge decay in EPST samples at 40 kV-mm™: (@) 0.5 wt%; (b)
1 wt%; (c) 3 wt%; (d) 5 wt%, dry.
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Figure D-4 Space charge decay in EPB samples at 40 kV-mm™: (@) 0.5 wt%; (b)
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Figure D-6 Space charge decay in EPS samples at 40 kV-mm™: (@) T wt%; (b) 3 wt%,
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Figure D-7 Space charge decay in EPST samples at 40 kV-mm™: (@) 1 wt%; (b)
3 wt%, A.RH.
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Figure D-12 Space charge decay in EPB samples at 40 kV-mm™: (@) 1 wt%; (b)
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